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ABSTRACT

Bacterial biofilmsremain a major public healthurden Staphylococcuspidermidisbiofilm is
the predominantause obiofilm-associatedhfections Kisumu county has high circulation

of antibiotic resistancegenes which is attributable to S. epidermidisbiofilm, necessitating
effective S. epidermidisbiofilm control Given the high tendencyof bacteria to develop
resistance to antibiotic§. epidermidi®iofilm control usingphysicechemicaldisinfecton is
asuitableapproachin Kisumucounty,heat (60°Q, 1.72 M sodium chloride (NaClp,.178 M
sodium hypochlorite (NaOCBnd 1.77 M hydrogen peroxide {&b) arethe commony used
disinfectints Studies onsusceptibilityof bacterial biofilms to disinfectants have focused on
structurally or metabolicallyniquebacterialspecieshence offer limited insights ongeneral
biofilm disinfection. DespiteS. epidermididoeinga model and the mostinically relevant
biofilm, its susceptibiliy patternsto the disinfectans remain undocumentedMechanisms
including reduced diffugn through biofilm matrix, physiological heterogeneityvithin
biofilm or persistercells are linked with highbiofilm tolerance against antimicrobials
However, these mechanismosly providepartialexplanations or bi of i | més t ol e
fewer antibiotics but notphysicechemicalstreses necessitating exploration of conclusive
tolerance mechanismglthough studieshave implicated extracellular DNA (eDNA) and
alternative sf) g ma pfl @okd olerdBee against! stressiprsther
contributionin biofilmé $S. epidermidisncluded)tolerance againgthysicachemical stress
exposurgemainunknown Hence,the susceptibiliy patternseDNA releaseand(® activity of
S.epidermidisbiofilm in response tphysicachemicalstressexposurevere evaluatedones.
epidermidisisolate per skin swab of sixtwo Kisumu county residentsas used to generate
a pair of biofilm and planktonic culture®\ postteststudy design was adopted.he pais
wereexposed t®0°C, 1.72 M NaCl0.178 MNaOClor 1.77 M BO- for 30 and 60 min for
susceptibility determination usirggandardlating. Further the pairs wereexposed taptimal
physicechemicalstresse¢50°C, 0.8 M NaCl, 5 mM NaOGCbr5 0 kM) for 60 min for

e DNA & activity@uantificationusing qubit fluorometry and quantitative ré@mhe PCR
respectively. Statistical dferences between groups were determined by t-tess using
GraphPad Prism softwaré&ignificantly fewer S. epidermidisbiofilms were killed upon
exposureto 60°C, 1.72 M NaClp.178 MNaOClor 1.77 M ROz thanthe planktonic cells §

< 0.0001).Unlike NaCl, biofilmsexposedo 50°C , 5 mM Na OGO, exhibiteB 0 €& M
significantly higher eDNA vyields a n &® adlivity than planktoniccells (p < 0.05) These
findings demonstratedhat S. epidermididiofilm wasmore tolerant to thdisinfectantsand
thateDNA and{® activitiescontributel to its toleranceagainstthe disinfectans. Collectively,
the findings could inform on developmentof efficient disinfecion approaches again&.
epidermidisbiofilm by targeting eDNA antbr (B; hencereducing the burden argpreadof
antimicrobialtolerance.



TABLE OF CONTENTS

DECLARATION L.ttt eees ettt e e e e e e e e e e emamseeeeeaeeaeaaaaaeeeeeessssmmneaeaeaesseseanannnnns ii.
ACKNOWLEDGEMENT ...ctttiiiiiiiiee et e e e st e e e s emnsssennees i
3= 0 2N [ PP iv
AB ST RACT ettt e bbbttt tnnnt bbbttt ettt ettt a e e e e e e e aeans %
TABLE OF CONTENTS ... .ottt ettt ettt et e e e e e e e e e e e s smmmt e e e e e e e e e e e s e s abbnnes s nnnes Vi
LIST OF ABBREVIATIONS AND ACRONYMS.....cooiiiiiiiiiiiiiieeee i eneee iX
LIST OF TABLES. ..ot e e bbb e X
LIST OF FIGURES...... .ottt e ee ettt ettt ettt et e e e e e e e e e e e e e e s smmmeeeaaaeeeeaeennans Xi
LIST OF APPENDICES.......cottiiiiiiiiii et me e s sannnsssssennees Xii
CHAPTER ONE: INTRODUCTION ..oiiiiiiiiiii e esemmme et ee e 1
O = 7= T (o | £0] 01 T OO PPUPPPPPPPPRN 1
1.2. Statement of the Problem.... ... e 6
R T (0 | Vo] o [=Toa 1Y OSSP 4
1.3.1. General ODJECHIVE. .........eviviiiiii e eeeesess e e e e e e e e e eeennnaenneeeeaan il
1.3.2. SPECIfIC ODJECHVES ... .iii it eranees 7
1.3.3. NUILNYPOLNESES. ... oo e e e e e e e e amnna e 7
1.4. Justification Of the STUAY........couiiiiiiiii e e 8
1.5. Significance Of the STUAY.........ooiiiiiiiiie e 9
1.6. LIMitations Of the STUY.........uuieiiiiiiiiiii e 9
CHAPTER TWO: LITERATURE REVIEW ....cooiiiieees s anneen e 10
2.1. TheS. epidermidisnd bacterial biofilm formation, growth and development........... 10
2.2. Antimicrobial tolerance in Kisumu county aBdepidermidi®iofilm ............................ 12
2.3. Pointof-use physicechemical disinfectants in domestic and human healthcare setti8gs
2.4. Susceptibility patterns of badal biofilms to physicechemical stress exposure........ 14
2.4.1. Assessment of the previous studies on susceptibility pattemesrobial biofilm
and planktonic cells to physiathemical StreSS eXPOSULE...........uuuuriiirrerieecreennnnannns 14
2.4.2. Overview of techniques for assessing sudaépdis of bacterial biofilms to
ST 0 £ PPN 17
2.5. Overview of tolerance mechanisms of bacterial biofilms against antimiceabiasure 19
P2 T I 1= =T L N 21
2.6.1. The eDNA and assessment of previous studies on eDNA in microbial biofilms
tolerance against antimicrobial EXPOSULE.............iiiiiiiiieemreiiii e eree e 21
2.6.2. Overview of techniques for quantifying eDNA.............ccoeiiiiiiiiemecciici e, 24
7 A N o = SO ¥ R 26
2. 7. 1%amdT haes site s s ment of Bipbaetarial cells $oleraricauadaingts o n
ANTIMICTODIAl EXPOSUIE ...ttt ieeei bbbt e e e e e e e e eeer e e e et et e e e e e e e e e e e e e e s s ammneeeeeas 26
2.7.2. Overview of techniques for quantifying gene expression.............ccccvveeeeveneee. 28
CHAPTER THREE : MATERIALS AND METHODS ..ot 31
TN S (00 | V== USSP 31
G S Y LH o |V < 1T | o SO 31



3.2.1. RESEAICH UESIGIL. ...ttt ieeeiie ettt e e e e e emer e et e e e e e e e e e e e e e e e e e s ammmeeeeeas 31

3.2.2. Sample Size determMINALION..........uuueriiiiiiii e 32
3.2.3. SAMPliNG PrOCEAULE. ... ...ttt ieee et eeer e e e e e e e e e e e e e e e 32
3.2.4. INCIUSION CIEEIIA ... uuvtirieiiiiiiiiiie e ettt ettt e e e e e e e s e e e e e e e e bnnen s 33
3.2.5. EXCIUSION CIIEIIA. ....ciiiieeieie e eeee et et e e e e e e s enee e 33
3.2.6.Ethical CONSIAEratioNS..........cooiiiiiiiiiiieees st errea e e e e e e e e e e e e ean 33
3.3. Sample collection and ProCESSING .......uuuuruuiiiieee e ceeeriiiirra e e e e e e e e e e e s aeeer s e e e e e aeaaeaaees 34
3.3.1. Skin swabbing arfsl epidermidissolation procedure..........c.ccccoeeeeiiiiiieeeiiieneennn. 34
3.3.2. Detection of biofilrforming ability of theS. epidermidissolates..............c.......... 35
3.3.3.In vitro formation of biofilm and planktonicultures..............cccoooiiiiiiiicee e 35
3.4. Susceptibility patterns &. epidermididiofilm and planktonic cells theat, NaCl,
NAOCI OF FEO2-EXPOSUIE.....ciiiiiiiiiiiitie e ee bbb e e e e aeess s e e e et e e e e e e e aeeeeeeesammmeeeeeeas 36
3.4.1.Exposure ofS epidermidisbiofilm and planktonic cells to heat, NaCl, NaOCI or
[ L T 36
3.4.2. Enumeration and normalization of CFJ$. epidermidisbiofilm and planktonic
(o= | PP PPPPPPRRRR 37
3.5. Quantification of the effects béat, NaCl, NaOCI or ¥#D>-exposureon eDNA release
by S. epidermididiofilm and planktonic CellS.............ooeviiiiiiiiieee e 38
3.5.1.Determination of the optimal hedaCl, NaOCI or HO: for analysis of eDNA
release and® activity in S. epidermididiofilm and planktonic cells..............cc.ccvvene.e. 38
3.5.2.Exposure ofS. epidermidisbiofilm and planktonic cells to optimal heat, NaCl,
NaOCI or BO> for eDNA quantification..............ooooiiiiiiiiimmenie e 39
3.5.3. 1S01ation OFf EDINA . ...t rrer e eerr b rer e e e e e e e e e e e eaneee s 40
3.5.4. Quantification Of EDNAL .........c.covviiiiiiiiiieeeeceee e evveeme e eennnn 2 A0
3.6.Quantification of the effects dfeat, NaCl, NaOCI or ¥#D,-exposure ori® activity in S.
epidermidisbiofilm and planktonic Cells..............cccuviiiiiiiiceciiiiiieeeeeeeee L AT
3.6.1. Isolation Of RNA......ccoi it e e e e e emnmennn e AL
3.6.2. The CDNA SYNINESIS. .....uuitiiiiiiiiiiiii ittt 42
3.6.3. ThE RGP CR. ...ttt eeei ettt e e e e e e seet et e e et e e e e e e e e e e e e e e e s ammeeeaeeeens 42
3.6.4. Theasp23eXpression analySiS..........cocvvvuvuviiiiiccreeeervririnse e esesinnnnn e 43
3.7. Statistical @NaAlYSIS..........cooiiiiiiie e 44
CHAPTER FOUR: RESULTS AND DISCUSSION.......ccccviiiiiiiiiieieieiicceeeeeeeeeeeeeeenenn 45
4.1. Susceptibility patterns &. epidermididiofilm and planktonic cells theat, NaCl,
NAOCI OF FEO2-EXPOSUIE.....eiiiiiiiiiiiite b irees bbbt e e e aeet e st e e et e eeeeaaeeeeeeesammeeeeeeas 45
4.1.1. TheS. epidermidibiofilm cells were less susceptible to heat exposure than the
PlANKEIONIC CEIIS ...t e e e e s eeer e e e e e e e e e aeeas 45
4.1.2. TheS.epidermidisbiofilm cells were more tolerant to NaCl exposure than the
PIANKLONIC CEIIS......eee e anee e e a7
4.1.3.NaOCl exposure was more effective agaligpidermidisplanktonic than biofilm
(07| E PSSO UPRRRRRPPY a7
4.1.4.H>0O- exposure was less effective agaistpidermidisbiofilm than the planktonic
(002 | SO PP PPPPPPPRRRRPPY 48

vii



4.1.5. Comparison of the effectivenes$eéat, NaCl, NaOCI or #D.-exposureagainstS.

epidermidisbiofilm or planktoniC CellIS............u e 49
4.2. Effects oheat, NaCl, NaOCI or #D.-exposure on eDNA release By epidermidis
biofilm and planktoniC CeILS.........coiiii e 52

4.2.1. Heat exposure enhanced eDNA releas® bgidermidisbiofilm cells, but not by

[01F= ] 0] T [ o= | £ 53

4.2.2. NaCl exposure did not affect eDNA releas&lgpidermidiscells...........cccceen..... 55

4.2.3.NaOCl or HOz-exposure enhanced eDNA releaseSbgpidermidisbiofilm, but

NOt DY PlANKLONIC CIIS.......ueiiiiiiiii e 56
4.3. Effect ofheat, NaCl, NaOCl or ¥D>-e x p o s uPraetivitpinS. epidermidisbiofilm
and planktoniC CEIIS.... ..o e e e 58

4.3.1. The activity ofi® was elevated to higher extentSn epidermidipiofiim exposed

to heat than in planktoniC CEIIS............uvueiii e 58

4. 3. 2. Na Cl e » pctvayunrSepidermidisbiofitme it nét in

PIANKLONIC CEIIS.... .o et 60

4.3.3. Thel® activity was upregulated more in NaG&tposeds. epidermidisbiofilm

than in planktoniC CelIS.........ooi e 61

43.4.HO;e x po s ur e BaaivitygimScepidermitisbiofilm, but not in

PlANKEONIC CEIIS.....co e e e e s eeer e e e e e e e eeeas 62

CHAPTER FIVE : SUMMARY, CONCLUSIONS AND RECOMMENDATIONS ........... 63
o0 BT[] =Y P UOPRRPPRY 63
5.2. Conclusions and iMPlICAtIONS.............uuuuuuuiiire e eeree e e e e eaaeean) 63
5.3. RECOMMENUALIONS .. .uuuiiiiiiiiiiiieii e ettt ettt et e e e e e e e e e e e s ammr e e e e e e e e e e e e e e s s nnes s e s s nnnnns 64

5.3.1. Recommendations for the present StUAY..............ovvviiiiccciieeeiiicee e, 64

5.3.2. SUQQEeSHIoNS fOr fULUIE STUMY..........uuuuiiiiiiiiiiieeeiiiiiiiii e 65

S N[O S T 66

APPENDICES ... ..ttt eeret et e e et e e e e e emams e e e e e eaaaaaaaaaeeeeeeessammraaeaeaaeaeeaeeannnnnes 75
Appendix 1 Physi@l map of the Study area..........cccccvveeiiiiieeniiiieeee s 75
Appendix 2. Curves for determination of the optimal heat, NaCl, NaOC}©s fdr
analysis of the tolerance mechanismS$oépidermidi€ellS..........coooeeeiiiiiiiiiiiee 76
Appendix 3 Ethical clearance letter..........cocoooeeeiiiiiiieeeecc e 77
Appendix 4.Sample CONSENE FOrM........cooiiiiii e 78
Appendix 5. Sample oral questionnaire for recruitment of study participants................ 79

viii



LIST OF ABBREVIATIONS AND ACRONYMS

Accessory gene regulator

Analysis of variance

Alkaline shock protein 23

American type culture collection
Autolysin

Adenosine triphosphate
Colonyforming unit

Cycle threshold
Doublestrandedeoxyribonucleic acid
Extracellular matrix

Extracellular Deoxyribonucleic acid
Hour

Hydrogen peroxide

High sensitivity

Kisumu County Referral Hospital
Litre

Molar

Minute

Millilitre

Millimolar

Ministry of Health

Messenger Ribonucleic acid
Mannitol salt agar

National AlIDs Control Council
Sodium chloride
Sodiumhypochlorite

Optical density

Propidium iodide

Propidium monoazide
Ribonuclease protein assay
Revolutions per minute

Ribosomal RNA

Quantitative reatime polymerase chain reaction
Standard error of the mean
Tube method

Tryptic soy broth

United States of America
Ultra violet

Viable but norculturable
World Health Organization
Microliter

Alternative sigma factor B



LIST OF TABLES

Table 1. Oligonucleotide primer sequences used fegRTR amplification....................43
Table 2. Effect of physicohemical stress exposure on eDNA releas8 lepidermidis
biofilm and planktoniC CEIIS..........uuuiuriiii e ererr e 55
Table 3.Effect of physicechemical stress exposure asp23expressions iis. epidermidis
biofilm and planktoniC CelIS.............uuiiiiiii e 60



LIST OF FIGURES

Figure 1 Bacterial biofilm development Stages. ..o 12
Figure 2 Overview of the major bacterial biofilm tolerance mechanisms against
ANTIMICTODIAIS. ....eeiiiiiiii bbb nens bbb e e e e ee s 21
Figure 3. Schematic presentation of the roles of eDNA in bacterial biofilm formation and
tolerance to antimicrobials and hOSt IMMUIILY...........coooiiiiiiiiicce e 22
Figure 4 Susceptibility patterns &. epidermididiofilm and planktonic cells to physieo
ChEMICAl SIIESS EXPOSUIE.......cvvvriueiiiee e s eeeeretttaa e s e s e e e e eeeeesaaaesaaaseaaeaaaaaeeeeeseesssannneaeeesd 46
Figure 5 Comparison of the effectiveness of physatemical stress exposure agaiist
epidermidisbiofilm and planktonic Cells.............cccuiiiiiiiiieee e 51
Figure 6 Effect of physicechemical stress exposure on eDNA releas8 .bgpidermidis
biofilm and planktoniC CeIIS.........couiiiiiii e 54
Figure 7. Effects of physiechemical stress exposure asp23expression irs. epidermidis
biofilm and planktoniC CelIS...........ooi e 59
Figure 8 Physical map of the Study arfa..........ccooooeriiiiiiccc e 75
Figure 9. The growth db. epidermidibiofilm and planktonic cells exposed to increasing

physicachemical stress CoONCeNtratiQnS..............coovvviiiiieeereeeeeeeeeeeeee e 76

Xi



LIST OF APPENDICES

Appendix 1 Physical map of the study ar@a............cccevvvviiieeeiiiiiiiiiiiiiieeee e d D
Appendix 2. Curves for determination of the optimal heat, NaCl, NaOC3©s fdr analysis
of the tolerance mechanisms&fepidermidigells..............cccoovvviiiiiii e LB
Appendix 3 Ethical clearance letter.............ccooovviiiiiieeeri e A
Appendix 4.5ample CONSENE FOMMN.......ueiiiiiiiiiiii e 78
Appendix 5. Sample oral questionnaire for recruitment of study participants............. 79

Xii



CHAPTER ONE
INTRODUCTION

1.1 Background

A bacterial population existsther as planktonic (frefoating cells) or asa biofilm (Jamalet
al., 2015) Bacterial biofilmis a community of surfacattached bacterial celambeddedn a
selfproducedextracellulamatrix (ECM) (Paytubiet al, 2017 composed of polysaccharides,
proteins, water, lipids and nucleic acidamalet al, 2015) Bacterialbiofilms areubiquitous
(Tanet al, 2014)and accountor over sixty-five percentof humaninfections(de la Fuente
Nufezet al, 2013) Biofilm formationis a survival strategyfor severalbacterid species
against adverse conditiorfBusscher & van der Mei, 2012Bacterial ofilms provide a

reservoirfor pathogenic bacteria, henaeea major publichealth threafPaytubiet al., 2017)

Staphylococcus epidermidis a Grampositive coagulase negativegacterum commonly
linked with infections of medical implant devicee.g. cathetersjntrauterine devicesjoint
prostheseetc. (Otto, 2009; Joo & Ottc2012) which are treated by removal of the infected
device and subsequent replacement, causing an increaseghbidity andcost(Fey & Olson,
2010) Further,S. epidermidisbiofilm is highly resistant tantibioticsand host immuity (Fey

& Olson, 2010. Annually, S. epidermidigelated nosocomial infections account fa
significantnumberof deathgWorld Health OrganizationWfHO), 2014) The S. epidermidis
biofilm is a modelof bacterialbiofilms (Deckeret al, 2015. Further,S. epidermididiofilm

is a reservoir ofantibiotic resistance and horizontal transfer genes, as well as conjugative
and/or mobilizable plasmidbgnce key in dissemination ahtibiotic resistancgenesamong
bacterial pathogen@ey & Olson, 2010Aguila-Arcos et al, 2017) Thus S. epidermidis

biofilm is an important target in the control of the spread of antimicradiEancegenes



Kisumu county has a high prevatenof pathogens in its soilsurface wateand stored water
(Bakeret al, 2018 Barneset al, 2018. Kisumu county, therefore, suffers a high burden of
communicable bacterial infectionsuch as diarrhoea, tuberculosis dppdhoid (Odongoet

al., 2017) which are associted witbiofilm-forming bactea (Tan et al, 2014) Further,
Kisumu county has a high variety ahtibiotic resistancegenes andnulti-drug resistant
isolates (Taitt et al, 2017) Being ahyperendemic HIV areaKisumu county has high
number of immunocompromisqguersons(National AIDs Control Council (NACC), 20186,
who facilitate both evolutionand rapid spreadof resistant pathogens the community
(Kariuki & Dougan, 2014)The usagef antibiotics in the hospitals within Kisums high
increasing development of resistance phenoty@d®th et al, 2018) SinceS. epidermidis
biofilm is ubiquitous andharboursantimicrobial toleance genes and horizontal gene transfer
elements Aguila-Arcos et al, 2017, it is key in dissemination ofintimicrobal tolerance in

Kisumu county andnanyplaces

Prevention of acquisition, spread and establishmeriafilm-forming bacteria, such &S.
epidermidis (Peeterset al, 2008a) in domestic and healthcare settingghere bacterial
biofilms are most frequently encounteré@arrettet al, 2008; Francolini et al, 2010),is
imperative Due to the relatively high proclivity of bacteria to develop resistance to antibiotics
(Hammeret al, 2012) control of S. epidermidisbiofilm using effective physicehemical
disinfection proceduresPgeterset al, 2008a)may be a suitable approach. This regsiiae
better understanding of the susceptibility patterns and mechanism(s) of tolerasce of
epidermidis biofilm to physicechemical disinfectants The following physicechemical
disinfectants are commonly utilized fgoint-of-use disinfection of food, water and/or
medical equipment iisumu county and in manglaces heat (60°C)Sobsey, 2002)1.72

M (10%) sodium chloride NaCl) (Smith & Stratton, 2007)0.178 M (1.2%) sodium

2



hypochlorite NaOC) (Blum et al, 2014) or 1.77 M (6%) hydrogen peroxide H>O»)

(Ministry of Health (MOH), 2007; Linlet al, 2012)

The susceptibility patters of bacterial specieto physicachemicalstresgs, such as heat,
NaCl, NaOCl and HO», have beenreported previouslyor different bacterial specie§or
instance, the susceptibilities biofilm forms of Mycoplasma bovigMcAuliffe et al, 2006)
Vibrio choleraeO1 (Wai et al, 1998)and Salmonellaenterica(Scheret al, 2005) to heat
andor NaCl exposures have been reportedrther,the susceptibilities obiofilm forms of
Lactobacillus plantarum (Kubota et al, 2009), Burkholderia cepacia Pseudomonas
aeruginosa(Behnkeet al, 2011; Elkinset al, 1999; Peeterst al, 2008a) Mycobacterium
avium Mycobacterium intracellular¢Steed & Falkinham Ill, 2006JEscherichia col{Zhang
et al, 2007) and Klebsiella pneumoniae(Stewart et al, 2001) to NaOCI ardr H>O>
exposureshave been reportedHowever, theprevious studies reported dWycoplasma
Mycobacteriumand Salmonellaspecieswhichare structurallyor metabolicallydifferent from
most bacterial speci€Zogajet al, 2001;Brookset al, 2007) Further,the previous studies
tesed heat,NaCl, NaOCI orH20. concentrations that were either higher or lower than the
concentrations used for poiaf-use disinfection of pathogens domestic and healthcare
settings Thus,the previousfindingsare only relevant to the respective bacteriumraag not
inform on general bacterial biofilm disinfectioAlthough S. epidermidi biofilm is model
bacterial biofilm the most clinically relevant bacterial biofilm (Otto, 2009; Deckeral,
2015)and amajor disseminatorof antimicrobialtolerance genes amorigacterial pathogens
(Fey & Olson, 2010Aguila-Arcos et al, 2017) its susceptibility patterns t60°C, 1.72 M
NaCl,0.178 MNaOClor 1.77 MH20. remainundocumentedThis information is necessary
in improving the physicechemical disinfection guidelines to better cont&l epidermidis

biofilm, and by extension redudtiee antimicrobiatolerance burden.
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Multiple mechanisms have been proposeaxplainthe high tolerance dbacterial biofilns
againstantimicrobials Theseinclude,reduced diffusion of antimicrobials through tBEM
(Joo & Otto, 2012) neutralization of the antimicrobials by t&CM components(de la
FuenteNUfezet al, 2013) the physiologicaheterogeneitprovided by thetlreedimensional
biofilm structure(Acker et al, 2014) higher expression of specific protective molec\jlzn

& Otto, 2012) or the presencef highly resistantsubpopulation of biofilntells (persisters)
(de la FuentNufiezet al, 2013) However, these mechanisms not only provide a partial
explanation for the increased tolerance of bacterial biofilms ag@wsanibiotics, such as
ciprofloxacin,tetracyclinea n dlactams, but also apply to a limited bacterial biofilm species
(Joo & Ottq 2012; Hall & Mah, 2017)The mechanisms underlying the toleranceSof
epidermidisbiofilm against heat, NaCl, NaOGI H>O. exposureare uknown Thus,studies
exploring the potential mechanismainderlying tolerance of bacterial biofilm against

antimicrobialsare needetb developmore potenbacterialbiofilm eradication strategies

Emergingline of evidencehaveshownthat extracellular DNA €DNA) of genomic originis
involved in the tolerance ofnicrobial biofilms againststressorsFor instance, two studies
showed thaeDNA is involvedin the tolerance o$. epidermidisbiofilm againstvancomycin
(Kaplanet al, 2011; Doroshenket al, 2014) Moreover,Kaplanet al (2012) showedthe
role of eDNA in Staphylococcusaureus p | a n k t o ntolerance againkst $-actam
antibiotics.Further Hathroubiet al (2015)linked eDNA to Actinobacilluspleuropneumoniae
biofilm6 goleranceagainstpenicillin G. The eDNA was also linked to Candida albicans
(fungal) biofilmd $oleranceagainstH.0O, exposure(Pemmarajuet al, 2016) The previous
studies focused on the role of eDNA in tbh&erance against conventional antibiofissich as
v a n ¢ o myactams and penicillin G-urther,only one of the previous studiesported on

the role of eDNA inthe tolerance againgi>O», butin a fungal biofilm The potentialrole of
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eDNA in the tolerance obacterialbiofiims againstheat, NaCl, NaOCbr H>O. exposure
remainsunknown Therefore, understanding the role @aidNA in the tolerance of bacterial
biofilms, using S. epidermidisbiofilm, which is a model bacterial biofilm (Decket al.,
2015), major disseminator of antimicrobial tolerance géAesiila-Arcos et al, 2017)and
the most medically relevant bacterial biofilm (Otto, 2009), is necesBhaiy.could informon
the designof more potendisinfection approaches agairtst epidermidisiofilm and other
bacterial biofilms hence, reducinghe burden andspread of antimicrobiatolerancegenes

among pathogenic bacteria

Al ternati ve 8)iagmanitdf RNAtpolymerdséPahéarik & Horswill, 2015
has been implicated in theleranceof somebacterid speciesagainststressorsFor instance,
0B has been implicateith thetoleranceof S. aureus(Chanet al, 1998; Cebrairt al, 2009)
Bacillus cereugSchaik et al, 2004) Bacillus subtilis(Voelker et al, 1999)and Listeria
monocytogene@Beckeret al, 1998; Abramet al, 2008)against heaand/or HO. exposure.
In addition,s t udi es hBaovhetolérancedf kadterid to antibiotice.g.vancomycin,
tetracyclinea n dlacthms(Chenet al, 2011; Poole, 2012The previous studiesnly focused
on the planktonic forms of thbacterial specieshence may not inform on the bacterial
bi ofi |l més r eeatpNaC, NaOChogiierpesureAlthoughbacterial biofilms
area majorpublic healthburden Paharik & Horswill, 201} the role ofti® in thdr tolerance
against physicehemical stress exposuremains unexploredrhus, understanding the role of
08 in the tolerance of bacterial biofilms usii®) epidermidisbiofilm, which is a model
bacterial biofiim (Deckert al, 2015), key disseminator of tamicrobial tolerance genes
(Aguila-Arcoset al, 2017)and the most medically relevant bacterial biofilm (Otto, 2009), is

necessary. This information may improve on toatrol of S. epidermidiiofilm and other



bacterial biofilns andby extensiorantimicrobial tolerance burddyy targeting a singlstress

regulBator, 0

In S. epidermidisa gene encoding an alkaline shock proteifa@p23, is transcribed from at
least twodifferentiB-dependent promoteendi s ex pr essed asPaativitdi r ect

making it a §actvity(Knohlockeeal, 2004 Mitchéll et al, 2013.

To better understand the susceptibility paiseand the mechanisms underlying the tolerance
of S. epidermidibiofilm against physicahemical stress exposutbe susceptibility patterns
eDNA yield andasp23expressiorof S. epidermidisiofilm and planktonic cellgutilized as
control samplesin response theat, NaCl, NaOGbr H.O, exposuraverecompared

1.2. Statement ofthe problem

Kisumu county has a high burden of infections associated mutli-drug resistanbiofilm-
forming bacteria. Moreover, there is high circulation of antibicggistant geneand isolates

in Kisumu county. Thus, there is need to control tlweden andspread ofantimicrobial
tolerance in Kisumu countyAs a reservoirof antimicrobiattolerance genes anlorizontal
gene transfer elementS, epidermidibiofilm is akey disseminatoof antimicrobialtolerance
genes among bacterial pathogan&isumu countyhence is an important target in the fight
against antimicrobiatiolerance Dueto the high proclivity of bacteria to develop resistance to
antibiotics,S. epidermidisiofilm controlusing effective physicehemical disinfection @y

be a suitable approachmecessitatinga better understanding of the susceptibility and
mechanismof tolerance ofS. epidermidisbiofiim against physica&hemical disinfection
However, the susceptibility patterns anthe underlyingmechanismsof tolerance ofS.
epidermidisbiofilm against heat, NaCl, NaO®@F H2O. usedfor pointof-use disinfection of
food, drinking water and/or medical equipmaémtKisumu countyare unknownThus, this

study determinecthe susceptibility patterns and the activities of eDNA &hdistolerance
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mechanismof S. epidermidisbiofiim againstheat, NaCl, NaOCbr H2O. exposure The

findings could inform on the design of more potentdisinfection strategies againS§.

epidermidisbiofilm; hencereducing theburden andpread ofantimicrobialtolerancegenes

in Kisumu county and marplaces

1.3. Study objectives

1.3.1. General objective

To determine the susceptibility patterand tolerance mechanisms ®fepidermidisbiofilm

and planktonicellsto physicechemicalstressexposure

1.3.2. Specific objecties

1.

To determinehe susceptibility patterns db. epidermidisbiofilm and planktonic cells to
physicachemical stresgheat NaCl, NaOClor H202) exposure

To determingherelativeeDNA releaseby S. epidermidisbiofilm and planktonic cellsn
response tphysicachemicalstresgheat NaCl, NaOClor H>O2) exposure

To determinether e | a B actvigy in(B. epidermidisiofilm and planktonic cellsn

responséo physicachemical stresgheat, NaCl, NaOGbr H.O2) exposure

1.3.3. Null hypotheses

1.

2.

3.

There is no significant differenda the susceptibility patterns o epidermidisbiofilm
and planktonic cells tphysicachemical stresgheat, NaCl, NaOGbr H20O,) exposure
There is no significant differendeetwea the relative eDNA releaseby S epidermidis
biofilm and planktonic cellgn responséo physicechemicalstresgheat, NaCl, NaOGbr
H20,) exposure

There is no significant difference betweber e | a % activitgin $. epidermididiofilm
and planktonic cellén responséo physicachemicalstress(heat, NaCl, NaOCor H20»)

exposure



1.4. Justification of the study

Bacterial biofiimsarea public health menacdacterial liofilms are ubiquitous in virtually all
environments with higher prevalence in domestic and healtsettiegs(Garrettet al., 2008;
Francoliniet al, 201Q. The S. epidermidisiofilm is highly resistant to antibiotics and host
immune effectorgFey & Olson, 2010 Moreover,S. epidermididiofilm is the predominant
cause ofrecurrent and relapsing infectionsence cau® significant burden inhuman
healthcare systeméFey & Olon, 2010; Paharik & Horswill, 201h Treatment ofS.
epidermidisbiofilm-mediated infections typically involves removaahd replacementf the
infecteddevice, causing an increase in morbidity and ¢Bsy & Olson, 201} Further,S.
epidermidisbiofilm infection is predominantly associated with nosocomial infections that
affectseven and ten out ohehundred hospitalized patientstime developed and developing
countries respectivel{francolini & Donelli, 2010; WHO, 2034 Annually, S. epidermidis
biofilm-associatechosocomial infections account ftlousand=f deathsin the developed
and developingcountries (WHO, 2014. Further, S. epidermidisbiofiim is a major
disseminator of antimicrobidblerance genes amondpacterial pathogens in domestic and
healthcare settingéeey & Olson, 2010; Aguilsrcos et al, 20173. Considering the public
health threat posed b$. epidermidisbiofilm, effective pointof-use disinfedion of S.
epidermidis biofilm is necessary Thus, the presentstudy sought tounderstandthe
susceptibility patternand the mechanismemployed byS. epidermididiofilm againstheat,
NaCl, NaOClor H20- used forpoint-of-usedisinfectionin domestic and healthcare systems
These findingscould inform on the development ofmore potenteradication approaches
againstS. epidermididiofilm leading toa reductionof the S. epidermididiofiim-associated

problemsand the spread of antimicrobi@lerance genes among bacterial pathogens



1.5. Significance othe study

First, hefinding thatS. epidermididiofilm wasmore tolerant t®60°C, 1.72 M NaCl0.178
M NaOClor 1.77 MH02 usedfor point-of-usedisinfectionin Kisumu countyshould prompt
the public health polig makersto review and improvethe current disinfection guidelines to
target the bacterial biofilngrowth mode Secondly, lte findingst h at e D Rmightabe d
involved in the tolerance ofS. epidermidisbiofilm againstheat, NaCl, NaOCI or #D.
exposureadvances thanderstanding on bacterial biofiltolerancemechanismsThus, eDNA
a n d® calld be exploredas promisingtarges for the development oéffective anti-S.
epidermidishiofilm approacheby the molecular biologists and pharmaceutical companies
1.6. Limitations of the study

The present study Bawo potential limitationsFirst, the susceptibity of S epidermidis
biofilm and planktonic cells were determined thye standarghlate countmethod However,
the standardplating method has a narrow optimal countable colony range 25400
dependingon thealiquot dilution factor and plate siz@Ben-David & Davidson, 2014)The
computation of log reductiorfsom suchnarrowranges of colony formingnits (CFU) results
in valuesnot exceethg 2.6. This implies thatthe low log reductionvaluesobtainedin the
present studynight be partly attributedto the narrow colony counting ranggecond, due to
resource constrainend the multiplicity ofphysicachemicalagentsusedin the presenstudy

a relatively smalbut informativesamples of5. epidermidipiofilm and planktoniavereused

foranalysisoe DNA r el Eactviiy. and G

(o]
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CHAPTER TWO

LITERATURE REVIEW
2.1.The S. epidermidisand bacterial biofilm formation, growth and development
Bacteria from the genus$taphylococcusencompassa diverse group of Grapositive
commensals that colonize mammals on the skin or mucous memgPanesik & Horswill,
2016) The genusStaphylococcuscomprises fortyseven species: eight of which are
coagulasepositive or coagulaseariable, thirtyeight of which are coagulasegative and
one that has both a coagulassgative and a coagulapesitive subspecies(Beckeret al,
2014) Within thecoagilasenegative staphylococch. epidermidisis the most frequent cause
of medical deviceelated infectionsand is able to infect virtually any medical implé6itto,
2009; Freitaset al, 2014) The S epidermidishas a high rate of infection becauseitsf
prevalence in the normal skin flora and ability to colonize many human body susiadess
the anterior nares, axillae inguinal and perineal a@esker et al, 2014; Paharik &
Horswill, 2016) Majority of thefrequentlyisolatal S. epidermidisre ofsequence type 2 that
exhibitin vitro biofilm-formationandbelongs to thelonal complex Zlass(Otto, 2009) The
S. epidermidisis the predominant cause of infections that affect seven and ten oune of
hundred patients hospitalized in developad developing countries respectiv@irancolini
& Donelli, 2010; WHO, 2014)The hofilm-forming capability of S. epidermidiss its main
virulence factor(Fey & Olson, 201Q0)The S. epidermidiiofilm is a reservoir ofantibiotic
tolerance and horizontal transfer genes, as well as conjugative and/or mobilizable plasmids,
suggesting itkey role in disseminabn of antibiotic resistancand tolerancaleterminants
amongbacterial pathogens=¢y & Olson, 2010; Aguilsdircos et al, 2017) Therefore,S.
epidermidisbiofilm is an important target in the control of the spreddaotimicrobial

tolerance
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A switch to the bcterial ofilm growth nodeis associated witenhancedegulation of gene
expressionevels resuling in temporal adaptation@Garrettet al, 2008) Bacterial tofilm
cells communicate via quorum sensifige & Parsek, 2008)Bacterial biofilms produce
ECM variably composed oproteins,nucleic acids polysaccharides and wat@amalet al,
2015) Bacterial hofilm formationinvolves at leastthree stages First, initial attachmenof
cells to aiotic or biotic surfaceaided by bacterial adhesinSecond,proliferation and
maturation mediated by ceadkell adhesion. Thirddetachmenmediated byECM-degrading
enzymes originating from the bacteria or environnféob & Otto, 2012Paharik & Horswill,
2016) Microcolony formationis considered ttie between attachment and maturatiout the
differences between microcolony and mature bioféme not wdl defined (Paharik &
Horswill, 2016) Moormeieret al. (2014)showed that attachment and early accumulation
were succeeded by dispersal of a portion ofttaeterialcells, leaving behind small foci of
biofilm growth. These foci then maturieto abacterialbiofilm with the characteristitower
structuresFurther,h e ear |l y di sper sal phase referred
accessory gene regulatagf) system, a peptide quorusensing system present in all the
staphylococci. Howevethe exodus phase was specifically modulated byst#tegegulated

nucleasegFigure 1)
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Figure 1. Bacterial biofilm development dages After attachment, bactetiaells form a
lawn of growth, whichundergoes an exodus peritehving several small foci of cells. The
exodus phase is mediated by tBadRS system via nucleasstivity. Then, foci of cells
develop into a characteristic mature biofilm structspersal is mediated by tlagr system
via secreted enzymes and phesoluble modulingAdapted fromPaharik & Horswill, 201%

2.2.Antimicrobial tolerance in Kisumu county and S. epidermidigiofilm

Kisumu county has a high prevalence of pathogens in its soils and surfacéBaltxet al,
2018) Kisumu county, thereforeuffers a high burden of communicable bacterial infections,
such as diarrhoea, tuberculosis, typh@@bHongoet al, 2017) which are associated with
bacterial biofilmformers(Tan et al, 2019. Further, Kisumu county has a high variety of
resistancegenes, large number of isolates harbour five or more of the resistance genes and has
a high prevalence of multirug resistant phenotype34(tt et al, 2017) Being a hyper
endemic HIV area NACC, 2016), Kisumu county hasa high number of
immunocompromiseg people, whdacilitate both evolution of resistant pathogens andar the
rapid spread in the communifi{ariuki & Dougan, 2014)There is high use of antibiotics in
the hospitals within Kisumenhancing the development of resistance phenot{lesth et

al., 2018) The S. epidermidisbhiofilm is responsible for dissemination @ntimicrobial

tolerance geneamongbacterial pathogend=¢y & Olson, 2010Aguila-Arcos et al, 2017)
12



hence is an important targah the fight againsantimicrobialtolerancein many areas of the
world, including Kisumu county.

2.3. Point-of-use physico-chemical disinfectants in domestic and human healthcare
settings

Pointof-use treatment of drinking water mainly invohas/eral methods aimed at destroying

all harmful organisms. Boiling is the most effective water disinfection method irrespective of
water turbidity (Sobsey & Leland, 200Q1. Water is brodod@ht3nino a 066
depending on th altitude (Kayag& Reed, 2011)However, heating water to pasteurization
temperatures (generally #®°C) for periods of minutemin) to tens of min will destroy

most waterborne pathogens of concern (Sobsey, 2002). However, boiling or heating water is
energy consuming a@nchanges the taste of wat&mafaga & Reed, 2031 Solar disinfection

using ultra violet UV) rays from the suror modern UV lampssi also used in water
disinfection Sobsey, 2002; Kayaga & Reed, 2D1However, theparticulates andurbidity

can interfee with or reduce miobial inactivation efficiency.The UV lamps require
electricity and must be replacpdriodicallyhence expensiiSobseyet al, 2002) Due to the
challenges of boilingind UV disinfectionschemical disinfection using chlorine compounds

are usedKayaga & Reed, 2011A dilute (1.2% NaOCI solution fa pointof-use water
treatmeniwaterguard)s recommendeth mostresourcdimited settings in Kenya (including

Kisumu county)Blum et al,, 2014).

Effective disinfection is essential for ensuring mediegiiipmentdo not transmit infectious
pathogens to patien(Rutala& Weber, 2004) The followingdisinfectantdhave beemsedfor
medical equipment disinfectiomlcohols, chlorine and chlorine compounds, formaldehyde,
glutaraldehyde, ortho-phthalaldehyde,H.O., iodoghors, peracetic acid, phenolicand

quaternary ammonium compoun@Rutala & Weber, 2004Rutala et al, 2008) The
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concentration of each of the abadisinfectant is dependent on where it is being ({Redala
& Weber, 2004) Further, with exception oflO> and chlorine compounds, most of ske
products have adverse side effects hencenatecommonlyused Rutala & Weber, 2004;

Rutda et al, 2008 Linleyet al, 2012).

Several methods have been usedliginfectfoods or food contact surface®isinfectants of
food contact surfasecontain chlorine compounds, peroxide and peroxyacid mixtures,
carboxylic acids, quaternary ammonium compoundsg acionic oriodine compounds
(Gaulin et al, 2011) The food is disinfectédreservedusing methods, such asanning,
drying, application of sugar, pickling, smoking and salting. Of these methods, sadiny
1.72 M NaCl is commonlyused in mostlomesticsettings for food preservatigismith &

Stratton, 2007)

In summary, lie following are thghysicochemicaldisinfectantscommonly usedor point
of-use disinfection ofwater, food and/ or medical equipment domestic andhuman
healthcaresettingsin Kisumu countyand other placeseat (60°C)Sobsey, 2002)1.72 M
NaCl (Smith & Stratton, 2007)0.178 MNaOCI (Blum et al, 2014)or 1.77 MH20, (MOH,
2007;Linley et al, 2012)

2 4. Susceptibility patterns of bacterial biofilms to physicochemical stresexposure
24.1. Assessment of the previous studies ausceptibility patterns of microbial biofilm
and planktonic cellsto physico-chemicalstress exposure

The comparison of the susceptibilipatternsof biofilm and planktonic forms obacterial
species to arious physicechemical stress exposurdégmve been reported-or instance,
McAuliffe et al (2006) reported thatM. bovis biofilm subjected to 50C for 40 min were
moretolerantthan the planktonic form$iowever,in the study, M. boviscells were exposd

to 50°C, which is below 60°C recommended for pathogen elimination (Sobsey, 2002)
14



Further,unlike many bacterial speciddl,. bovisis cell wall-less(Brookset al, 2007) Thus
the findings on M. bovismay not inform on the response of other bacterial biofiln® heat
exposureand have limited application in general bacterial biofilm conthgiother study
showedthat S entericaserovar Typhimuriunbiofilm growing at the a#iquid interfacewere
moretolerantto exposure to NaOClconcentrationsanging from 50 to 250 parts per million
and hea(60°C and 70C) than the planktonic cell&Scheret al,, 2005) However,Scher and
colleaguesfocused on the application of NaOCI on industrial settif®sheret al, 2005)
henceusedNaOCI concentratios higher than0.178 M NaOClusedin treatment ofdrinking
water (Blum et al, 2014) Furthermore, ulike mostbacterial speciess. entericaserovar
Typhimurium overproducerotective cellulosic polymer(Zogaj et al (2001) hence the
findings may not inform on thegeneral bacterial biofilm controFurther, Cryptococcus
neoformand i o gdllsmverefound to bemoretolerantto 47°C exposirefor 30 minthan the
planktonic forms(Martinez & Casadevall, 2007However, C. neoformansis a fungal
pathogen hence may not inform on bacterial biofilmresponsdo heat exposureMoreover,
the temperaturg47°C) usedis below 60°C recommended for pathogen eliminatig@obsey,

2002)

A studyreported thaV. choleraeO1 biofilm cellswere moretolerantto 2.5molar (M) NaCl
and 20 mMH20. exposureshan theplanktonic formgWai et al, 1998) However, he2.5 M
NaCl and20 mM H20> usedwererespectively, far above arfmtlow1.72 M NaCl andl..77 M
H2O> recommended for routine pathogen disinfeciimith & Stratton, 2007L.inley et al,
2012. Further, the previous study us®d choleraeO1, which is highly adapted to saline
environmentgelative tomost bacterial pathogefBilho et al,, 2011) Thus thereport byWai
et al (1998)may notinform on thegeneralbacterial biofiimsresponse tiNaCl andH20-

exposure
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A report byKubotaet al. (2009) demonstrated thadt. plantarumsubsp.plantarum biofilm
cells exposed to @75 parts per million of NaOCI for 30 minwere moretolerantthan the
planktonic formsHowever,the concentrations dlaOClused were high and are mostlyeds
in industrial settinggScheret al, 2005) but not in domestic antilumanhealthcaresettings
Behnkeet al (2011)alsoreported that co-cultureof B. cepaciaandP. aeruginosabiofilms
was more tolerantto chlorine exposurethan the planktonic formddowever, nulti-species
bacterialbiofilms aregenerallymore resistant than morspeciedacterialbiofilms (Giaouris
et al, 2015)thus;thereporton co-culture of B. cepaciaandP. aeruginosabiofilms may not
inform on susceptibility of individualbacterial speciesbiofilms. Steedand Falkinham Il
(2006)also reported that biofilm forms ®&. aviumandM. intracellulare exposed to 1 pg of
chlorine/mL for 6 hours (h) were mormlerant than the planktonic formsUnlike S.
epidermidisandmostbacterial speciesnycobacter have mycolic acigich membraneshat
enhancetolerance(Brooks et al, 2007; Abdallah et al, 2014) hencemay not informon
general bacterial biofilms response to chlorine compauBidsvartet al (2001)reported that
biofilm forms of P. aeruginosaor K. pneumoniaecells exposed to 1000 mg/L alkaline
hypochlorite for 1 h werenore resistantthanthe correspondingplanktonicforms Bacterial
biofilms are known to mature within 248 h (Pintenset al, 2008) however,in the study
reported by Stewart and colleagueke P. aeruginosaand K. pneumoniaecells were
ovemgrown (6 days and accumulatedhigh proteins and carbohydrateshich might have
affected susceptibilies of the bacterial specigs hypochlorites Further, Peeterset al
(2008a)showael that B. cenocepaciaiofilm cells were moretolerantto H>O> (0.3-3%) and
NaOCI(0.050.3%)than the planktonicells. However the H>O, and NaOCI concentrations
tested were loer than thed.178 MNaOCl or 1.77 M H20- routinely used fopoint-of-use

disinfection of drinkingwater (Linley et al, 2012;Blum et al, 2014) hencenay notinform
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on bacterialbiofilm responseo the oxidative stressesFurther,Elkins et al (1999) showed
thatbiofilm cells of P. aeruginosaexposedo 50 mMH-O; stressfor 1 h were moréolerant
thanthe planktonic cellsSimilarly, Zhanget al (2007) showed thatE. coli biofilm cells
exposed to 20 mNH20. for 15 minwere moretolerantthan the planktonic cell$dowever,
the two studiesused 20 and 50 mM 4@ that ae bdow the recommended 1.77 M 4D
(Linley et al, 2012)concentrationsiencemay not inform on bacterial biofilm disinfection

efficiency.

Taken together the susceptibilites of various species obacterial biofiims to physico
chemical stresgxposureshave been reporteddowever, theprevious studies reported on
MycoplasmasMycobacteriaand Salmonellaspecies, which are structurally or metabolically
different from most bacterial species (Zog#ajal, 2001;Brooks et al, 2007) Further,the
previous studietested NaCINaOCI orH20. concentrations that were either higher or lower
than the concentratins used for poirdf-use disinfection of pathogens. Thus, the findings are
only relevant to the respective bacterium and may not inform on general bacterial biofilm
disinfection.However, despit&. epidermidibiofiim beinga model bacterial biofilm and the
mostmedicallyrelevant bacterial biofilnfOtto, 2009; Deckeet al, 2015) its susceptibility
patternsto 60°C, 1.72 M NaCl, 0.178 M NaOCI or 1.77 MO routinely used for
disinfectionin domestic and healthcasetting remainundocumentedThis may informon

the effectivecontrol of diverséacterial biofilmsusing physicechemical disinfectants

24.2. Overview of techniques for assessing susceptibilitieof bacterial biofilms to
stressos

Fluorescencédasedmethods quantitative ((JPCR spectrophotometryflow cytometry and

plating have beemisedto quantifybacterialbiofilm cells insusceptibilitystudies.
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Fluorescencdased methods combined with automatic counting software are more precise,
reliable and are unaffected by the useuser interpretation variatior(§reitaset al, 2014)
However,the techniques utilize SYTO stainthatis expensive and does not properly stain
Gramnegative bacteriéStiefel et al, 2016) In addition, he methodusespropidiumiodide

(PI) that stains eDNA thumay overestimatéhe bacterialbiofilm cell couns (Peeterst al.,

2008D)

Spectrophotometryechnique is used because of the simplicity of the protaodleasy
optical visualization(Stiefel et al, 2016) However, he technique has low reproducibility,
sensi tivit y(Pantarkllaes gl,e2018)Moreovey ethanolused in the protocol
does not extract the dye uniformly resulting in significant variations ob#ugerialbiofilm

counts between and within experimefR#tset al, 2003)

A combination of gPCR together with an intercalating agent, propidium monoazide (PMA)
has been used to quantify oral mugltiecies biofiimgAlvarezet al, 2013) In this technique,

the PMA selectively penetrates damaged cell membranes and binds tooth#esiranded

(ds) DNA. The gPCRPMA does not overestimate cell counidocker et al, 2007)
However, the technique requires expensive PCR reagents, equipment and highly skilled
personnel(Francaet al, 2012) Furthermore, complex sample preparation, primer design,

optimization and interpretation of results limit its applicatiBantanellat al, 2013)

Flow cytometry techniques utilize a combination of dgeg. SYTO 9thatis membrane
permeable and thustains live and dead cells or membraimepermeable dyeg.g. Pl that
stain DNA of damagecells (Khan et al, 2010) Flow cytometry may help distinguish
betweernviable but norculturable(VBNC) cellsand viable bacterial cells and produce rapid
results(Khan et al, 2010) However,the use ofPl may lead to overestimation of bacterial

biofilm cells count sincehe dye stainsboth intracellular DNA and eDNA. Moreoveltt is
18



difficult to separate bacterial biofilm cells cluster into individual cells makimgiication of
flow cytometryin bacterial biofilmquantificationdifficult (Ambriz-Avifia et al, 2014) In
addition, flow cytometry requires expensive equipmaerdSYTO 9 dye The technique also

requireshighly skilled personnglAmbriz-Avifia et al,, 2014)

Standard fating method is widely usetiecause iis highly sensiti\e, reliade, inexpensive
and readily available in most laboratori@@an et al, 2014) However, the method only
g u a estviable bacteria and has a narrow optimal countable colony range -40@®5
depending on thaliquot dilution factor and plate sizéBenDavid & Davidson, 2014)
Moreover, standardplatng method cannot detect injured cellsencemay underestimate
bacterial cell count(Simdeset al, 2005) Despite the shortcomingshe standardplating
methodis suitable for stimaing the susceptibility differences betwebkacterialbiofilm and
planktonic cell{Simdeset al, 2010)

25. Overview of tolerance mechanisms of bacterial biofilms against antimicrobial

exposure

Generally bacterialbiofilm s arehighly tolerantto antimicrobialscomparedd ther analogous
planktonicforms (Paharik & Horswill, 2016) Multiple mechanism$ave been proposed

explainthe higter tolerance obacterialbiofilms againstantimicrobialsasdescribed below

First, the biofilm matrix may provide a diffusion barrier agaifwt reacts withantimicrobial
agents(reactiondiffusion inhibition) (Joo & Otto, 2012 Simdes & Simdes, 2018 The
decreasediffusion ensures that the bacterial cells are initially exposed to a low concentration
of the antimicrobialand may have time to mount a defensive response (Astkalr, 2014).
Secondthe physiological heterogeneity withthe tireedimensional biofilm structureHall

& Mah, 2017. The physiological heterogeneityreatesdifferences in gene expression,

metabolic activity and phenotype, including antimicrobial tolerance, of cells located in
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different geographical areas obefilm (Hall & Mah, 2017. Heterogeneity arises due to the
gradient of oxygen and other nutrients within the biofilm (Ackeal, 2014 Hall & Mah,
2017. Third, aphenomenon that contributes significantly to antibitdlerance in biofilms is
persistace, a property of the persister celextremelyresistantsubpopulation obiofilm
cells), which are more numerous in biofilms tharthe planktonic populationgde la Fuente
Nufezet al, 2013 Hall & Mah, 2017. Persister cells can withstand {hr@sence of stresss,
likely due to transcriptional programmindg la FuentédNufiezet al, 2013. Four, expression
of specific protective molecules may be higher in the biofilm mode of growth, and antibiotics
may also directly enhance the expressionrofgrtive mechanismsuch agverproduction of
neutralizing enzymes that degrade or inactivate antibi@lasalet al, 2015)or genes that
confer antimicrobial tolerancal¢ la FuentdNufiezet al, 2013 Hall & Mah, 2017. These

and dher miscellaneousiechanisms are shown in Figureélow.

The above tolerance mechanisms only provide partial explanation for the increased bacterial
biofilm tolerance and are limited to few conventional antibiodas ciprofloxacin(Joo &

Otto, 2012; Hall & Mah, 2017)Thus, there is need for exploration of marenclusive
mechanismaunderlyingthe tolerance ofbacterial biofilms againgbhysicachemical agents

such asheat, NaCl, NaOCI and J0, to be able todesignmore effective bacterialbiofilm

eradicatiorapproaches
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Figure 2. Overview of the major bacterial biofilm tolerance mechanisms against
antimicrobials. Biofilm cells (yellow rectangles) are embedded in a mushrsbaped

matrix (shown in green). The biofilm is attached tswaface (grey rectangle). Pictorial
representations of the tolerance mechanisms are numbered as follows: (1) nutrient gradient
(shownhere as a colotintensity gradient) with less nutrient availability in tbere of the

biofilm, (2) matrix exopolysaccharides, (8PNA, (4) stress responses (oxidative stress
response, etc.), (5) discrete genataterminants that are specifically expressed in biofilms
and whose gene products reduce biofilm susceptibilitynaahanisms, (6multidrug efflux

pumps, (7) intercellular interactions (horizontal gene transfer, etc.) and (8) persister cells
(Adapted fronHall & Mah, 2017%.

2.6. The eDNA

26.1. The eDNA and assessment of previous studies on eDNA microbial biofilms
toleranceagainstantimicrobial exposure

Staphylococcal biofilm formation can be polysaccharide intracellular addependent or
proteins/eDNAdependen{McCarthyet al, 2015) The eDNA is involvedn bacterialbiofilm
adhesionand maintenanceof structural integrity(Songet al, 2016) The @NA is either
actively secreted or releasébm bacterialcells by the following mechanismsautolysis,
necrosis,apoptosisand bacterial secretion systemga DNA-containingmembrane vesicles
(Vorkapic et al, 2016) The release of eDNA is largehegulated byautolysin @tl) genes

(Houstonet al, 2011) In autolysis, a subpopulation tiacterialb i oy | maredyset | s

21



releasing DNA(Xu & Kreth, 2013) TheeDNA is a major source of substrate for horizontal
gene transfer to competent bacterial biofilm cé&shevsky & Meyer, 2015)The eDNA

can confer antibiotic resistance by binding directly to cationic antibiGimseset al, 2013)

The eDNA canalsoindirectly confer resistance by inducing expression of resistance genes
(Mulcahy et al, 2008; Johnsoet al, 2013)(Figure 3) The eDNA is essentiain bacterial

biofilm colonization, virulence and pathogendgiatorskaet al, 2017)

eDNA in biofilm formation

eDNA aids adhesion by pentrating the eDNA provides structural stability and
repulsive electric double layer. Acid base guide motility in biofilms through unspe-
interactions lead to adhesion. cific and specific interactions , e.g.

between eDNA and Type IV pili in the cap
structure P. aeruginosa biofilms

© S © ©

eDNA in biofilm defence

eDNA chelates cationic antimicrobial eDNA chelates divalent cations, which
peptides from the host immune system. triggers a genetic response to increase
pathogenicity and resistance to antimi-

crobials.
2+
W
Mg + (—\—18
a M82+

Mg?¢

Figure 3. Schematic presentation of the roles of eDNA in bacterial biofilm formation and
toleranceo antimicrobialsand host immunityAdapted fromOkshevsky & Meyer, 2015
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Few studies have evaluated the role of eDNAbacterial andungal cells toleranceagainst
various physicechemical stressexposuresFor instance, aeport showed tha€. albicans
biofilm exposed t@ M NaCl did not produce eDNA richdeCM than the untreated controls
Conversely5 mM H20. exposure led tincrease®DNA releasento theC. albican® ECM
than the untreated contrdBemmarajiet al, 2016) However,C. albicansis a fungishence;
the findings may not inform on bacterial biofilns tolerance againstiaCl or H2O. exposures
Itzek et al (2011)alsoreported thaBtreptococcuggordonii cells exposed to 1 mM or 2 mM
H20- for 5 hreleasednore eDNA than the untreated contrétawever,ltzek and colleagues
only reportedthe responsef planktonic forms ofS. gordoniito H.O2 exposurenencemight

not shedlight onthebacterialbiofilm forms.

The release of eDNA by bacterial and fungal cells in response to conventional antibiotics
exposure has been reportdd begin with, wo studies reportedicreased eDNA production

by S epidermidis biofilm cells exposed toa subminimum inhibitory concentrationof
vancomycin(Kaplanet al, 2011; Doroshenket al, 2014) A study byKaplanet al (2012)
alsodemonstrated that strhinimum inhibitory concentration f -ladbam antibiotics induced
eDNA releasdy S aureusstrains.However, theabove studiestilized planktonic forms o8.
aureusand/or used antibiotic hence may not inform on the biofilm response against physico
chemical stress exposuieurther Hathroubiet al. (2015)showed that suMIC of penicillin

G enhanced release of eDNA in the ECM Af pleuropneumoniaéiofilms. However,
Hathroubi and cavorkers evaluated theesponse to aantibiotic but not physicechemical
stressagent Rajendraret al (2013)alsoshowedthat antifungalssuch as amphotericin B and
caspofungin enhanced eDNA release Aspergillusfumigatusbiofilms than the untreated

controls However, fungal biofilms are structurally and metabolically different from bacterial
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cells (Brookset al, 2007) hence may not inform on the bacterial biofilm response to

stressors

Overall, the previousstudies havemainly focused onbacterialbiofiims @olerance against
antibioticsand antifungalsOnly two studies have examiti¢éhe role of eDNA irthe tolerance
againstNaCl and/or HO> exposureOf the two studiespne wason a fungusC. albicans
biofilm andthe other orplanktonicforms of S. gordonii hence may not inform otte role of
eDNA inbacterialbi of i | ms 6 t dlaCéar BbO: exposuaed e role sfteDNA in
the tolerance o8. epidermididiofilm or any other bacterial biofilragainst physica@hemical
stressexposureremainsunknown Thus there is need to understand the role of eDNA on
bacterial biofilns 6 t o | e r physicecheaigah Stress exposunsinga model bacterial
biofilm organismi.e. S. epidermidigDeckeret al, 2015, which is alsca major disseminator
of antimicrobialtolerarce genes among bacterial pathogekgu({la-Arcoset al, 2017) This
could inform on the development of more poteatadication approacheagainst S.
epidermidisbiofilm and other bacterial biofilm$ience reducingthe spread of antimicrobial
tolerance geneamong bacterial pathogens

2.6.2. Overview of techniques for quantifyingeDNA

Quantification ofDNA can beconductedusing UV spectroscopyuantitative reatime PCR
(RT-gPCR), fluorometry methods(Oslon & Morrow, 2012) digital PCR and phosphorus

analysig(Brennaret al, 2009)

In UV spectroscopyabsorption of UV light at a wavelength of 260 nm is measured and the
values obtained ramgg from 0.1 to 1.00D areconverted 1into ng/ el
conversion factor o f (Hd&dén etnag, /2@09) Microvolumé& UVO D

spectroscopynstrunents such as NanoDrop spectrophotometers are available. NanoDrop

spectrophotometers are faster, usendly, require small sample volumes and are-non
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destructive(Holden et al, 2009; Rothrock, 2011)However, the major limitatioof UV
spectroscopy andanoDrop spectrophotometassthat they measure maximal absorbance of
nucleic acids; thus, they do not discriminate between dsDNA, single stranded ssDNA, RNA

and nucleotide@Nakayameet al., 2016)

In RT-gPCR technique, target sequence copy nunsbacentration is measured and then
equated to DM concentration based on genome target sequence copy number and mass
(Hospodskyet al, 2010) The RT-gPCR specifically quantifies intact and accessible target
DNA and not total DNA(Oslon & Morrow, 2012) However,RT-gPCR requires the use of a
reference standard that usuatiyroducesuncertaintiegGriffiths et al, 2011) Moreover RT-

gPCRrequiresexpensive reagents and thatmyclers(Francaet al, 2012)

In fluorometry methods, fluorescence emission from fluorescently labeled -singteled
DNA or dsDNA is used to estimate DNA concentrat{btoldenet al, 2009) Faith (2008)
identified twokey advantages of fluorometry equipment such as qubit fluoromédtast, the
qubit fluorometers quantify the concentration of a specific molecule of inteeeshtact
dsDNA, RNA or proteins. Secondly, the qubit fluorometers generate accurate and precise data

even with highly diluted sampldi&e eDNA in the superrnant

The digital PCR and phosphorus analysis are rarely us@DNA quantification This is

majorly because digital PCR and phosphorus analysis require highly specialized equipment

and high DNA thr esh@Btemhang¢t&8.02009)c g) respectively
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2.7.Thed®

27.1.ThecPandassessment of pPiebacteial sellssoterantdagaiast on o
antimicrobial exposure

The RNApolymeraseas comprised of a dissociable subunit termsiggna (i) factorthat binds

to the core subunits ( {faget)2015) Tloe f i r snu @u rMihto
the coreRNA polymerasdo recognize promoters with specific DNA sequen@egathi et

al., 2014) Ther e factorsin Grangposifive bacteria likeStaphylococcuspecies.

First, sigma factorA (0*) required for housekeeping functiotike cellular growth and
repr oduct i fotmt me@asspraiatized functionsuch adifferentiation, biofilm
formation, stress response, pathogengsigdimannet al, 2016)and virulencgNadonet al,

2002) T R eeguln of Staphylococcuspecies encompasses approximately 200 genes
involved in general stress respor{§&uldimannet d., 2016) Tolerance againsintibiotics

such as tetr ac yacthm and yanconeacins alsm ilinkedwith (F fctivity

(Poole, 2012) Mo r efoiv ienpligatedin biofilm formation of Bacillus Listeria and

StaphylococcuspeciegSavageetal., 2013)

Therole of &® in the toleranceof bacteria against physicchemical stress exposure has been
reported. However, these studies were only limitedlamktonic forms of different bacterial
species For example, a study reported that heat shock fromd23C and0.43 M NaCl
exposureu p r e g ufl exgressionin(B. cereus Furthet a marginal (8 expressionwas
observedupon exposuref B. cereusto 5 0  #Xd, (Schaiket al, 2004) Voelker et al
(1999) also reported thatl® mutants ofB. subtilis exhibited 56100-fold reduced ability to
survive 54°Cor 1.72 M NaCl exposure Beckeret al (1998) also observed that osmotic
upshiftincreasedi® activity in L. monocytogeneg-urther,S. aureusi® mutants were more

sensitive toexposure to64°C for 10 min and 7.5 mMH20. compared to thevild type.
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Converselyl M NaClexposure resulted in marginaft activity in the S. aureusells (Chan
et al, 1998) Abramet al (2008)alsos h o w e d® mutana dfL. nfonocytogenewas more
susceptible to 1.75 M Na@xposurehan thewild type. Cebrainet al. (2009)showed thaf®
mutants ofS. aureuswere significantly more susceptible to 58°C and 100 mmblD.

exposurghan thewild types

Although G activity in response to NaOCI stress has not beieectly reported,a study
showedincreasedi® activity in L. monocytogeneiiofilm exposed to lethal concentrations of
benzalkonium chloridévan der Veen & Abee, 201Q@han theplanktonic cells.However,
benzalkonium chlorideand NaOCI havedifferert modes of action. Wheredsenzalkonium
chloride targets bacterial cytoplasmic membrarfean der Veen & Abee, 201,0NaOCI
targets multiple bacterial metabolic processag adenosine triphosphat&TP) and DNA
synthesigRutala & Weber, 2008 Thus, the previous study on benzalkonium chloride may

not i nform on bacterial bi ofil mbs response a

The above studies only focused &me roles of (B in planktonic forms of different bacterial
speciesHowever, despite bacterial biofilms being a majablic healthburden Paharik &
Horswill, 2019; the role of(® in thedr tolerance against physiahemical stress expostise
yet to be understood’herefore,understanding the role af® in the tolerance of bacterial
biofilms using S. epidermidisbiofilm, which is a model bacterial biofilm (Decket al.,
2015), key disseminator of antimicrobial tolerance géAesiila-Arcos et al, 2017)and the
mod medically relevant bacterial biofilm (Otto, 2009), is necessahys information may

improve on the fight against bacterial biofilms and antimicrobial tolerance burden

In S. epidermidis B i8 an operon comprising a cluster of four genes, namsihyJ, rsbV,
rsbW and sigma B(Knoblochet al, 2004) The gene EBopestem “oas thae

dependent promoter upstream bU a n d B-depefident promoter upstream bV,
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thereforesigmaBgene transcri ption i s dPeattieitg makind e
sigmaBgene an unr e lBiaciiy (Knobtoch et @le 2004 I gontrastasp23
gene is transcribed from at least taiferent GB-dependent promoter&nobloch et al,
2004) Furthermoreasp23is expressed as a direct finc o n® actifity (fitchell et al,
2013yma ki ng it a gPoaotigity im &.regidemidis§kmablocl et al, 2004;
Pintenset al., 2008)

2.7.2. Overview of techniques forquantifying gene expression

Specific messenger (m) RNA in a sample can be quantified usirtgern blotanalysis

dots/slots analysisibonuclease protection assdiRPA) andRT-gPCR(Roth, 2002)

Northern blot analysishas remained aommon method for mMRNA quantification and
detection despite the emergence of superior methodls asdots/slots analysis andPAs
(Perdew et al, 2007) This is attributable to the fact thatorthern blot procedure is
straightforward, inexpensive and utilizes comnemuipment and supplies present in most
basic molecular biology laboratoriéRoth, 2002; Perdewt al, 2007) However,Perdewet

al. (2007)delineated threeonsof northern blot analysigas follows First, the procedure is

prone toribonuclease contamination that may compromise the quality of data obtained.

Second,northern blotting is less sensitivend may not be suitable for rare genkast,

northern blotting requires a largiference between samples 6 10-fold) to be significant.

Dot/slot blot analysis is analogous to t@thern blot in most waysxcept thatt hasa higher
throughput(Roth, 2002) The main advaage of the dot/slot blot is that masamples can be

run simultaeously Moreover, he bands to be analyzed are unifdience easy to quantify.

In addition, the RNA can be of slightly lower quality and still give a detectable signal.

However,the sensitivity of dot/slot blotis slightly higher tharthat of northern blotting but

less than that foRPA or RFgPCR(Perdewetal., 2007)
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TheRPAIs a highlysensiive method for the detection and quantitation of specific RNAs in a
complex mixture of total cellular RNAIndeed,more sensitive thathe northern blotting
(Roth, 2002) However, wulike northern blotting andslot/dot blot, RPA can detectolv-
abundance genek addition, RPAis the method of choice for th@multaneous detection of

several RNA specig®erdewet al, 2007)

In RT-gPCR, the mRNA is first converted to doulskeanded molecule using the enzyme
reverse transcriptasgRoth, 2002) Although RT-gPCR is preferredfor gene expression
analysis, it requires expensive reagents and equip(Rearicaet al, 2012)and theprocedure

is prone to contamination resulting in tdtoetube variability (Perdew et al, 2007)
Nevertheless, RGPCR haseveral prosincluding small samplesolumesused detecdion of
small differences igeneexpression andnalysis oimany genes in a large number of samples
(Perdewet al, 2007) Moreover, RTgPCR is superbly sensitive, robust and amenable to
high-throughput gene expression analy8mith & Osborn, 2009)Thus,RT-gPCR is a gold

standard method for mMRNA quantificati@®mith & Osborn, 2009; Frangd al., 2012)

Technically, bacterial RNA is difficulto studydue to its short halife (Atshanet al, 2012)

and the complicated isolation procedimgolved (Steadet al, 2012) The RNA isolation
methods include enzymatic lysis, sonication, bead beating, cesium chloride precipitation and
treatment with guanidine isothiocyanate, phenol and sodium dodecyl sulfate to inhibit RNases
(Sung et al, 2003) However, all these RNA extraction methods are timeonsuming,
laborious,and costlyand yield small mRNA quantitie€Sunget al, 2003) Consequently
severalcommercial RNA extraction kitsave been developdAtshanet al, 2012) However,

most ofthe commerciakits are not designed for and do not work well watcterialbiofilm
cultures(Atshanet al, 2012; Franca&t al, 2012) To overcome this challengeustomized

RNA isolation protocols such @mple phenol methothataretime saving minimizes DNA
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contamination,yields good qualityand quantitybacterial biofilm RNAhave been developed
(Atshanet al, 2012)to be used independently or in combination vilte commercial RNA

extraction kit(Atshanet al.,, 2012; Steaét al, 2012)
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CHAPTER THREE

MATERIALS AND METHODS
3.1. Study area
The study targeted the residentska$umu county, which is locatedwithin longitudes 33°
20'E and 35° 20'E and latitudes 0° 20'South and 0° 50'SApendix1). Kisumu County
has a population of 1,107,7%8ACC, 2016) Majority of Kisumu county residents (59.9%)
seek outpatient sexes in public health hospiga(MOH, 2014) Kisumu County Referral
Hospital (KCRH) is one of the leading referral health facilities in Kisumu county hence gives
a representative picture of the courfturther, KCRH is located within the town centnear
main bus parkhenceis convenient for many outpatits. To ensure that the samples were
representative of Kisumu county and not KCR¥@mplesfrom outpatientswho had not
visited KCRH or any hospitain the preceding three month&re collectedn November and
December 2015
3.2. Study design
3.21. Researchdesign
Study participantswere recruited usin@ systematic random sampling technigioe skin
swabcollection Matchedpair of biofilm and planktonic cellwasgeneratedrom a singleS.
epidermidisisolateobtainedfrom skin swab ofeachstudyparticipant Susceptibility patterns
of the matched pairs o5. epidermidisiofilm and planktonic cellshallenged with60°C,
1.72 MNacCl, 0.178 MNaOClor 1.77 MH20> for 30 and 60 mirwere comparedFurther,
eDNA release and® activity analygs wereperformed forthe pairs ofS. epidermidisbiofilm
and planktonic cells exposed taptimal physicechemical concentrations determingd
section 351 . e. G50AC, 0.8 M NacCl ,h 050 6avhin NleeGCl and

epidermidisbiofilm and planktonic dés unexposed to heat, NaCl, NaOCI of®d served as
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controls.In this study, analogouglanktonic cells were used as controls sam#es.gene
expressiomanalysis 16S rRNA gene wassaed as referenctr normalization of expression
levelsof thetargetgene(asp23.

3.2.2. Sample size determination

The desiredsample sizevas determined usingochran(1963) formula In Kenya, he overall
prevalence of nosocomiahpstlyS. epidermidibiofiim-related) infections is 4.4%Ndegwa,

2015)

no = sample size

Z = standard normal deviate at 95% confidelevel (1.96)
p =estimated proportioof biofilm-relatedinfections(0.044.
g=17 p(0.956)

e = desiredevel of precision(0.05)

R P8O TYT T TTOL @

| TBLU ¢ ®

Ten percent (68) of the calculatedsample sizewas addedo accommodateany errors
Therefore,skin swabs fronseventyone outpatientsvere collectedHowever, ine of the S.
epidermidisisolates were found to be ndaofilm forming straingsection3.3.2 hence could
not be included in the study. This reduced desiredsamplesize bytwo. However,even
with the reduction the power was still within the acceptable limitgs determinedy the
resourceequationmethoddescribectlsewherdCharan & Biswas2013.

3.2.3. Sampling procedure

Systematic random sampling technique is suitable for samplifpgtients attending a health
clinic, where it is not possible to predict in advance, who will be atter{fiagu & Tessema,
2005) Thus in the presenstudy participans were recruited using systatic random

sampling techniquasdescribed elsewhe(®egu & Tessema, 2005riefly, at the period of
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sample collectionKCRH receivedan average obne hundred and thirtgutpatientsdaily

(daily population)from 8.00 am to 500 pm. About ten outpatientgdaily sample sizZewere

recruiteddaily for sample collectionTo obtain thesampling intervalk™), the dailysample

sizewas divided by the dailpopulation (D/130 = 1/13). Thus, every 18 outpatient was

selected as followsEach daythe first participantwas chosen by blindly pickingne out of

thirteen bottle topsnumberedone to thirteen Every 13" outpatientenrolled at the KCRH

registryandwho met theinclusioncriteria belowwasrecruited.

3.2.4.Inclusion criteria

Based on the responses from the questionnaire (Appendonly)yvolunteerswho metthe

following criteriawere recruited into the study

1. A residentfrom any of the Kisumu subountieswho had not left the county for aeast
three month.

2. A person who had not visited KCRH or any other hospital in the preceding three months.

3. Adult agedQ18-65 yearsable toread English or Luo anthakeinformed consentor a
child ( Q¥ yearsaccompanied by guardian able to make informed consent

4. A person who hdinot usedantibacterial drugandbr soapsn the precedinghreemontts.

3.2.5. Exclusion criteria

A volunteer was not eligible for recruitment to the study if:

1. She/hehadan underlying skirmnfection.

2. She/he was immunRrcompromised.

3.2.6. Ethical considerations

Use of samples from humaarticipantsand all experimental protocolsere reviewed and

approved by Maseno University Ethics Review CommitteéReference number:

MSU/DRPI/MUERC/000187/15JAppendix 3). The participantswere briefed on the aims
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and procedures of the study a private roomfrom where consentvas soughtand
guestionnaire administered oralljhe participantswvere also informed thaheir participation
was voluntary Moreover, thestudy p a r t i cdatpweretkgptsin a computer with a
password only known bthe principal investigatoFurther the participantsvere assured that
the samples would only be utilized for the purposes of thdy $8eedetails orgppendix4). In
addition, permission to recruit outpatients at K@RH into the study was granted by the
KCRH managemeniritten informedconsents were obtained from all ttedyparticipants
for sample collection and further analysis

3.3. Samplecollection andprocessing

3.3.1. Skin swabbing and S. epidermidigsolation procedure

Swabbing and isolation d&. epidermidiswere conductedas describegreviously Kloos &
MusselWhite, 1975)Briefly, the arm jointof the nordominating arm of th@articipantwas
rubbed vigorouslywith rotation over approximately 8n? for 15 scondsusing a sterile
cotton woolapplicatormoistened withsterile 0.9% NaCl (Unilab Limited, Nairobi, Kenya)
Immediately, he swab vwas appliedon mannitol salt agafMSA; HiMedia Laboratories Pvt.
Limited, Nashik, India) platesby rubbing with rotation over the entire surfaaed then
incubated aerobically at 3€%for 24 h Control plates werereparedo assure sterility of the
cotton woolapplicators 0.9% NaCl andthe MSA medium Identification ofS. epidermidis
was based on colour on the MS¢golpurless to pink coloniewith no colour change to the
MSA) and othertestsnamely, Gram staining, catalase, coagulase and novobiocin sensitivity
and grown on tryptic soy agdfSA,; HiMedia Laboratories Pvt. Limited, Mumbai, India) at
37°C overnightThe S.aureusAmerican Type Culture Collection (ATCC) 29213 was used as
a referenceontrol strainbecause its a good biofilm formewf mature biofilms within 24 h

(CoracaHuberet al., 2012)

34



3.3.2. Detection of biofilm-forming ability of the S. epidermidissolates

Biofilm forming ability of S epidermidisisolateswere assessethy the tube method TM)
biofilm assayas previously described(Divya & Vyshnavj 2015) Briefly, 10 mL of TSB
(Sigma Aldrich Chemie GmbH, Steinheim, Germanwgupplemented with 1%
(weightvolumeé of glucose Unilab Limited, Nairobi, Kenyawasinoculated with100 L of

S epidermidissuspensiorand incubatedcat 37°Cfor 24 h Tube ®ntentswere discarded
washed with0.9% NaCl (Unilab Limited Nairobi, Kenya and dried. Dried tubes were
stained with0.1% crystal violet(Unilab Limited, Nairobi, Kenya¥olution Excess stain was
removed and then rinsed with deionized water before drying in an inverted position. A visible
film lining the wall and bottom of the tube was indicative of biofilm formatidhe S.
epidermidissuspensions without the film or forming anfilonly atthe liquidair interface
were considered nepiofilm-formers The procedure was performed in duplicate. Of the
seventyone S epidermidissuspensionssixty-two exhibitedbiofilm-forming ability. The rest
were nonrbiofilm-forming strainshence were not included in the preceding procedures.
3.3.3. In vitro formation of biofilm and planktonic cultures

A pair of S epidermidis biofilm and planktoniccultures was generated apreviously
described(Francaet al, 2012) with few modificationson the volumesBriefly, a single
colony, from aTSA plate was inoculated into 2 mL tryptic soy broth (TS8gma Aldrich
Chemie GmbH, Steinheim, Germangnd incubated in GallenKamp incubator shaker
(Caterpillar test and laboratory equipment, Clevel&isld) at 37C with shaking at 120 rpm
for 18 h (overnight)To form planktonic culture, 100 pL afvernightbacterial suspension at
~1 x 10 colony-forming units (CFU)/mL concentration (which was prepared by adjusting the
optical density (at 600 nm) of tlevernight culture to 0.1 or 0.5) was inoculated into 10 mL

of TSB (Sigma Aldrich Chemie GmbH, Steinheim, Germpirtya conical polystyrene tube
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and incubated at 3T with shaking at 120 rpm for 18 h. After incubation, the bacterial cells

in suspension wercentrifuged at 10,000 rpm, 4°C for 10 min. To form biofilm culture, 100

uL of the overnighbacterial suspensiaat ~1 x 18 CFU/mL was inoculated into two conical
polystyrene tubes containing 10 mL of TSB supplemented with 1% glucose (Unilab Limited,
Nairobi, Kenya), to enhance biofilm formation, and incubated in GallenKamp incubator
shaker (Caterpillar test and laboratory equipment, Cleveland, USAyY@t\8ith shakingat

120 rpm for 24 h. After incubation, tlspent mediumn one of the tubes asdiscarded and

the biofilm was rinsed twice with 200 eL of
Biofilm formation wasqualitatively assessed by thEM biofilm assayas described in the
preceding section. In casd strong biofilm formation the spent mdium in the parallel

second tubemsc aref ully removed, and the biofilm we
NaCl. One mL of 0.9% NaCl was added to the tube and vortexed for 2 min to detach the
biofilm cells. The detached biofilm cell suspension was deigied at 10,000 rpm, 4°C for 10

min. The biofilm and planktonic cell pellets were suspended in 0.9% NaCl and the densities

were adjusted to ~1 x 1CFU/mL.

3.4. Susceptibility patterns of S. epidermidisbiofilm and planktonic cells to heat, NaCl,

NaOCI or H202-exposure

34.1. Exposure of S. epidermidisbiofilm and planktonic cells to heat, NaCl, NaOCI or
H20:2

The effectiveness @0°C, 1.72 M NaC] 0.178 MNaOClor 1.77 M BO. exposureagainst
biofilm and planktoniccultures were determinedas previouslydescribed(Stewartet al,
2001) Briefly, 1 mL of S. epidermidishiofilm or planktonicsuspensiomliluted to an Olgho of
0.5 (~1 x 10 CFU/mL) was added to 9 mL of 1.72 M NaCl (Unilab LimiteNairobi,

Kenyg, 0.178 MNaOCI (Supersleek, Nairobi, Kenya) or 1.77 M®% (RFCL Limited, New
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Delhi, India)and vortexed for 2 min. F@0°C exposurel mL of ~1 x 1§ CFU/mL of S
epidermidisbiofilm or planktonicsuspensionvasadded to 9 mL of sterile distilled water and
placed in a waterbath model JSWIRB(T) (JS Research Inc, Gongjity, Korea) at 60°C. At
0, 30 and 60 min of exposure, 1 mlas samplel for CFUs enumeration. To neutralize the
NaOCIl and HO.-expo®d cultures 0.1% sodiumthiosulphate(Unilab Limited, Nairobi,
Kenya) was placed in the first dilution tubbear NaClexpo®d cultures, sterile distilled water
was used instead of sodiutiosulphateFor 60°C-exposed samplesterile water at 4°C was
placed in the first dilution tube to lower the temperatlter each samplehtee repeat
experiments were conducted.

3.4.2. Enumeration and normalization of CFUs of S. epidermidisbiofilm and planktonic
cells

Thebiofilm and planktoniculturessampled a0, 30 and 60 minf 60°C, 1.72 M NaCl0.178
M NaOClor 1.77 M HO2 exposurewere enumerateds previouslydescribed/Abdallah et
al., 2014) Briefly, 1 mL biofilm or planktonic cells sampled at 0, 30 and 60 min vgerally
diluted 8-fold. Then,100 ¢ Lof the 1@ dilution was plated induplicate on Nutrient agar
(HiMedia Laboratories Pvt. Limited, Mumbai, Indiahd incubated for 20 h at 37°Q.he
CFUswere counted using Colony Counter SC6 plus (Bibby Scientifidted, Staffordshire,
United Kingdom) and convertadto CFUmL. Then, the CFU/mL was normalizedinto log
reductionof CFU/mL as follows A log reductionis defined asthe negative log of the
quotient of CFUafter treatmentand before treatmenii l0gio(CFUafter treatmesf CFUpefore
reatmery)] (Stewartet al, 2001) A log reductionvalueis directly proportional to the difference

betweenCFUs afterandbefore treatment

37



3.5. Quantification of the effects of heat, NaCl, NaOCI or HO2-exposure on eDNA
releaseby S. epidermidisiofilm and planktonic cells

According to Rodrigueset al (2011), bacterial biofilms exhibiting high tolerance to
disinfectantsshouldbe selected foranalyses of the toleranceechanismsThe magnitude of
the log reduction of CFU/mL is directly proportional to tolerance (Stewearal, 2001).
Hence S. epidermidisbiofilm samplesthat showed high tolerance(i.e. the S. epidermidis
biofilm samples with smaller log reduction &@FU/mL valuesfrom section 3.4.2were
selectefl to 60°C, 1.72 M NaCl,0.178 MNaOClor 1.77 M HO. and the corresponding
planktonic samples were selectedd@NA quantification(n = 12)analyss.

3.5.1. Determination of the optimal heat, NaCl, NaOCI or H202 for analysis ofeDNA
releaseand o® activity in S. epidermidisiofilm and planktonic cells

Optimal condition (i.e. indudng considerable stress ®. epidermidiscells without severe
growth inhibitior) of heat, NaCl, NaOCI or ¥D. wasdetermined as describég Munn et al
(2008)with modificationson the volumesBr i e f | vy, 1 5°%CFWnmL ofatHeposled 1 10
S epidermidisbiofilm or planktonic culturgpreparedy mixing equivalent amounte. 150
eL of SCEU/ML ofs0epidermidibiofilm or planktonic cells drawn from six random
biofilm or corresponding planktonic samplesias inoculated into 1.5 mL of increasing
concentrations of NaGD-1.8 M), NaOCI(0-10 mM)or H202 (0-1 0 0 and/exposed for 60
min. For heat exposure, tubesntaining 1.5 mL of sterile distilled water were inoculated
wi th 150 £°ICFUIniL ofthkpodledS épidermidisbiofilm or planktonic culture
and exposed to increasing temperatwk®-55°C in a water bath model JSWBL(T) (JS
Research IncGGongjucity, Korea) for 60 min. The NaOCI ant®Gp-exposed cultures were
neutralized by 200 €L of 0.1% sodium thios

Whereas, NaCl and heatx posed <cultures were neutrali zec
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water. Plaftonic cells were collected by centrifuging the bacteria in suspension at 9,000 rpm

for 8 min. Planktonic cells were collected by centrifuging the bacteria in suspension at 9,000

rom for 8 min. For biofilm cells, the bacteria in suspension were discaraktha biofilm

was gently rinsed once with 200 €L of 0.9%
biofilm, vortexed for 2 min then centrifuged at 9,000 rpm for 8 min. The biofilm or
planktonic cell pellets were suspended in 1 mL of sterile distilledrveatd CFUs enumerated

using Colony Counter SC6 plus (Bibby Scientific Limited, Staffordshire, United Kingdom).

At each temperature/concentration of the physitemical disinfectant, three independent
experiments were performed with three technical ra@& At each
temperature/concentration dieat, NaCl, NaOCI or #D,, three independent experiments

were performed with three technicapeats The following temperature/concentrations of

heat, NaCl, NaOCl or ¥, were found to be optimal fomnalyses ofthe tolerance
mechanisms 50AC, 0.8 M NaCl , #(gnovwth keduGed by atnostt 5 0
2-fold with reference to the highest CFU valappendix2).

3.5.2. Exposure of S. epidermidisbiofilm and planktonic cells to optimal heat, NaCl,

NaOCI or H202 for eDNA quantification

The S. epidermidisbiofilm (n = 12) and planktonic (n = 12) samples were exposé&iiq,

0.8 M NaCl, 5 mM NaOCbr5 0 ¢ M asipreviously described (Linnes al, 2013) with

few modificationson the volumes Br i ef | y +1 x21@ @FUAML of bibfilm or

pl anktonic cells wer e ndustedud.8M Nagl, 5imMtNaOCIL 1 00 ¢
or 5 0:0f \WMdrteked for 2 min and incubated at 37°C valiakingat 80 rpm for 60 min.

For 50°Ce x posur e, D29 00° GFUWmLof biofitm or planktonic cells were

i noculated into 1100 €L of TSB and transfer

effects of the physicochemical agents were neutralized as described in se8tibh.
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Untreated ontrols were set up by inoculatir®y0 0 & L x 10Ff CFW/mL of biofilm or
planktonic cells into 1100 eL of TSB and in
incubated at 25°C for 60 min sedras control for heat exposufeor eDNA quantification,

the eDNA was obtained from the supa&tant as described in section 3.5Fr gene
expression analyses, the biofilm or planktonic cells weskected as described in the
preceding sectigrsuspended in 0.9% NacCl, adjusted fb*10° CFU/mL and immediately
transferred into an equal voluroéa 1:1 mixture of iceeold acetone and ethanol, then kept at
T80AC for at |l east 20 min or until further u
3.5.3. Isolation of eDNA

To minimize variations associated with DNA precipitation, eDNA was obtained directly from

the supernatantitzek et al, 2011) The eDNA released byhe 50°C, 0.8 M NaCl, 5 mM

NaOClor 5 0 ¢ d@-ekposedS epidermidisb i o Y =m12)and planktonic(n = 12)
samplesand thé& unexposedcontrols were obtainedfrom the supernatanas described
previously(Kaplanet al, 2012)with few modificationson the centrifugation speeBriefly,

the50°C, 0.8 M NaCl, 5 mM NaOGir5 0 ¢ Mr-ekposectulture or the untreated control

was centrifuged at 20,000 rpm aC4for 20 min. Then, 1 mL of the supernatant was pipetted

into 1 mL of TE buffe10 mM Tris, 1 mM EDTA, pH 8.0and centrifuged at 13,000 rpm for

3 min. Finally, 30 eL of the supernatant was

3.5.4. Quantification of eDNA
The eDNA in the supernatant was qua(@®g)i fied

assay kit (Invitrogen, Paisley, United Kingdom) and Qubit® 2.0 Fluorometer (Life

Technologies, Carlsbad, USA) following the manufacefrer i nstructi ons. Br
worki ng solution was prepared by diluting 1 ¢
Probes Inc., Wi llow Creek Road EugHShder Or ego
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(Il nvitrogen, Pai sl ey, Uni ted Kingdom) i n a
added to 198 L of t he working sewmhdsand on i n
incubated a25°C for 2 min. The tube was loaded into a Qubit® 2.0 Fluorometer (Life
Technol ogi es, Carl sbad, U BoA gachtsamplghtea repeia f v e D
measurementsf eDNA quantitywere performediFor each sampléhe percentage change in

eDNA yieldwas expressed by 100 §eDNAexposed celisi € DNAunexpogd controp} € DNAunexposd

contro)] Was computed fo®. epidermidisiofilm and planktonicultures

3.6. Quantification of the effects ofheat, NaCl, NaOCI or HO2-exposureon c® activity

in S. epidermidisiofilm and planktonic cells

For (B activity measurementsS. epidermidisbiofiim (n = 10) andthe corresponding

planktonic (n = 10) samples were selected as described in section 3.5. €paermidis

biofilm and planktonic samples were expose&t6 A C , 0.8 M NacCl, 5 mM |
H202 as described in section 3.5.2.

3.6.1. Isolation of RNA

Total RNA was isolated from th& epidermidisbiofilm (n = 10) and planktonic (n = 10)
samplesexposed tds 0 A C, 0.8 M NacCl, 5 20mavid thear€s@elctiveor 50
unexposed controls using a protocol described previgdsshanet al, 2012) This protocol
combines a simple phenbisis of bacterial cells along with RNA isolation and purification
usingRNeasy Mini Kit (Qiagen, Hilden, Germanyriefly, the frozenS. epidermididiofilm

or planktonic cells were thawed on iogentrifuged at 8,000pm for 3 min at 4°C and
suspended in nucleater ee wat er . T h e n® CFWnLOof Se épideonfidis ~ 1 |
biofilm or planktonic cells were vortexed vigorously for 3 min and immediately added to 100

e Lof a 1:1 mixture ofacid phenol and chloroform. Thabe was vortexed for 1 min and

incubated at 70°C for 30 min. During the 30 min incubation, vortexing was done for 1 min
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after every 5 min. After 30 min, the tube was centrifuged at 12,000 rpm for 10 min. Then, 700

eL of l ysis buffermy() Qiwaage na,d dieidl dteon ,1 0@e remla o
Subsequent steps were condudt#dbwing the RNeasy Mini Kit manufacturgrs i ns.t r uct i
DNase treatment of RNA was performed using DNagRdw England Biolabs, Ipswich,

Englang followingt he manuf acturerdéds 1instructions. Th
were determined using a NanoDrop 1IThe®RBNA ( The
samples with an Of9¢/ODzeo ratio between 1.8 and 2.2 were used for complementary DNA
(cDNA) synthesis.

3.6.2. The MNA synthesis

To ensure equivalent amounts of RNA were converted into cDNA, dilutions of RNA in
RNasef r ee water were performed t o The cDNA was | con
synthesized using thRrotoScrip? First Strand cDNA Synthesis kit (New England Biolabs,

Ipswich, Englandf ol | owi ng t he manufacturerds instruc
RNA templ at ez3VN (€50 oefM)d (aTn)d -free watdr. TleefRNAwas | e a s €
denatured for5mina& 0 AC. Then ;MulLOV gleacfti Mn mMuwV and 2
enzyme mix were added making a final reacti o
was incubated in a thermomixer (Eppendorf G, Hamburg, Germany) for 1 h at 42°C and 5

min at 80°C. Thereacton mi x was di | ut e-fteewaterdnd stobed @t L o f
20°C until further use.

3.6.3. The RT-gPCR

The RFqgPCRwasperformedon a RotortGene Q reatime thermal cycler (Qiagen, Hilden,

Germany) as previously describé@omeset al, 2011)with few modifications. Primers

(Ingaba Biotechnical, Pretoria, South Afficspecific for 16S rRNA (reference gene) and

asp23(target gene) o8 epidermidis(Table 1) were used. TH&S rRNA has been used as a
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reference gene when studying the physibemical agents used in this stu(Rodrigueset

al., 2011)) Each 20 -gRCRfr &kdaction mixture contained
gPCR mastermixNew England Biolabs, Ipswich, Englang 0. 5 €L each of t |
reverse pri merfee,e Wwastlerofandu 2l eedseof CcDNA t e my
conditions were as followd: min at 95°C, followed by 45 cycles of 15 sadsat 95°C, 30

sec at 60°Qacquisition).A melt curve was included at the end of each run, with readings

from 60:95°C, every FC for 10 min to confirm that only the desired products were amplified.

A control lacking the MMuLV enzyme mixwas included in each reaction.

Table 1. Oligonucleotide primer sequences usedRdrgP CRamplification.

Target gene Set Sequence (5- 3") Reference

S. epidermidis

asp23 Forward CAGCAGCTTGTTTTTCTCCA  Pintenset al (2008)
Reverse CATGAAAGGTGGCTTCACAG

16S rRNA Forward GGGCTACACACGTGCTACAA Francaet al (2012)

Reverse GTACAAGACCCGGGAACGTA
S. aureusATCC 29213

asp23 Forward TCGCTGCACGTGAAGTTAAA  Mitchell et al (2010)
Reverse CAGCAGCTTGTTTTTCACCA
16SrRNA Forward GTAGGTGGCAAGCGTTATCC Karmakaret al (2016)

Reverse CGCACATCAGCGTCAG

3.6.4. The asp23expressionanalysis

The RT-gPCR data were analyzed using fRetor-Gene software version 2.1.0(Qiagen,
Hilden, Germany). Theasp23 expression level was determined using the Effici®idy
methodwh er e, gefetencegend)-tCt (target genejFrancaet al, 2011)for 50°C, 0.8

M NacCl , 5 mM N aOxekposedrandsufexpesid epldermididiofiim and
planktonic cells The efficiency of the gPCR reaction was determined (with all primer sets)
using several dilutions of cDNAAIl primers had an efficiency afpproximately 100%ence;

the real efficiency i.e. &as substituteéh the Efficiency*! formula For each RNA isolation,

three repeats o&sp23 expression measurements were perfornfeat. each samplethe
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percentage change asp23expressiorwas expressed by 100 xal§p23expressiopxposed celis)

I asp23expressiofinexposed celly) ABP23EXPreSSiofinexposed celld)

3.7. Statistical analysis

Statistical analyses and graphs were performed @iigtphPad Prisnaersion 5.03 (GraphPad
Software Inc., California, USA. Normality of the datawas verified using D'Agostino and
PearsonomnibusK2 test. Normally and nomormally distributed data were presented as
mean+ standard error of the mea8KEM) and mediar{25" and 74' percentilesyespectively.
Depending on data normalityjfiérencesin susceptibility patterns, eDNA release asp23
expressiorbetweersS. epidermidisbiofilm and planktonicellsexposedo heat, NaCl, NaOCI
or HO> were analyzedby a two-tailed paired t-testor Wilcoxonmatched pairs signed rank
test Similarly, differencesn eDNA or asp23expressiorbetweenheat, NaCl, NaOCIl and
H20.-exposed and unexposedcontrols were determined by twailed pairedt-test or
Wilcoxon-matched pairs signed rank teBinally, comparisos of the effectiveness dieat,
NaCl, NaOCl and kD, againstS epidermidisbiofilm or planktonic cells wre performed
using repeatedmeasuresoneway analysis of variance (ANOVAwith T u k e posttsoc

Differences with g valueless tharD.05 wereconsideredtatisticallysignificant.
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CHAPTER FOUR

RESULTS AND DISCUSSION
4.1. Susceptibility patterns of S. epidermidisbiofilm and planktonic cells toheat, NacCl,
NaOCI or H202-exposure
One of the specific aims of the present study waketerminethe susceptibility patterns &
epidermidisbiofilm and planktonic cells t60°C, 1.72 M NaCl,0.178 MNaOClor 1.77 M
H20:..
4.1.1. The S. epidermidisbiofilm cells were less susceptible to heatexposurethan the
planktonic cells
The log reduction of CFU/mL of. epidermidisbiofilm cells (0.1102+ 0.0063)exposed to
60°C for 30 minwas significantly lower thanfor the planktonic cell§0.3416+ 0.0068)
(Figure 4A; Pairedt-test, n = 62p < 0.0001) Similarly, the log reduction of CFU/mL &
epidermidisbiofilm cells (0.3315+ 0.0091)subjected t®60°C for 60 min wassignificantly
lower than for planktonic cell§0.5960+ 0.0099) (Figure 4A; Paired t-test, n = 62p <
0.0001) These findings indicated that 608Rposurevas less effective againStepidermidis
biofilm cells than the corresponding planktonic cellee present findings are in agreement
with previous reports odifferent bacterial speciesuch asell wall lessM. bovis(McAuliffe
et al, 2006) cellulosic polymefovemproducingS. enterica(Scheret al, 2005)and a fungus
C. neoformangMartinez & Casadevall, 200,7yvhich may not informon generabacterial
biofilmsb responseagainst heat exposure The increased heatxposure tolerancef S
epidermidisbiofilm cells compared to the planktonic cells could probably be explained in two
ways. First, since bacterial biofilms overexpress heat stets®d genegCoenye, 2010)
resulting inproduction & heat shock proteins that consume excess enerfiyrm of ATP

(Liu et al, 2015) it is probale that theS. epidermidisbiofilm cells overexpressed heat stress
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related genes to protect them against the effects of exgrtsure Second, an increase in
temperature switches the staphylococcal biofilm cells fatty acid profile such that the-anteiso
C19 fatty acids known to have high melting point rideadng to decreased membrane

fluidity (Abdallahet al, 2014)hence the increased tolerarmgainsteat exposure
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Figure 4. Susceptibility patterns of S. epidermidisdiofilm and planktonic cellsto physico
chemical stress exposureThe log reduction of CFU/mlof pairs (n = 62) ofS epidermidis
biofilm and planktonicsamplesxposed to (AB0°C, (B), 1.72 M NacCl, (C)0.178 MNaOCI

or (D) 1.77 M HO. for 30 or 60 min For each sample, log reduction of CFU/mL
measurements were performed in triplicaBars represent the mean SEM. Statistical
significance betweenS. epidermidisbiofiilm and planktoniccultures were determined by
pairedt-test (***, p < 0.0001).
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4.1.2.The S. epidermidisbiofilm cells were more tolerant to NaCl exposurethan the

planktonic cells

When subjected to1.72 M NaCl for 30 min,S epidermidis biofilm cells exhibited a
significantly lower log reduction of CFU/mI0.2806+ 0.0113)than the planktonic cells
(0.5738+ 0.0130) (Figure4B; Pairedt-test, n = 62p < 0.0001) Similarly, treatmentwith
1.72 M NaCl for 60 min yielded a similar patteafi log reductionof CFU/mL for S
epidermidisbiofilm (0.4639+ 0.0143)and planktonic cell§0.7441+ 0.0149) (Figure4B;
Pairedt-test, n = 62p < 0.0001) These resultgmplied that 1.72 M NaCl was less effective
againstS epidermidisbiofilm cells than the planktonic cell$he findings of the present study
are consistent with a previous report dncholeraeO1 (Wai et al, 1998) However, the
previous study used. cholerag a bacterium highly adapted to high salin{Bilho et al,
2011)and utilized 2.5 M NaCandnot 1.72 M NaClroutindy usedfor bacterial disinfection
(Smith & Stratton, 2007)The observedincreasein the toleranceof S. epidermidisbiofilm
cells could possibly be related to previous studies showing that biofiims enhance
exopolysaccharides and protginoduction toform a wateretaining layer around biofilm
cells thus protectinthem from dehydratioQurashi & Sabri, 2012; Pemmaratial, 2016)
An dternative explanation could be linked ta previous observation thabsmotic stress
exposureenhance quorum sensing in bacterial biofiln{€ai et al, 2013) which confers
toleranceagainst osmotic stregsxposurgGarciaContreraset al, 2014)

4.1.3.NaOCl exposurewas more effective againstS. epidermidisplanktonic than biofilm
cells

The S epidermidisbiofilm cells exhibited significantly lower log reduction of CFU/mL
(0.0896+ 0.0050)when exposed t0©.178 M NaOCI for 30 min than the planktonic cells

(0.1991+ 0.0071)(Figure 4C; Pairedt-test, n = 62p < 0.000). A similar patternof log
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reduction of CFU/mLemerged upon exposure 8f epidermidisbiofilm (0.2656+ 0.0074)
and planktonic cell$0.4043+ 0.0067)to 0.178 MNaOCI for 60 min(Figure4C; Pairedt-
test, n = 62p < 0.000). These results im@d that S. epidermidisbiofilm cells were more
tolerant againsd.178 MNaOCIthan theanalogougplanktonic cellsThe presentindingsare
in agreenent with previous reports on different bacterial species that were either
overproducing protectiveellulosic polymer(Scheret al, 2005) were subjected to high
(Kubotaet al, 2009)or lower NaOCI concentrationéPeeterset al, 2008a) were overgrown
for six days(Stewartet al, 2001)or had protective mycolic acidch membrane¢Steed &
Falkinham 1ll, 2006) Thus, the previous reports may not inforom the general bacterial
biofilm response to NaOGéxposure The observed increaseadlerance ofS epidermidis
biofilm cells could be due to the reaction of NaOCI with the ECM componamdgorthe
slow diffusion across ECM barri¢Btewartet al, 2001)thus reducing the effect of NaOCI on
theinnerS. epidermidisbiofilm cells.

4.1.4.H202 exposurewasless effective againss. epidermidisbiofilm than the planktonic
cells

The S. epidermidisbiofilm cellsexposed td..77 MH20, for 30 min had a significantly lower
log reduction of CFU/mL(0.2186 = 0.0110}han the planktonic cell§0.6728+ 0.0128)
(Figure 4D; Paired t-test, n = 62,p < 0.0001) A similar pattern was observed fd.
epidermidisbiofilm (0.4944 + 0.0182) and planktonic cells(1.067 + 0.0125) (Figure 4D;
Paired t-test, n = 62,p < 0.0001)exposed to 1.77 MH20, for 60 min These findings
indicated that 1.77 MH202 is more effective again& epidermidisplanktonic cells than the
corresponding biofilm cellsThe current findings concur with previous repastsdifferent
bacterial specie@Nai et al, 1998 Peeterst al, 2008a) However,the previous studiessed

lower HO> concentrationsience mighnhot presenta clear picture o8. epidermidi® i of i | md s
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responseagainstH-O, exposure The observed higheoleranceof S. epidermidisbiofilms
could probably be due tothe neutralization ofH>O. by the ECM components and/or
overproduction of catalase enzymes that decomposdDe (Peeterst al, 2008a)thereby

reducing its effects otie innerS.epidermidisbiofilm cells.

Generally, adisinfectantresultingin a log reduction unit abovéhree (99.9% bacterial
reduction) is considered effective agairstbacterialbiofilm (Rodrigueset al, 2011)
However, he S. epidermidisbiofilm exhibited lowlog reductionunits below three when
subjected ta60°C, 1.72 M NaCl,0.178 MNaOCIlor 1.77 M HO. This implied that60°C,
1.72 M NaCl,0.178 MNaOClor 1.77 M HO: were ineffective against th& epidermidis
biofilm hence creating public healthcareconcern However the observedow log reduction
unitscouldpartly be due toehe narrow CFU counting range tife plating methodBen-David

& Davidson, 2014)employedin the present studfor enumerationof the S. epidermidis
CFUs

4.1.5.Comparison of the effectiveness dieat, NaCl, NaOCI or HO2-exposureagainstS.
epidermidisbiofilm or planktonic cells

The present study also compared the effectivene8°af 1.72 M NaCl,0.178 MNaOCl or
1.77 M RO, againstS. epidermidis biofilm or planktonic cells. The log reductions of
CFU/mL of S. epidermidisbiofilm cells differed significantlywhen exposed t60°C, 1.72 M
NaCl, 0.178 M NaOCl or 1.77 M RO, for 30 or 60 min (Repeated measumseway
ANOVA, n = 62,p < 0.0001).At 30 min exposureTukey&s post hoc showed that the log
reduction of CFU/mL was significantly highest for 1.72 M NacCl followed by 1.77 3@.H
60°C and0.178 MNaOCIlin that order(p < 0.0001; Figure 5A)At 60 minexposure Tukeys
post hoc showed thétte log reduction of CFU/mL was significantly highest for 1.77 M

followed by 1.72 M NaCl60°C and0.178 MNaOCIin that order |§ < 0.0001;Figure5A).
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The results indicated th#te susceptibililes of S. epidermididiofiim cells exposed t60°C,
1.72 M NacCl,0.178 M NaOCl or 1.77 M RO for 30 min were not dependent on the
diffusion rate (molecular weight) (NaCl >.8, > heat > NaOCI).On the contray,
susceptibilites of S. epidermidisbiofilm cells subjected t060°C, 1.72 M NaCl,0.178 M
NaOClor 1.77 M BO, for 60 minweredependent othe diffusion rate (HO> > NaCl > heat

> NaOCl).

The log reductions of CFU/mL @&. epidermidisplanktonic cells differed significantiywhen
exposed t®0°C, 1.72 M NaCl,0.178 MNaOClor 1.77 M HO- for 30 or60 min Repeated
measuresneway ANOVA, n = 62,p < 0.000). At 30 or 60 min exposurd,ukey post hoc
revealed that the log reduction of CFU/mL of b@&h epidermidisplanktonic cells were
significantly highest for 1.77 NH2O», followed by 1.72 M NaCl60°C and0.178 MNaOCI
in that order |§ < 0.0001;Figure 5B). These results implied that the susceptibilitiesSof
epidermidisplanktonic cellsexposed t®0°C, 1.72 M NaCl,0.178 MNaOClor 1.77 M BO»

for 30 or 60 min weredependent on the diffusion rgté.0O. > NaCl > heat > NaOCI)
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Figure 5. Comparison of the effectiveness of physiechemical stressexposureagainstS.
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Bacterial biofilns tolerance against antimicrobéa i s mostly attri buted

with and/or slow diffusion across the ECiM. the reactiowdiffusion inhibition mechanism
(Stewartet al, 2001; Simdes & Simdes, 2013)he observation that susceptibility pattern of
S. epidermididiofilm cells exposed t60°C, 1.72 M NaCl,0.178 MNaOClor 1.77 M HO-

for 60 min depended on the diffusion rate (molecular weighip{+ NaCl > heat > NaOCI)
appear to support the reactidiifusion inhibition mechanism. Considering previous report
showingthat NaOCI (with largest molecular weight) diffuses across the ECM in 50 min
(Stewartet al, 2001),all the other agentshould have crossed the ECM within the 60 min of
exposure and killed an equivalemimber ofS. epidermidisbiofiim and planktonic dés.
Taking into accounthe observation that morg epidermidisplanktonic cells were killed
compared to the corresponding biofilm cells at 60 min of exposure ansLigaptibilities of
biofilm cellsat 30 minof exposureadid not correspond to the diffusion raseiggestedhat the
reactiondiffusion inhibition mechanism does not fully account for the observed increased
tolerance ofS epidermidisbiofilm against 60°C1.72 M NaCl,0.178 MNaOClor 1.77 M
H-0.. This lendscredence to the existence of complementary mechanism(s) of tolerance
againstheat, NaCl, NaOCI or ¥D> exposure irS. epidermidibiofilm, such as eDNA release
(Okshevsky & Meyer, 20159ndupregulation of biofilmspecificprotective molecule&e la
FuenteNUfezet al, 2013)

4.2.Effects ofheat, NaCl, NaOCI or HO2-exposureon eDNA releaseby S. epidermidis

biofilm and planktonic cells

The results presentedbovesuggestedhat the reactiondiffusion inhibition mechanisnmdid

not fully account for theelativelyincreaseds. epidermidisbiofilm cells toleranceagainstthe

physicachemical stresexposure Thereforethe second specific aim tie present studyas
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to evaluatethe eDNA releaseas a potential mechanism underlying the tolerances.of
epidermidisbiofilm against50°C, 0.8 M NaCl, 5 mM NaOGQir5 0 ¢ Wb eXlposure
4.2.1.Heat exposureenhancedeDNA releaseby S. epidermidisbiofilm cells but not by
planktonic cells

The eDNA yield by S. epidermidisbiofilm (Median= 81.18%) andplanktonic cell§fMedian

= 20.82%0) exposed to 5T for 60 min were nasignificantly different (Figure6A; Wilcoxon
matchedpairssigned rankest n = 12,p = 0.4697. Further the 50°C-exposeds. epidermidis
biofilm cells releasedsignificantly increasedeDNA than theunexposedcontrols [Table 2;
Wilcoxon matchegpairs signed rank tesh = 12,p = 0.0098. However,the eDNA released
by the 50°C-exposedS. epidermidisplanktonic cellsand the respectiveunexposecdontrols
(25°C)werenot statisticallydifferent (Table2; Wilcoxon matcheepairs signed rank tesh =
12, p = 0.7910. Taken together, the findings implied tHs@°C exposure enhanced eDNA
release byS. epidermidisbiofilm cells, but notby planktonic cells.The observation that
unlike the planktonic formsthe biofilm forms ofS. epidermidisubjected tdb0°C released
significantly increased eDNA than thmexposedontrols suggested a role of eDNAthme

tolerance ofS. epidermidibiofilm against heagéxposure
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Figure 6. Effect of physico-chemical stressexposureon eDNA releaseby S. epidermidis
biofilm and planktonic cells. The percentagehangein eDNA yield by pairs (n = 12) ofS.
epidermidisbiofilm and planktonicsamplesxposed tdA) 50°C, (B) 0.8 M NacCl, (C) 5 mM
NaOClor (D) 50eM H20, for 60 min The obtained resulfer biofilm or planktonic cellsare
presented as the percentage change in eDNA vyield calculated in relation to the unexposed
controls.The lorizontal line across the box is the medparicentage change @DNA vyield,
the lower andupperends ofthe box are the25" and 74" percentilesThe whiskers are the
minimum and maximum percentage chageeDNA yield. For each sample, three repeat
eDNA quantity measurements were perfornitatisticalsignificancebetweersS. epidermidis
biofilm and planktonicultureswere determined bWilcoxon matchedpairs signed rank test
(NS,p>0.05; *,p< 0.05; **, p< 0.0).
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Table 2. Effect of physicechemical stressexposureon eDNA release bys epidermidis
biofilm and planktonicells.

Mean £+ SEMofe DNA vyi el d cellsexposgd tqoptimab y

Type of cell physico-chemicalstresss

Heat NaCl NaOCI H202
Biofilm
Untreated 0.110+0.019 0.482+0.159 0.089+0.021 0.231 +0.056
controls 0.221 +£0.058 0.285+0.095 0.292+0.072 0.451 +0.095
Treatedcells p =0.0098 p=0.3271 p = 0.0005 p = 0.0005
Planktonic 0.405+0.101 0.242+0.067 0.526+0.128 0.137 £0.031
Untreated 0.394 £ 0.071 0.219+ 0.089 0.536 £ 0.123 0.112 +0.015
controls p=0.7910 p=0.6672 p=0.9097 p=0.7910
Treatedcells

The S. epidermidiiofilm (n = 12) and planktonic (n 42) samples were exposed to heat
25°C (controls) and 50°C or grown in TSB with or without 0.8 M NaCl, 5 mM NaOCI or 50
€ MH20: for 60 min foreDNA analysisFor each samplétiplicate measurementsf eDNA

yield were performedValuesrepresent the mean + SEMoldface represent a statistically
significant difference between physichemical stresexposed and unexpos8&d epidermidis
biofilm or planktonic cellsas determinedby Wilcoxon matchegbairs signed ranktest(p <
0.05)

4.2.2.NaCl exposuredid not affect eDNA releaseby S. epidermidiscells

The eDNA release byS. epidermidisbiofilm (Median = -27.94%) andplanktonic cells
(Median=-9.07%)exposed to 0.8 M NaCl for 60 minere notsignificantly different(Figure
6B; Wilcoxon matchegairs signed rank test, n = 2= 0.850). Further analysis showed
that 08 M NaClexposeds. epidermidisbiofilm cells yielded less eDNA than thmexposed
controls although not statisticaltifferent(Table2; Wilcoxon matchegpairs signed rank test
n =12,p = 0.327). Unexpectedly, the NaCl stress treatedepidermididiofiims released
less eDNA than the untreated contr@able2; Wilcoxon matcheepairs signed rank test, n =
12, p = 0.6673. This unexpected observation could bdue to NaCkinduced
exopolysaccharide production in the EGMurashi & Sabri, 2012; Pemmarati al, 2016)
which might havedormed strong bondwith the eDNA(Songet al., 2016)renderingeDNA
largely inaccessible for quantificatiomaken together, the findinimplied that 0.8 M NacCl

exposure hado effect on eDNA release &, epidermididiofilm and planktoniaells. The
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present finding concurs with a previous rdépon C. albicans biofilm (Pemmarajuet al.,
2016) which is a fungus hence may not inform on bacterial biofilms respond¢ati
exposure The observation thathere was no significant eDNA release 8yepidermidis
biofilm andplanktonic cellsexposed to 0.8 M NaGuggested that eDNA not involvedin

the toleranceagainst NaCl exposurén support of this interpretation, a study showed that
autolysin(atl) gene, which is often associated with eDNA release is not affected by osmotic
stressegHoustonet al,, 2011)

4.2.3.NaOCI or H202-exposure enhanced eDNA release Iy, epidermidisbiofiim, but

not by planktonic cells

The S. epidermidisbiofilms subjected to 5 mM NaOCI for 60 min exhibite@ynificantly
increased eDNA yieldMedian = 202.3%) than the planktonic ells (Median = -9.67%)
(Figure6C; Wilcoxon matchegpairssigned rankest n = 12,p = 0.0A5). Further, the5 mM
NaOClHreated S. epidermidis biofilm cells yielded significantly more eDNA thathe
unexposedontrols Table2; Wilcoxon matcheepairs signed rank tesh = 12 p = 0.00().

On the contrarytheeDNA vyield by the5 mM NaOClexposeds. epidermidisplanktoniccells

and theuntreated controls was netatistically different(Table 2; Wilcoxon matchegpairs

signed rank tesh= 12,p = 0.9097%.

When subjected to6 0 ¢ 4@, fad 60 min, S epidermidisbiofiims (Median = 61.32%)
stimulated significantlyncreasedDNA release than the planktonic cdlMedian= -7.24%)

(Figure 6D; Wilcoxon matchegpairs signed rank tesh = 12,p = 0.0210. Further analyses
reveal ed t:MuaxposedepideMhidisbiofiim cells produced significantly more

eDNA than theunexposedontrols(Table 2; Wilcoxon matchegpairs signed rank tesh =
12,p=0.0003.1 n contrast, t he e DMNXexposedS egidefmalis we e n

planktonic cells and thainexposedcontrols was not significantly differentTable 2;
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Wilcoxon matchegpairs signed rank test = 12,p = 0.7910. Taken togetherhese findings
indicatedthat 5 mM NaOCI or5 0 ¢ M. eidposure enhancedDNA releaseby S.
epidermidisbiofilm cells, but notby planktonic cells The finding concurs with previous
reportson Streptococcus gordon{iitzek et al, 2011; Xu & Kreth, 2013jand C. albicans
biofilm (Pemmarajuet al, 2016) However, the previous reports onfgcused onthe
planktonic forms ofS. gordoniiand a fungusC. albicanshencemay not informon eDNA

release byacterial biofilnsin response to k..

TakentogetherNaOCI or HO2 exposuradamage genomic DNA triggering eDNA release by

a subpopulation of bacterial ce(lézek et al, 2011) A possible explanatiofor the observed
higher eDNA release by the biofilm cetlsuld be related tthe extracellular DNases released
alongside eDNA irthe following ways. First, unlike the planktonic cells, bacterial biofilm
cells form smablprotected pocketéDoroshenkoet al, 2014)that could be protecting most
eDNA from DNases degradation. Second, bacterial biofiims eDNA is mostly bound to the
ECM component§Songet al, 2016)hence may not be easily accessible to the DNases.
Third, bacterial biofilms produce relatively fewer Daghan the planktonic cel{anget

al., 2013)thus minimizing the eDNA degradation. Fourth, teaial biofilms induce release of
proteolytic exoenzyms that inactivate the DNases locahitchurchet al, 2002) Taken
together, the explanations above suggest that eDNA and DNases release by bacterial biofilm
cells are highly regulated processesisTimplied that bacterial planktonic cells majorly
release eDNA to be degraded for nutrients whereas bacterial biofilm cells induce eDNA

release both as a nutrient source anddi@ranceagainstNaOCI or HO> exposure

Although DNase appears to provide a more plausible explanation for the increased eDNA
release bys. epidermididiofiim exposed tdNaOCI or HO», the presence of DNase was not

quantitatively measured. Further studies with DNase (+) controls and treatment groups may
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be necessary to confirm the direct link between eDNA and bacterial biofdmanceagainst
heat, NaOCI or kD2 exposure.

4.3. Effect of heat, NaCl, NaOCI or HOz-exposure on ¢® activity in S. epidermidis
biofilm and planktonic cells

The third specific aim of the present study was to evaluate the expressispa#in S.
epidermidisbiofilm and planktonic cellsn response t&0°C, 0.8 M NaCl,5 mM NaOCI or

5 0 Bk exposure.

4.3.1.The activity of o® waselevated to higher extent irS. epidermidisiofilm exposed to
heat than in planktonic cells

The S epidermidisbiofilm cells (45767 + 7237%) exposed to°6thad asignificantly higher
asp23expression compared to the planktonic cells (25165 + 43%R2ig)re7A; Pairedt-test,

n = 10,p = 0.029). Further,S. epidermididiofiim cells exposed to 50°C showed increased
asp23expressions than those exposed to 2pr&ble 3; Pairedt-test n = 10,p < 0.000).
Similarly, S. epidermidiglanktonic cells exposed to 50°C exhibited significantly increased
asp23expression levels than those exposed to 28°&ble 4; Pairedt-test n = 10,p <
0.000). These results showed h & tactivity is enhanced in th8. epidermididiofiim and
planktonic cells in response &°C exposure, but with significantly higher activities in the
biofilm cells. The present observation on planktonic cells is in agreement with previous
reports on differenBacillus species(Voelker et al, 1999 Schailet al, 2004) A possible
explanati on fBactivity Iévels inSnepideenadidbiefitm atid planktonic cells

in response td0°C exposure may be an increase in Fagiendent metabolic activities

r egul at edch dsATP synthesis, but not necessarily as a heat tolerance strategy.
Al ternativel vy, tBhaetivityo ib §.eepideemidisbiofilng $uggestd that

tolerance of the biofilm againstheatx pos ur e mi ght Babtigitydependent
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Figure 7. Effects of physicochemical stress exposure on asp23 expression in S.
epidermidisbiofilm and planktonic cells. The S. epidermidibiofilm (n = 10) and planktonic

(n = 10) samples were exposedA9 50°C, (B) 0.8 M NacCl, (C) 5 mM NaOGir( D)

50

H20O- for 60 min forasp23expression analysighe obtained resulf®r biofilm or planktonic

cellsare presented as the percentrease irasp23expression levels calculated in relation to

e M

the unexposed controlor each sample, three repeat gene expression measurements were
performed. Bars represent the mean SEM. Statistical significance between tt&
epidermidisbiofilm and planktonic cells was evaluated using-tailed paired-test (*,p <

0.05 NS,p > 0.05 **, p < 0.01).
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Table 3. Effect of physicechemicalstress exposurn asp23expressions it%. epidermidis
biofilm and planktonicells

Mean + SEM ofasp23expressiondn cells exposed t@ptimal physico-
Type of cell chemicalstresses

Heat NaCl NaOCI H20:2

Biofilm

Unexposed 0.0178 + 0.0021 0.0062 £ 0.0012 0.2859 + 0.0051 0.0078 + 0.0A.0

Exposed 7.478 £0.9350 0.0127 +£0.0032 112.1 +£+16.72 0.0869+ 0.0161
p <0.0001 p =0.0203 p <0.0001 p =0.0002

Planktonic

Unexposed 0.0003 + 0.0000 0.0052 + 0.0011 0.0425 +0.0085 0.0141+ 0.0019

Exposed 4,751 £ 0.6449 0.0081 +0.0028 56.47 +16.37 0.0220+ 0.00%
p <0.0001 p=0.1831 p =0.0073 p=0.0725

The S. epdermidis biofilm (n = 10) and planktonic (n 20) samples were exposed to heat
25°C (controls) and 50°C or grown in TSB with or without 0.8 M NaCl, 5 mM NaOCI or 50
e MH2O, for 60 min for geneexpression analysis-or each sample, three repeats of gene
expression measurements were performed. fBodédrepresent a statistically significant
difference between physiathemical stresexposed and unexpos&d epidermidibiofilm or
planktonic cellsas determined byairedt-test p < 0.05).

4.3.2.NaCl exposure enhance ¢® activity in S. epidermidisbiofilm, but not in planktonic

cells

The increase inasp23 expression level®bserved in theS epidermidisbiofilm (96.31 +
27.82%) and planktonic cells (55.68 + 26.03%) treated with 0.8 M NaCl were not statistically
different(Figure 7B; Pairedt-test, n = 10p = 04029. Further, the biofilms exposed to 0.8 M
NaCl exhibited increaseasp23expressions than the unexposed contro&ble 3; Pairedt-

test n = 10,p = 0.0203). On the contrary, tlsp23expression in planktonic cells exposed to
0.8 M NaCl and the unexposed controls was not significantly diff¢fetle 3; Pairedt-test

n =10,p = 0.1831). These findings impt that0.8 M NaCl exposure enhang¢&® activity in

the S. epidermidishiofilm cells, but not in the planktonic cells. Contradicting observations
have been reported for planktonic forms of different bacterial spé8exkeret al, 1998;
Chanet al, 1998; Schailet al, 2004; Abramet al, 2008) Considering that Na@xpasure
response regulatory mechanisms in different bacterial species may not follow common

patterns(Sihto et al, 2015) the discrepancy between the present and previous outcomes
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could be attributed to the different regulatory patterns in planktonic éeisepidermidisand

the other bacterial specie8.i n € is critical in cell wall envelope homeostagBuldimann

et al, 2016) it is probable that th6.8 M NaCl concentration tested had a little effectSn
epidermidisc e | | wal | homeostasis, YatwityllevelsTige i n t
presentobservationthat (8 activity was significantly higher in th6.8 M NaClexposedS.
epidermidisbiofilms than the untreated contradsggestdt h & tmighl be involved in the
tolerance ofS. epidermidibiofilm against NaCl exposure.

4.33. The o® activity was upregulated more in NaOClexposedS. epidermidisbiofilm

than in planktonic cells

Theasp23expression levels i8. epidermidibiofiim cells (494925 + 87896%8ubjected to 5

mM NaOCI weresignificantly higher than that of the planktonic celts80444 + 67507%)
(Figure 7C; Pairedt-test n = 10,p = 0.0109). Moreover, biofilms treated with 5 mM NaOCI
exhibited significantly increasedsp23expressions than the unexposed contrdkble 3;
Pairedt-test n = 10,p < 0.000). Similarly, planktonic cells exposed to 5 mM NaOCI had
significantly higherasp23expression than the unexposed contrdkb(e 3; Pairedt-test n =

10, p = 0.0073). Thee results suggest that exposure to5 mM Na OC | uprfgul at
activity in both S. epidermidisbiofilm and planktonic cells, but with significantly higher
activities in the biofilm cells. The present observation is in agreement with a previous report
on L. monocytogeneexposed to a chlorirkased disinfectant, benzalkonium chlorigan

der Veen & Abee, 2010Df note,benzalkonium chloridand NaOCI have different modes of
action(Rutala et al., 2008; van der Vee& Abeg 2010) therefore, the previous reports may

not inform on(® activity in S. epidermidibiofilm and planktonic cells exposed to NaO&I.
possible explanation fahe enhanced® activity in the S. epidermididiofilm and planktonic

cells in response t6 mM NaOCI exposure is an increase in tifedependenimetabolic
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activities affected by NaOCI exposure, such as DNA syntl{e€isd B w rKaratzas 2008;

Rutda et al, 2008) The obser ved s iBactivifylecetsin bibfiyn cdlls gh e r
suggestd that tolerance of thé&. epidermidisbiofilm against NaOGExposure might be
dependé&activityon

4.3.4.H202 exposure enhance a® activity in S. epidermidisbiofilm, but not in planktonic

cells

The S. epidermidisbiofiim cells (1191 £ 256.6%6) exhibited a significantly higherasp23
expression compared to the planktonic ceflS.31+ 22.15) in respon®Oe to 5
exposurgFigure 7D; Pairedt-test, n = 10p = 0.0020). FurthermoreS. epidermididiofiims
subjected to5 0 & MD» ekdhibited significantly increasedsp23 expressions than the
unexposed controlsTéble 3; Pairedt-test n = 10,p = 0.0003. Conversely, theasp23
expression in planktonic cells exposedSt® € K. aktd the unexposed controls was not
statistically different Table 3; Pairedt-test n = 10,p = 0.0725. Taken together, these data
revealed thab 0 Bl exposure enhancad® activity in S. epidermidisbiofilm cells, but

not in the planktonic cells. The present observation on planktonic cells contradicts previous
reports, s Bhactiwify s gsignifidargtly enhianced in ;B@.-treated cells than the
untreated control@Chanet al, 1998; Schailet al, 2004) This contradiction suggests that the
regulatory mechanism(s) controlling.® exposure inS. epidermidis planktonic cellsis
different from other bacterial species. possi bl e expl anatiof for
activity levels in the p?aetvigmstHhOzacondentratiore vi ou s
dependentThe observed significantly i g P aativityllevelsin biofilm cells exposed to 50

e M @b suggestd that (B activity might be having a significant contribution in tise

epidermidisb i of i | més t HXDexpasare.e agai nst
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CHAPTER FIVE
SUMMARY , CONCLUSION SAND RECOMMENDATIONS

5.1. Summary
In summary,significantly fewerS. epidermidisbiofilm cells were killed upon exposuré¢o
60°C, 1.72 M NaCl,0.178 MNaOClor 1.77 M RO for 30 or 60 minthan the planktonic
cells The eDNA releasd by the 50°C-exposedS. epidermidisbiofilm and planktonic cells
was not statistically different However the 50°C-exposedS. epidermidis biofilm cells
releasedsignificantly higher eDNA than the unexposedcontrols. Further there was no
significant difference ireDNA releasd by 0.8 M NaClexposedS. epidermidisbiofiim and
planktonic cells.In stark contrast5 mM NaOClor 5 0 ¢ i -treatedS. epidermidis
biofilm cells releasedsignificantly higher eDNA than the planktonic cells.Further, S.
epidermidis biofilm cells exposed to50°C, 5 mM NaOClor 50 ¢ M, exhibited
significanty higher (B activity levelsthan the planktonic cellConversely no significant
difference ind® activity levels were detected betweéh epidermidisbiofilm and planktonic
cellsexposed t®.8 M NaCl On the contraryS. epidermididiofilm cells exposed to 0.8 M
NaCl showed si ¢ actvityitharatmetuneyposadicontrotssr
5.2. Conclusionsand implications
This is the first studyeportingon the susceptibilitypatternse DNA r e | & acivsiesand
of S epidermidisbiofilm in response thieat,NaCl, NaOCI or HO exposureThe following
conclusionsaand implications mape drawnfrom the results presented
1. TheS. epidermididiofilm was more toleranb 60°C, 1.72 M NaCl,0.178 MNaOCI or

1.77 M HO,-exposureThus, trere is need to revieand improvehe currenpoint-of-use

physicachemical disinfection guidelines to effectively target the bacterial biofilm growth

forms.
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2. The S. epidermidigiofilm significantly enhance@DNA release in response §°C, 5
mM NaOClor 50 ¢ M»-ekposure suggesting a role of eDNA in the biofiim
tolerance againgteat, NaOCI or bD.-exposure Therefore, eDNA may be potential
target for novel aribiofilm approaches.

3. TheS. epidermididiofilm significantly increased® activity in response t60°C, 0.8 M
NaCl,5 MM NaOClor5 0 e b-ekk posur e, suggestBadigtyim he i m
the biofilm3 tolerance againsteat, NaCl, NaOCI or ¥D,-exposure Thus, (G may be a
promisingtarget for novel antstaphylococcabiofilm strategies.

5.3. Recommendations

5.3.1. Recommendations for the present study

Based on thanalyses of the findings and tpetential limitations of thgresentstudy, the

following recommendationsiay be drawn

1. The present study usatiindardplating methodwhich may not detect injured or VBNC
cells leading to underestimation of bacterial cell colihere is need to use technigues
such as flow cytometryr next generation sequencingshich can detectnjured and
VBNC cellsto studythe susceptibilitypatternsof S. epidermididiofimtoh e a t |, NacCl ,
NaOCI or BO2 exposure

2. The present study did nquantify the release of DNasekhere is need for inclusion of
DNase(+) controls and treatment groups to confirm the direct link between eDN#and
toleranceof S. epidermidibiofiim againsth e a t , Na®W@l 6rIRO, exposure

3. The present st ud§ymuthintdor promoter repodednere s need fer U
inclusion ofthe mutantsor promoter reporter® reach a more definite conclusion the
dependence o8. epidermidisbiofilm o n B dctivity for survival againsth e a t NacCl ,

NaOCI or HO: exposure
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5.3.2.Suggestiondor future study

1. Multi-species biofilms present a greater challenge than ntbeospecies biofilms
(Giaouriset al, 2015. SinceS. epidermidisnteractswith a plethora ofkin microbes it
is necessary to understaatithe molecular levethe effecs of such interactions othe
susceptibility ofS. epidermidibiofimtoh e a t , Na®@l GrIH0O, exposure

2. SinceeDNA is potentially required ithe tolerance 08. epidermididiofilm againsth e a t
NaOCl or HO. exposurether e i s need to wunderstand t he
me ¢ h antihsrnosuhgihc h e DNAS . p reopmodb éero iisii dtintsl er ance ac
h e NaQClorHO2e x po.sur e

3. Giventhatl® r egul ates sever al genes, therl8 is ne
regul ated genesihovolideati hyS.hbepigteeaefindtcias

agahesat , NaO@GIGrlIHO,e x posur e.
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APPENDICES

Appendix 1. Physical map of the study area

Kisumu County:Gini Coefficient by Ward
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Figure 8. Physical map of the studyarea (Adapted fromKenya National Bureau of
StatisticSKNBS), 2013).
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Appendix 2. Curves for determination of the optimal heat, NaCl, NaOCI or HO: for

analysis of the tolerance mechanisms &. epidermidigells
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Figure 9. The growth of S. epidermidigiofilm and planktonic cells exposed to increasing
physico-chemical stress concentrationsA pooled S. epidermidisbiofilm or planktonic
culture (prepared by mixing equivalent numbers of the biofilm or planktonic cells drawn from
six different samples) was subjected to increasing temperatures/concentrations of heat (A),
NaCl (B), NaOCI (C)or H2O> (D) for 60 min. At each temperature/concentrati®,
epidermidis planktonic cells were enumerated on TSA plates. The plots at each
temperatureoncentration depict the mean standard deviationof three independent
experiments with three technical hieptes. Theblue dotted arrow represents the temperature

or concentration at whicls. epidermidisbiofilm and planktonic cells were considerably
stressedgrowth reduced by almostfdld with reference to the highest CFU value
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Appendix 4. Sample consent form

Consentto Participate in Research
Title
Molecular Sensitivity Characterization @taphylococcus epidermidBiofilms to Physicechemical stress
agents in Kisumu County, Kenya.

Introduction
My name isO| wa | Ch ar |. basn a @raduatesstudent at Maseno University, Kenya, working with my
faculty supervisorspr . P a u | andDBr.i Dameg Ochiel of Zoology department. We are planning to

conduct a research study, which we invite you to take part in.
You are being invited to participate in this study because you are a resident of Kisumu County where the study is
based.
Purpose
The purpose of this study is fovestigate the susceptibility of biofiims to the physad®mical conditions
commonly used for pathogen eradication in Kenya. The findings of the study will inform public health policies
on biofilm eradication from water, food and medical devices. Abewtrstyone (71) participants will take part
in this study.
Procedures:If you agree to be in this study, you will be asked to do the following:
1 Identify your nondominating arm.
1 Alab technician will swab your arm joint with sterile cotton wool applicatoistened with normal saline.
1 It will then be applied directly omannitol salt agar and incubated overnight before being safely transported

to Maseno Univesity lab for further analysis.
9 This will be done in Kisumu district hospital laboratory and it tgike at most 10 min of your time.
Benefits There is no direct benefit to you anticipated from participating in this study. However, it is hoped that
the information gained from the study will help in controlling and eliminating the infections assowittied
biofilms in the country and other parts of the world.
Risks/Discomforts: This study poses no known risk to you.
Confidentiality : Your study data will be handled confidentially. If results of this study are published or
presented, individual names awither personally identifiable information will not be used. To minimize the risks
to confidentiality, we will restrict access to study records.
Retaining research records When the research is completed, | may save the samples for use in future research
done by others or myself. | will retain this study information for up to five years after the study is over. The same
measures described above will be taken to protect confidentiality of this study data.
Ownership of specimensIf you consent to giving samplas part of this study, the sample will become the
property of Maseno University. The samples and the DNA they contain may be used in this research and in other
research, and may be shared with other organizations. The specimens could lead to discaweeietions that
may be of value to Maseno University or to other organizations. Other investigators intending to use the samples
will have to be given written permission from MUERC through the investigator.
Compensation:You will not be paid for takingart in this study.
Participation in research is voluntary. You have the right to decline to participate or to withdraw at any point
in this study without penalty.
Questions/complaints If you have any questions or concerns about this study, you may cQhtades Olwal
at0710937793%r email plwalc@yahoo.con). In case of any questions about your rights or in case of adverse
effect/event you can contadlaseno University Ethics Review Committee (MUERC) Secretariabn Tel.
no.: 057 351221 or write to them through P.O. Box Private Bag, Maseno or email at
muercsecretariat@maseno.ac.ke
Consent statement:
| have read the comments above and agree to participate in this research under the terms outlined herein. |
understand that if | have any questions or comceegarding this project | can contact the investigator at the
above location or the Maseno University Ethics Review secretariat (Please read this section loudly for taping as
proof of consent). You have been given a copy of this consent form to keep.
Participant’ signature Date

Parent/ guardian’s signature Dat e
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Appendix 5. Sample oral questionnaire for recruitment of study participants

| am Charles O. Olwal, a graduate student from Maseno University. | am currently collecting skin swab
samples for my mavoleclar&ensitipity Chamatetizatibn Staphyldcocéusé epidermidis

Biofilms to Physicechemical stress agents in Kisumu Couikenya 6 . I would |like to ask
to verify your eligibility for recruitment into this study. Thank you.

Q1. Which county do you come from?
ééééééééeeéeééeeeéée.
Q2. Which subcounty or constituency do you come from? .........cccoevveeeiniieeeniniineeen

Q3. Have you ever visited Kisumu county referral hospital or any other hospital?

A. YES (B) NO
Q4. If yes, when was the last time you visited a hospital?
A. 1 month go

B. 2 months ago

C. More than 3 months ago

Q5. Have you ever visited any other county?

A. YES (B) NO

Q6. If YES, when did you come back to Kisumu County?

A. 1 month ago

B. 2 months ago

C. More than 3 months ago

Q7.How old are you?

A. Less than 18years

B. 1865years

C. Above 65years

Q8. If less than 18 years, were you accompanied to the hospital by your parent or guardian?
A. YES (B). NO

Q9.Whi ch soap do you normally use for bathing? éééécéé
Q10. For how long have you used the soap?

A. Less tharBmonths

B. More than 3months

C. 1 candt remember

Q11.Have you ever had any bacterial infection?

A. YES (B) NO

Q12.1f yes, dd you take any medicine for the bacterial infection?

A. YES (B) NO

Q13.If YES, when is the last time you took medicine for the badterfection?
A. Less than 3months

B. More than 3months

C.I candét remember
Q14.Do you have any skin infection?
A. YES

B. NO

C. | prefer not to answer

Q15. Are you immunecompromised?
A. YES

B. NO

C. | prefer not to answer
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