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ABSTRACT

Urinary tract infections (UTIs) account for moreath 30% of nosocomial
infections reported by acute care hospitals. Nealllyjhealthcare-associated UTIs are
related to the insertion of a catheter in the uginaact. Complications arising from
catheter-associated urinary tract infections (CAd)Tdause discomfort to the patient,
prolong hospital stays, and increase costs andalfitgrt

CAUTIs originate from the colonization of urinargitbeters by microorganisms.
In fact, the surface of urinary catheter allows nmixganisms to form intricate three-
dimensional structures embedded in extracelluldyrperic substances, commonly
known as biofilm. Cells within biofilms are well-kvn for their increased resistance to
antibiotic agents (when compared to planktonicsyedind also for their interactions
with neighboring cells. While most studies haveeassd single-species biofilms
formation, it is now known that most biofilms inved in CAUTIs are polymicrobial
communities, with pathogenic microorganisms (éegcherichia coli Pseudomonas
aeruginosa Klebsiella pneumonigeand uncommon microorganisms (e Delftia
tsuruhatensis Achromobacter xylosoxidan8urkholderia fungorum frequently co-
inhabiting the same urinary catheter. Howeverleliis known about the role that
uncommon bacteria have on biofilm formation andceatibn outcome. This lack of
knowledge affects CAUTIs management as uncommoteba@ction can, for instance,
influence the rate at which pathogens adhere aod,gas well as, affect the overall
biofilm resistance to antibiotics. Other relevaspect is the understanding of factors
that drive a single pathogenic bacterium to becgrevalent in a polymicrobial
community and subsequently cause infection.

Based on this evidence, understanding of polymiafobiofiim dynamics in
urinary catheters might be crucial to the developim@ novel strategies to manage
CAUTIs. As such, this thesis had as the main oljecto elucidate the role of
uncommon bacteria in CAUTIs. To achieve this gemdgle- and dual-species biofilms
involving E. coli, the major cause of UTIs/CAUTIs, and two uncomnh@cteria D.
tsuruhatensisandA. xylosoxidanswere formed and studied, in terms of the micrbbia
composition and average fithesskf coli over time, the spatial organization and the

biofilm antimicrobial profile in conditions similao those found on urinary catheters.



The experiments performed in 96-well plates revacalgreater ability oE. coli
and uncommon bacteria to form biofilm communities conditions mimicking the
CAUTIs, whatever the pre-existing microbiota ande timoculum concentration
(Chapter 2).

As the spatial localization oE. coli and uncommon bacteria when in
polymocrobial biofilms might provide evidences e type of interactions established,
a new multiplex technique was developed and op#rfoz this purpose. This technique
consisted on the coupling confocal microscopy Wittked nucleic acid (LNA) and 2’-
O-methyl RNA (2°OMe) fluorescenda situ hybridization (FISH). After development
and optimization, LNA/2"OMe-FISH provided a cleasatimination of the species in
three dimensions and the localization of the déifer biofilm populations. The
transversal biofilm image showed that uncommon dr&ctandE. coli were mixed,
which is commonly associated with cooperation onesgetic interactions within
biofilms (Chapter 3).

In silicone coupons, uncommon bacteria showed ve lagpositive impact on the
fitness of E. coli and a greater tolerance to the antibiotic agemtsaddition, after
antibiotic treatment:. coliwas able to dominate the microbial consortia evand) in
most cases, the most sensitive strain. These semufjht suggest that uncommon
bacteria confer protection to the entire bactewahmunity Chapter 4).

Finally, the co-culture oE. coli and D. tsuruhatensign a flow cell reactor
simulating the hydrodynamic conditions found in CA (shear strain rate of 159)s
suggested thak&. coli and D. tsuruhatensiscooperate, when sharing the same
environment, leading to the persistence of bothtdsec in a stable and resistant
microbial community Chapter 5).

In summary, all these data show that, in f&ctcoli tendentially coexists with
other bacteria instead of outcompeting and comigletkminating them. Uncommon
bacteria were able to grow associated with the compathogerk. coli, leading to a
stable polymicrobial consortia that were in mostiagions more resistant to antibiotic
agents. Therefore, it would be crucial to extendsénh types of studies to other
pathogenic and uncommon bacteria in the contex@AfTIs. The ultimate goal is to
encourage a personalized therapy to patients, thaggéheir individual microbiome,
ensuring quality of care and minimizing the risknodrtality in patients with CAUTI.



RESuUmMO

As infecBes do trato urinario (UTIs) representamisnie 30% das infe¢des
nosocomiais em unidades hospitalares. Praticantedss as UTIs estdo associadas a
insercdo de cateter no trato urinario. As compbeacderivadas das infe¢cdes do trato
urinario associadas a cateteres (CAUTIs) causacod&sto ao paciente, prolongam os
periodos de hospitalizacdo e aumentam os custosoetalidade.

As CAUTIs tém origem na colonizacdo dos catetpmsmicroorganismos. De
facto, a superficie dos cateteres permite que @sobrganismos formem complexas
estruturas tridimensionais envolvidas em substéngaliméricas extracelulares,
tipicamente chamadas de biofilmes. Esta bem estzillel que as células presentes nos
biofilmes possuem uma maior resisténcia aos atittb® (quando comparadas com as
células em suspensdo) e que também interagem caréldas vizinhas. Embora a
maioria dos estudos realizados se tenham debruga@studo de biofilmes formados
por uma Unica espécie, é actualmente aceite quaaiados biofilmes envolvidos em
CAUTIs séo polimicrobianos, sendo que frequenteearitroorganismos patogénicos
(p.ex. Escherichia coli Pseudomonas aerugingsaKlebsiella pneumonige e
microorganismos pouco comuns (p.edPelftia tsuruhatensis Achromobacter
xylosoxidansBurkholderia fungorumncolonizem o mesmo cateter urinario. No entanto,
pouco se sabe sobre o efeito que bactérias ponconsotém na formacao do biofilme e
na evolucédo da doenca. Esta falta de informac&a afé¢ratamento das CAUTIs, uma
vez que as bactérias pouco comuns podem, por eaggemfllenciar a taxa a que as
bactérias patogénicas aderem e crescem, assim oudlenciar a resisténcia dos
biofilmes aos antibidticos. Outro aspecto relevaque pode influenciar o tratamento
das CAUTIs prende-se com o conhecimento dos factque levam uma espécie a
predominar na comunidade polimicrobiana e a cangsgao.

Baseado nestas evidéncias, pensa-se que um rgelifeecimento da dinamica
de biofilmes polimcrobianos em cateteres urindéosrucial para desenvolver novas
estratégias de controlo e tratamento de CAUTIsim\sa presente tese teve como
principal objectivo elucidar o papel de bactérimsigp comuns nas CAUTIs. Para
atingir este objectivo, biofilmes de uma Unica espé& biofilmes polimicrobianos,

constituidos tanto poE. coli (a principal causadora de UTIs/CAUTIS) como por
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bactérias pouco comun®.( tsuruhatensisand A. xylosoxidans foram formados e
estudados, em termos de composi¢do microbianaazidaple de adaptacdo Hacoli
ao longo do tempo, organizacdo espacial e perfimégrobiano do biofilme, em
condicOes semelhantes as encontradas nos catebergsrior do corpo humano.

Os ensaios experimentais realizados em micropliea®liestireno de 96 pocos
demonstraram uma elevada capacidadé-daoli e das bactérias pouco comuns em
formar biofilmes em condicbes semelhantes as eradag nas CAUTIs,
independentemente do microbioma pré-existente eodaentracao inicial de inoculo
(Capitulo 2).

Como a localizacdo espacial Bacoli e das bactérias pouco comuns quando co-
cultivadas pode fornecer evidéncias acerca dasveissnteraccdes estabelecidas, uma
nova técnica foi desenvolvida e optimizada para psiposito. Esta técnica consiste na
combinacédo da analise de microscopia confocal cdmibrédacaoin situ fluorescente
(FISH) com sondas deocked nucleic aciLNA) e 2"-O-methyl RNA2 OMe). Apos 0
desenvolvimento e optimizacdo, a técnica de LNAKRECFISH permitiu uma
discriminacédo tridimensional da localizacdo daeréifites populacdes no biofilme. As
imagens transversais mostraram que as bactérias pomuns e &. coli se encontram
co-agregadas que corresponde a uma organizacaoiasiicamente associada a
interaccdes sinergéticaSdpitulo 3).

Em cupdes de silicone, as bactérias pouco comussranam ter um impacto
positivo na capacidade de adaptacaddeoli e uma elevada tolerancia a antibiéticos.
Adicionalmente, apés o tratamento dos biofilmes camtibiéticos, aE. coli
predominou no consorcio microbiano apesar de senaiaria dos casos a espécie mais
sensivel. Este resultado pode sugerir que as Ecfyuco comuns oferecem proteccao
a comunidade microbiana no seu to@agitulo 4).

Por dltimo, o crescimento d&. coli e daD. tsuruhatensisnuma célula
escoamento que simulou as condi¢gbes hidrodinaraimasntradas nas CAUTIs (taxa de
deformacdo com um valor de 159)ssugeriu que ambas as bactérias cooperam
metabolicamente quando partilham o mesmo espagentia persisténcia de ambas
numa comunidade microbiana estavel e resist&dpifulo 5).

Resumindo, os dados apresentados nesta tese magtearde facto, &. coli
tendencialmente coexiste com outras bactérias @ésimle competir e elimina-las
completamente. As bactérias pouco comuns foranzeapde crescer na presenca&da

coli, levando a formacédo de consorcios polimicrobiagstaveis que na maioria das
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situacOes apresentaram elevada resisténcia a@ictilsi Assim, podera ser crucial
expandir este estudo a outras bactérias patogéaigasico comuns no contexto das
CAUTIs. O objectivo final é encorajar os clinicos optarem por uma terapia
personalizada tendo como alvo o microbioma indi@idie cada paciente, assegurando
qualidade no tratamento e minimizando os riscosndetalidade em pacientes com
CAUTIs.
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STRUCTURE OF THE THESIS AND AIMS

The general aim of the work presented in this thesto investigate a potential role of
uncommon bacteria ovet. coli behavior in catheter-associated biofilm developien
and hence understand how uncommon bacteria mitgdt afatheter-associated urinary
tract infections (CAUTIS).

This thesis is structured into six chaptétbapter 1 provides a state-of-the-art
knowledge on basic and clinical aspects of CAUEIsphasizing the composition of
microbial communities commonly found on the surfatarinary catheters, as well as
aspects of biofilm formation. Also, a general maliof microbial interactions and how
this might affect the outcome of CAUTIs is provideBio better study microbial
interactions and spatial arrangement within biadilandescription of fluorescentesitu
hybridization (FISH) is presented.

The potential interactions amoiiggcherichia coliand two uncommon bacteria
(Delftia tsuruhatensisand Achromoabacter xylosoxidangound in catheter biofilm
communities is undefined. Hence, @hapter 2 single- and dual-species biofilms
encompassing uncommon bacteria &ndoli were evaluated under static conditions, in
artificial urine medium (AUM), at 37° C, on the fage of 96-well microtiter plates. To
better explain the potential interaction betweEn coli and uncommon bacteria,
additional features were analyzed, including grovetes of each bacterium in AUM,
siderophore production bl. coli and uncommon bacteria, antimicrobial activity of
biofilm supernatants and the influence of a predted biofilm on the adhesion and
biofilm formation of a second colonizer.

Afterwards, in order to study the spatial arrangetrod the individual biofilm
populations, a reliable alternative technique basedrISH was developed. Hence, in
Chapter 3, a multiplex FISH procedure using locked nucletidaand 2"-O-methyl
RNA probes was developed, optimized and validates multiplex approach, for the
situ detection and localization &. coli and uncommon bacteria within polymicrobial

biofilms, without disturbing the biofilm structure.
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In Chapter 4, studies on dual-species biofilms, involviBgcoliand uncommon
bacteria, were performed in silicone coupons. Ttheroconditions were similar to those
used in Chapter 2. Silicone was used in order teebenimic the surface of urinary
catheters. The characterization of single- and -dpaties biofilms in terms of the
microbial composition over time, the average fimesE. coli, the spatial organization
and the biofilm antimicrobial profiles, was perfach In addition, the main focus of
this Chapter was to evaluate the potential rolermfiommon bacteria when antibacterial
agents, commonly prescribed to treat CAUTIs, aedubor this, dual-species biofilms
were quantified after exposure to an antibiotic cgriration near or below the
minimum biofilm eradication concentration to deterenwhether the exposure to these
agents resulted in altered population balance.

The studies presented in Chapters 2 and 4 wereorpertl under static
conditions using microtiter plates or silicone conp. While these biofilm systems
allowed testing a large number of variables; instde urinary catheter, biofilm
formation is subjected to a flow of urine. As suahflow cell reactor simulating the
conditions found in a urinary catheter, where tlodillm was exposed to a shear rate of
15 s*, was used to investigate the microbial physiolog¥o€oli andD. tsuruhatensis
both in terms of the growth kinetics and the swistuptake (lactic acid, urea, citric
acid, creatinine and uric acid), individually anmd aonsortium. These results will be
presented itChapter 5.

The last chapteriChapter 6, presents the general conclusions of the work and
proposes future research lines to improve knowleadlgee field.

The present thesis reports the work performed at BEL Group Lab at
LEPABE (Laboratory for Process Engineering, Enunemt, Biotechnology and
Energy), Faculty of Engineering (University of Rgrand at the Nucleic Acid Center at
the Department of Physics, Chemistry and Pharmddwgivérsity of Southern
Denmark).
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Chapter 1

General introduction

In this chapter, a general overview about the patiisiology of catheter-associated
urinary tract infections will be provided, emphasg the microbiome composition
commonly found on biofilms formed on the surfacaiohary catheters. Also, the main
mechanisms involved in bacteria-bacteria interastiovill be discussed, and few
suggestions about new research therapies targetibeéde microbial communities will
be approached. Lastly, a general outline of mokecidchniques and their potential to
localize the microorganisms within a biofilm comnityrwill be provided. This type of
techniques might improve the knowledge about therabiome ecology of biofilm
communities. Hence, fluoresceint situ hybridization will be focused in more detalil,

due to its usefulness in providing a spatial chiaraation of the microbial biofilms.

Part of the work presented in this chapteiwas based on the following publications:

Andreia S. Azevedo Carina Almeida, Luis F. Melo, Nuno F. Azeve@hapter: Chapter 8 -

Role of E. coli on Catheter-Associated Urinary Tradections Cerca N (2015), Impact of
biofilms in health: a transcriptomics prespectiwniversidade do Minho — DEB, Braga,
Portugal, ISBN: 978-989-97478-6-9.

Andlia Lourenco, Tom Coenye, Darla M. Goeres, Gamfo Donelli,Andreia S. Azevedo
Howard Ceri, Filipa L. Coelho, Hans-Curt Flemmifigglis Juhna, Susana P. Lopes, Rosario
Oliveira, Antonio Oliver, Mark E. Shirtliff, Ana MSousa, Paul Stoodley, Maria Olivia Pereira,
Nuno F. AzevedoMinimum information about a biofilm experiment (NBi&): standards for
reporting experiments and data on sessile microb@hmunities living at interface®athog
Dis. (2014) Apr 70(3):250-6. dol:0.1111/2049-632X.12146
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1.1 Biofilms on indwelling medical devices

The microorganisms found in diverse environmentgjuding aquatic, soil,
industrial, and clinical settings, are able to ratteeir state between a planktonic and
sessile mode of life. Typically, more than 90% atmorganisms live in the sessile
state, which is induced when the microorganisms amposed to changing
environmental conditiods This can result in a microbial community, knows a
microbial biofilm, that involves one or more specif microorganisms adhered to an
inert or living surface, enclosed in an extracalfybolymeric substance (EPS) matrix
containing nucleic acids, proteins and polysacdesri® The ecological advantages of
microorganisms in forming biofilms include protecti from hostile environmental
stimulus (e.g. pH, chemical exposure, radiationd gmagocytosis), acquisition of
biofilm-specific antibiotic-resistant phenotypesdaexpanded metabolic cooperafioh
In addition, individual cells embedded in microbiblofiims display an altered
phenotype, which is associated with a reduced drowte, higher tolerance to
antimicrobial agents or to host defenses, altenggression of specific genes and
secretion of molecules and virulence factd¥$

Microbial biofilms play an important role in abo80% of human microbial
infectiong °. Common human infectious diseases involving hiofiormation in body
tissues include chronic airway infections in cydthrosis patient¥, chronic otitis?,
chronic sinusiti¥, chronic (diabetes) wound infectidnperiodontiti$* and urinary tract
infection (UTI)*®. In addition, due to recent advances in medicanse, indwelling
medical devices (IMDs) have been widely used inpkials which may result in high
incidence of IMD-related infections involving bibfis'®, such as intravenous
catheter¥, prosthetic heart valvEs urinary cathetel, orthopedic devicé§ cardiac
pacemakers, intrauterine devicé§ biliary tract stenfS, breast implanté, contact
lense$’ and voice prosthesfs

The surface of IMDs offers a favorable environmétthe colonization and
growth of a large number of microorganisms, witpradominance of Gram-negative
and Gram-positive bacterial species, as shown ibleTd.1. The source of these
microorganisms might be the skin of hospitalizetigmés or health-care workers and

the hospital environmefit
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Table 1.1 -Microorganisms commonly found in indwelling medidavices-associated biofilm

infections.

Indwelling medical

devices

Prevalent causative microorganisms Refs.

Escherichia coli Proteus mirabilis Enterococcus

Urinary catheters faecalis Klebsiella pneumonige Pseudomonas '* % 2°
aeruginosa
Coagulase-negativetaphylococcusStaphylococcus

2,17, 30

Central venous catheter

aureus Enterococcus faecalis P. aeruginosa

Candida albicansk. pneumoniae

Prosthetic heart valve

S. aureus Streptococcussp., coagulase-negative .o

staphylococcusEnterococcusp.

Staphylococci, Streptococcussp., Staphylococcus

Orthopedic prosthesis _ 220,30
pneumoniae
P. aeruginosa S. aureus Staphylococcus
Contact lenses _ o _ _ 225,30,31
epidermidis E. coli, Proteussp.,Candidasp.
S. epidermidisS. aureusC. albicans Micrococcus
22, 30, 32

Intrauterine devices

sp., Lactobacillus plantarum Enterococcus sp.,

Prevotellasp.,E. coli

Voice prosthesis

C. albicans Candida tropicalis Candida glabrataS.

epidermidis Streptococcus salivariy®. aeruginosa 2> %3°

K. pneumoniagS. aureusKlebsiella oxytoca

Cardiac pacemakers

Coagulase-negativ&aphylococcus, Streptococcusﬂ’ 36,37

sp.,S. aureusS. epidermidis

Biliary tract stents

Enterococcusp., E. coli, Klebsiellasp., . ,;

Clostridiumsp.,Streptococcusp.,Candidasp.

Breast implants

E. coli S. epidermidis Propionibacterium acne 24, 30, 40, 41

coagulase-negativa&aphylococcus

Biofilm-based infections have a great impact in ljulhealth. For instance,

higher healthcare costs are related with thesetiofes, due to the prolonged stay in

hospitals and the prolonged use of antimicrobifsther worrying feature is that this

type of infections are difficult to eradicate, dit® the presence of polymicrobial

communities involving multi-resistant pathog&hsn fact, polymicrobial biofims are

more resistant to antibiotic treatment than theesponding single-species biofilf{i§’
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and corresponding planktonic céfisin most cases, the only way to treat them is
through the removal or substitution of the IFD

The European Center for Disease Prevention andr@aaported that, annually,
approximately 4.1 million patients are estimatedatmuire a nosocomial infection
(infections acquired in hospitals and other healtadacilities) in European hospitals
Among these infections, UTIs are a frequent nosaabmfection with approximately
150 million of new cases occurring each year woidg#!. The major risk factor for
UTls is the use of urinary catheters. It was reggbthat about 70-80 % of nosocomial
infections are related with its e The urinary catheter is inserted in patients
through the urethra into the bladder to measureutime output and to prevent/control
urinary retention or incontinente>* Despite careful aseptic management, the risk of
developing catheter-associated urinary tract idac{CAUTI) increases 3-7 % with
each day of catheterizatin Also, this risk is higher for women, older patrand
diabetic patienfS. It was estimated that approximately $3790 isrtieimum amount

spent in treatment and diagnostic of each episéd@AWTI>®

, including antimicrobial
therapy, increased length of hospitalization, ptigsi visits and morbidity. In addition,
it has been reported that patients with CAUTIs rhiggwvelop other complications such
as cystitis, pyelonephritis, Gram-negative bactémemprostatitis, epididymitis,
endocarditis, vertebral osteomyelitis, septic éithrendophthalmitis and mening#is

The recent use of advanced molecular technologias revealed the
polymicrobial nature of UTIs/CAUTE ™ The microbial communities in CAUTIs can
be shaped according to the host immune defensepabént, prophylaxis and
administrated antibiotics. Additionally, the wayhdifferent microorganisms involved
in a polymicrobial community interact (synergistigaor antagonistically) will also
have an impact on the microbial diversity, viruleramd response to therapy. As such,
more research about the microbiome composition,har@ems of biofilm formation
and of antimicrobial tolerance are required to dyetinderstand and treat these

infections.
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1.2 Catheter-associated urinary tract infections

1.2.1 Pathogenesis and virulence factors of uropathogehiofilms

The presence of extensive microbial biofilms onghdace of urinary catheters
removed from patients has long been documented®fe.gn fact, the constant
replication of microorganisms with the continuous intermittent flow of warm
nutritious urine play a crucial role on establisimnand development of a biofilm
community on the surface of urinary catheteradditionally, the lumen of the urinary
catheters is characterized by the absence of inhdefense mechanisms which makes
the microorganism less prone, for example, to dwtent by the urine flow, to
phagocytosis and to the action of the antimicrabégent¥. Also, the normal defenses
of the bladder might be weakened when the urinatlyater is used

As demonstrated in Figure 1.1-a, CAUTIs can develogeveral ways. After the
urinary catheter insertion, some urine componemstéins and other organic
molecules, including magnesium and calcium ionsinfa conditioning film along the
urinary catheter surface. Such phenomenon altexscharacteristics of the surface
catheter and allows the adhesion of uropathogeiicoorganism®’ (microorganisms
that colonize and persist in the urinary tract)g(ffe 1.1-bl, 1I). The planktonic
microorganisms adhere to the surface either by ipaly$orces (e.g. van der Waals
forces) or by specific adhesion molecules suchdassing* ® (Figure 1.1-bl). Flagella
and pili are also a well-known group of viruleneetbrs, expressed by uropathogenic
microorganisms, which help the initial attachment microorganisms to the
uroepithelial cells and to the urinary catheterfaé® . Then, reversely attached
microbial cells become strongly adhered to theamarf(irreversible attachmefft)in the
next stage, microorganisms firmly attached to theauy catheter surface interact with
each othér and start to produce polysaccharfdes "°(Figure 1.1-blll). EPS is mainly
constituted by polysaccharides, proteins, lipidscleic acids (DNA and RNA); EPS
protects the microorganisms within the biofilm, das the mechanical stability of the
biofilm and adhesion of the microorganisms to thefac€® (Figure 1.1-blll). The
constant replication of microorganisms and EPS yetidn results in the formation of
three-dimensional structures with channels betvikem that are filled with urine and
enable the transport of essential nutrients angemxyo the microbial communfty "* 2
(Figure 1.1-bIV).
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Lastly, microorganisms present within the biofilmnemunity firmly adhered to
the surface of urinary catheter can detach andmrretuthe planktonic forffi. At this
stage, some microorganisms are able to produce mawythat destabilize and
breakdown the biofilm matrix; for exampl&. coli producesN- acetyl-heparosan
lyas€®. In addition, if they are able to move against thiee flow, they colonize other
sites of the urinary tract such as the bladderthadckidneys, and may even reach the
bloodstrearf! °(Figure 1.1-bIV).

Once a mature biofilm is formed, the uropathogenicroorganisms have to
further adapt to the conditions found on the ugrteact environment. For example, this
is accomplished by the expression of genes redplenfair the capsular polysaccharide
and lipopolysaccharide synthesis, iron acquisitieystems, antibiotics resistance
mechanisms, nitrogen and oxygen levels adaptdfiand toxins production (e.g.
hemolysins and cytotoxic necrotizing factof®1)

Nitrogen, iron and amino acids are essential entsi for the survival of
uropathogens during CAUTI developm&nf® However, iron concentration in urine is
too low® ”". To overcome this, uropathogens are able to upaegygenes encoding
molecules capable to recruit the iron, called siphore$* ® According to this, the
survival and growth of the uropathogenic microoigars during the CAUTIs
development, even at low iron concentrations, migbt guaranteed when these
microorganisms produce high concentrations of sjgleores, or at least, when they are
able to use the siderophores produced by neighdpatioroorganism’

In addition, some bacteria including?. mirabilis Proteus vulgaris or
Providencia rettger convert urea, found at high concentrations imejrito ammonia
and carbon dioxide through the use of the ureasgnes '° As an alternative,
microorganisms such as the urease-negdfvecoli use glutamine synthetase, an
enzyme involved in glutamine synthesis and in ammaretabolisii" * As a result of
urea conversion into ammonia and carbon dioxide,gH of the local environment
becomes alkaline, which causes the precipitatiosoaie minerals present in the urine,
including calcium phosphate and magnesium ammopivosphat® 8 This represents
a frequent problem associated with the formationrgétalline biofilms (as represented
in Figure 1.1), which may have severe consequemeelsiding trauma of the bladder
and the urethral epithelia. Also, the depositiorthaf crystalline material on the surface
of urinary catheters is frequently responsibletfa blockage of the urine flow, which

has consequences for patients such as incontipeabem§? ¢3 82
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Figure 1.1 - Pathogenesis of biofilm formation on urinary cé¢he during catheter-associated
urinary tract infections development. (a) Catheteseciated urinary tract infections can develop
in several ways: i) microorganisms present in thethwa, periurethral skin or endogenous
intestinal flora can migrate around the catheteragxminally; ii) microorganisms can grow in
the interior of the drainage bag and ascend intradally through of the urinary catheter; iii)
environmental and common skin microorganisms caditetly introduced at the time of the
catheter insertion due to inadequately decontamihatjuipment or improper practices of the
healthcare workef$ ® (b) Concerning CAUTIs, the first step involved metformation of a
catheter-associated biofilm is the deposition obaditioning film on the surface of the urinary
catheter which facilitate the binding of microorgams (I, 1l). The next step involves the
division of microorganisms and EPS production (IBpnsequently, a developed biofilm with a
3-dimensional structure is formed, with spaces betwthe aggregates that are filled with fluid

(urine).
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Figure 1.1 (continuation) -Finally, microorganisms or aggregates of these anigganisms can

detach from the mature biofilm, colonizing otheesi(lV).

1.2.2 The microbiome diversity: traditional and uncommanicroorganisms

In short-term catheterization (up to 7 days), th@ary catheter is frequently
colonized by a single species. In long-term catigtgon, the catheter is placed for
several weeks and months in elderly and/or immumgeomised patients and, in this
case, a polymicrobial infection is inevitabte’® ' 8 with a dominance of Gram-
negative bacterfA®. Holaet al®® reported that approximately 30% of the biofilms in
CAUTIs are colonized by three microorganisms, aeds frequently, two or four
species are also found in these infections.

Traditionally, the diagnosis of CAUTIs is based symptoms that patients
present in combination with microbiological cultw&urine. The urine collected from
the catheter or from the bladder is subject tolaugion agar medium plates to detect
the microorganisms involved in the infecfidn® The infection is diagnosed when
patients have a positive urine culturedf0> CFU.mI* (>10* CFU.mI" in children) in
association with other symptoms (e.g. dysuria,amirurgency, fevefj. However, the
microbiological culture of urine from catheters mighot reflect the microorganisms
present in the biofilm formed on the surface of théheter. In fact, microorganisms in
biofiilm have a different phenotype and behavior panng with the planktonic
microorganisms present in the urine. Typically, fimo populations grow slowly or
poorly on agar medium plat€sIn addition, a viable but nonculturable statesofne
microorganisms and the antibiotic administratiorptevent the infection might cause a
false-negative resdft Thus, to improve the recovery and the quantificatof the
microorganisms attached to the urinary cathetethou®logies based on sonication
have been recommendédAs the microorganisms attached extra- or intramadty to
the catheter can be different, a sonication stepréethe culture might allow the
identification and quantification of microbial pdption located on both the outer and
inner surface of the urinary cathéfeiThen, the analysis of the microbial composition
can be performed by microscopy, cultivation or axgtindependent techniquas

Recently, many culture-independent techniques hasen widely used to
identify and quantify the microbial diversity fourmh biofilm infectiort®. Previous

§7-104

studie showed that some molecular techniques, includiegdenaturant gradient

gel electrophoresis (DGGE), cloning, pyrosequencit@f ribosomal ribonucleic acid
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(rRNA) gene polymerase chain reaction (PCR) fortdréa or 18S and 28S rRNA PCR
for fungi and terminal restriction fragment lengtblymerase (TRFP) seem to be more
reliable to assess the microbiota present in paswbial biofilms comparing with the
conventional culture methods. Concerning microscepylysis, there is a recent
molecular approach known as fluorescinsitu hybridization (FISH) that has been a
valuable technique to detect and quantify microoigras {n situ or after a sonication
step) (e.d%>™"9. More details about this technique will be giEslow, in sub-section
1.4.1.

While each urinary catheter displays a unique iofiommunity’, a list of the
most prevalent microorganisms that are recurraettpvered from urinary catheters is
presented in Figure 1.2. The European Centre feeddie Prevention and Control, in an
annual epidemiological report from 2014, reportkdt tthe most frequently isolated
microorganisms wer&. coli (28%), Candidasp. (18%),Enterococcussp. (17%),P.
aeruginosa(14%) andKlebsiellasp. (8%) (Figure 1.2-8Y. Similar results were also
reported by other studies, where a clear prevalehEe coli, P. aeruginosak. faecalis
and P. mirabilis was demonstratéli '# '3 The antimicrobial resistance of these
microorganisms requires attention due to the caotis use of antimicrobial agents. In
2012, it was reported that the most common isolimes CAUTIS were resistant to, at
least, one of the antimicrobial agents used iniadinpracticé'’. Among the most
prevalent microorganisms, 26.3% Bf coli isolates are resistant to third-generation
cephalosporins; 26.6% &f. aeruginosasolates are resistant to ceftazidime; and, 9.5%
of Enterococcusp. isolates are resistant to vancomy¥/cin

E. coli, the most well studied microorganism in CAUTIs, isseam-negative
bacteria belonging to the family Enterobactericelee commensaE. coli strains
normally inhabit the human intestine; while coli pathogenic strains are able to
colonize and grow in the urinary tract (uropathdgéh coli), causing UTI& 14 About
70-95% of UTIs are caused I8y coli'®, and this microorganism is also present in the
urine of 20-50% of catheterized patiéfit$'® The proximity of the rectal area and the
urinary tract facilitateE. coli dispersioi’; but, it was reported that the presence of
virulence factors such ashemolysin, cytotoxic necrotizing factor |, lipogshccharide
capsule, siderophore aerobactin and enterobactitegses and adhesive organelles are
also responsible for theE. coli pathogenic nature during UTI and CAUTI

developmerff: *’
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Other microorganisms, less commonly found on patyabial catheter biofilms,
here designated as uncommon species, were alstedand identified (Figure 1.2-b).
The pathogenic potential of most of these microoigyas remains poorly studied. The
presence of this type of microorganisms in biofdssociated infections has been
reported not only for CAUTIs (eY: %" *§ but also for cystic fibrosis (eX® *2. For
example, in a study performed by Franck and colleg§ Delftia tsuruhatensisnd
Achromobacter xylosoxidangere found to be present in 25% of the urinaryhetar-
associated biofilms. FdBurkholderia fungorunthe prevalence value was 13%. These
uncommon bacteria appear in CAUTIs in combinatiath well-established pathogenic

bacteria such &s. coli, K. pneumonia@ndP. aeruginosy.

(a) Most prevalent microorganisms (b) Other microorganisms

Prokarya

Gram-negative

Delftia tsuruhatensis Providencia stuartii
Sphingomonas sp. Pantoe sp.
Oxalobacteraceae sp. Serratia odorifera

Achromobacter xylosoxidans Yersinia rohdei

Burkholderia fungorum Burkholderia cepacia

Hafnia alvei Flavobacterium sp.

Kluyvera cryocrescens Ralstonia pickettii
Serratiamarcescens Stenotrophomonas maltophilia
Bordetella bronchiseptica Providenciarettgeri

Peptoniphilus asaccharolyticus | Citrobacter sp.

m E. coli w Candida sp.
Gram-positive
Enterococcus sp. P. aeruginosa Streptococcus pneumoniae Mycobacterium intravellulare
u Klebsiella sp. w Enterobacter sp. Peptoniphilus asaccharolyticus | Raoultella terrigena
s 5 Finegoldia magna
u Proteus sp. u Coagulase-negative staphylococci N e
u Morganella sp. ® Acinetobacter sp.

Figure 1.2 - Microbial diversity found in catheter biofilms.)(&ercentages of the ten most
frequently isolated microorganismi®m catheter-associated urinary tract infectifing) List
of some other microorganisms less frequently fomnpatients with catheter-associated urinary

tract infection$> 9 118 121

B. fungorum a Gram-negative bacterium from Burkholderiaceamilfy, was
firstly recovered in 2001 by Coeney al'? from environmental, human and animal
clinical samples. Concerning the human clinical glas) this bacterium was identified
in the vaginal secretion of a pregnant wohiarthe cerebrospinal fluid of a 66-year-old
womart??, community-acquired bactererfidand urinary catheter biofilms

11
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D. tsuruhatensigs also a Gram-negative and rod-shaped bacterrom the
Comamonadacedamily, isolated by Shigematt al'?* from a domestic wastewater
treatment plant. Human infections wifh. tsuruhatensishave been reported in the
medical literature, including a central venous ethrelated infectioi®, bacteremia in
a patient with breast cané&t and patients with CAUTTS,

A. xylosoxidans another Gram-negative bacteria, from the Alcalayeae
family, was described in 1971 by Yabuuchi and Ohg/am who had previously
isolated it from patients with chronic, purulenitistmedia. Human infections caused by
A. xylosoxidansare frequently associated with hospital st&ysincluding UTIS?,
CAUTIS’’, bacteremig®**?and cystic fibrosis® 134

However, in all these cases, the microbial intéoast betweerB. fungorumD.
tsuruhatensisand A. xylosoxidansand pathogenic bacteria, remain unclear. As little
known about the potential implication and contribng of these uncommon bacteria in
nosocomial human infections, it would be crucialirigestigate their behavior in the

context of certain human infections, specificafiythe context of CAUTIs.

1.2.3 Microbial ecology - interactions modes between noiarganisms

Given that the outcome of a polymicrobial infectid@pends on how microbial
communities interact, the research community rgpidtognized the urgency to study
polymicrobial biofilms in order to understand thegise ways in which this interaction
occurs. Based on the fithess consequences on trearganisms, six different modes
of interactions in microbial communities are prdsdnin the literature: mutualism,

commensalism, parasitism or predation, competitomensalism and neutralism (Table
1.2)°

Table 1.2 -Type of ecological interactions in microbial conmties based the effect on
the fitness of the actor and recipient. Adaptedira

Species 2
+ - 0
N Mutualism Parasitism or predation Commensalism
= +/+ +/- +/0
.§ i Parasitism or predation Competition Amensalism
e -1+ -/- -/0
@ 0 Commensalism Amensalism Neutralism
0/+ 0/- 0/0

+ Positive (win); - Negative (loss); 0 Neutral.

12
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When competitive or amensalistic, microbial intéi@t modes might be mediated
by a large number of mechanisms including competitbver nutrients and growth
inhibition by toxins production (Figure 1.3-a); ctase of mutualism, parasitism or
predation and commensalism, interactions can beaateedby metabolic interactions,
cell-cell signaling via quorum sensing, public gaodlecules secretion and increased
antibiotic-resistance (Figure 1.3-b).

(@)

o, L )
Competition for , Growth inhibition ®
s the same nutrient by toxins production
[l S—
= 0 -_ an
£ o
Ay

(b) (III) Signaling quorum-sensing
molecules

Nutrient \ (VII) Distinct nutritional
. ' ‘ requirements

(IV) Matrix| /" v
components . (VI) Cross-feeding -
production 4 :

(V)'Cheating’

. Metabolite

Nutrient

(VII) Distinct nutritional
requirements

Figure 1.3 - Schematic illustration of potential bacterial natetions within biofilm
communities. (a) Competitive or amensalistic intBhoans among bacteria might involve a

competition for nutrients (I) or production of tasi that kill the neighboring members (11),

13
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respectively; (b) One the other hand, bacteria iwitfiofiims might cooperate by producing
cell-signaling molecules (lll), matrix component¥)( public good metabolites (V) and cross-
feeding metabolites (V1).

Figure 1.3 (continuation) -In addition, they might use different nutritiorssdurces and in this
case the fitness of one species is not affectethdpther (VII). These interactions result in the
growth of bacteria within biofilms and polymicroblaiofiim development with high resistance

to stress conditions.

A behavior in which both microorganisms benefitnfrahe presence of each
other is designated by mutualism. This type of aobehavior might occur when the
microorganisms cooperate in order to increase trezadl resistance to antimicrobial
agents of all members involved in microbial comnyfif. One example of mutualistic
behavior might occur when two microorganisms exgeametabolic products, known
as the cross-feeding phenomelidn Metabolic cooperation is another example,
observed when certain bacterial species modifyetmronmental conditions within
biofilms (e.g. pH, oxygen concentration) to faviee growth of neighbors. For example,
oxygen consumption by aerobic microorganisms ctaédeneficial for the growth of
anaerobic microorganisths

In a commensalistic interaction, one microorganisnefits from the presence
of other without affecting it. An example of comnsahsm happens when one
microorganism metabolizes a compound produced hgranembér® or receives a
plasmid carrying genes that might promote antibio@sistance or virulence factors
productiod®’. On the other hand, in an amensalistic microbialeraction, a
microorganism affects negatively the other withiogihg affected by the interaction. An
example of this microbial competition is bacterieciproductioi’®. Bacteriocins are
molecules that when secreted kill the other memobftise microbial community.

A competition relationship is a type of antagomistnteraction in which
microorganisms occupy the same niche and compatenddrients and physical
resources> 138 142 143 hogwever, there are situations in which microoig@rs co-
inhabit the same environment without interactioneufnalism). For instance,
microorganisms might share the same space, butditigeent nutritional requirements.
Thus, the microorganisms live together without &eyeficial or harmful effect from
each other>.

14
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The predation or parasitism are other type of nhiedointeractions, where an
increase of fitness of one member occurs at aafosther$*. In particular, secondary
metabolites produced with a cost to microorganismght be used by neighboring
members (cheaters) of the biofilm without any tBstExamples of this type of
molecules, commonly referred to as “public goodstjude quorum sensing signaling
molecule$*, iron-scavenging siderophoté§'*°and antibiotic-degradation enzymes
152 “public goods” producers spend energy in its podion and the cheaters exploit the
“public good” without cooperating; hence, cheatars able to outcompete the “public
good” producers®. For example, a group of bacteria might be ableptoduce
antibiotic-degrading enzymes that will help all noicial members resist to antibiotic
agents. This phenomenon is crucial to fHactam antibiotics inactivation in which the
presence of-lactamases in the biofilms matrix might inactivétten>" *2 >4 On the
other hand, the release of signaling molecules{adiicers)ia quorum sensing might
be also considered another example of predatiopacasitism, since its production
involves a cost for cells that secrete the autaied8r®, and a benefit to the other
members involved in the microbial communiy*°’ In polymicrobial biofilms, it has
been demonstrated that a universal autoinducentefspecies communication, Al2,
used by Gram -negative and -positive bacteria,spkagrucial role on development of
polymicrobial biofilms and production of certairruiience factors (e.f>*%).

Briefly, considering that the polymicrobial biofisnexist in most human
infections® it is highly probable that the cooperation amanigroorganisms occur,
enabling the coexistence of microorganisthsin this way, inter-species cooperation
increases the fitness and the resistance of ovdmnalilm community if any
environmental conditions changés®* *°°

Taking into account that the biofilms in urine acatheters of patients with
CAUTIs are more commonly formed by polymicrobial noounities, a better
knowledge about the microbiome ecology and its icapilon on CAUTIs outcome will
be crucial to a decreased mortality and morbidiéyoaiated with these infections. Few
in vivo andin vitro studies have focused their research on microbigractions in
context of CAUTIS%® 116 186174 symmarized in Table 1.3). The majority of thedis
found in the literature have studied the microbrakractions between pathogenic
bacteria (e.gE. coli, K. pneumoniagP. mirabilis P. aeruginosain in vitro conditions
similar to those found in CAUTIs. Those studiesénaged silicone coupons inserted in

well tissue culture plates, 96-well microplates diogv cells at 37 °C to simulate the
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body temperature. An important aspect in theseiesud related with the use of
artificial urine medium (AUM) that ensure the reguaibility of results. In fact, human
urine varies significantly in terms of pH and compion according the type of food
intake and the health of the individtfal In vivo studies using a rat model of CAUTI, in
which urinary catheter were inserted in the bladtave also been reportéd*’* This
approach reproduces the host environment and mithe$iost immune system, but it
depends on animal models and is not useful to thighighput screening.

1.2.3.1Reported interaction within CAUTI- associated mixedbiofilms

As demonstrated in Table 1.3, in the context of GAd) bacteria use different
mechanisms to interact. These interactions are diggrse, as the same species present
distinct behaviors when co-cultured with differéaicteria. These experimental findings
support the diversity of interactions describedvabo

For instance, then vitro study performed by Cerqueiet al'°® has shown that
despiteE. coli being the most prevalent causative agent of CAUT Isirned out to be
the less well-adapted to dual-species biofilms,camtrast withP. aeruginosathat
seemed to persist better within the microbial coiisoHowever, Croxallet al'®’
demonstrated thd&. coli from polymicrobial UTI samples showed more resis&ato
antibiotics and are more invasiveimvitro epithelial cell infection studies. These are
two good examples d. coli populations being “shaped” by the complex congortin
which they are inserted.

The same happens for other common UTI-associateciesp The virulence of
P. aeruginosaand S. aureuss clearly stimulated when both bacteria are growma
consortiumi®®. But, whenP. aeruginosais observed together witR. mirabilis in
urinary catheter biofilms, these two bacteria iateantagonisticalfy® 8

The complexity of interactions is even higher witka factor “time” is taken
into account. For instance, Macleod and Sti¢kfeeported that any antagonistic effect
of four other urinary tract pathogeng&.(cloacage M. morganii E. coli and K.
pneumoniagagainstP. mirabilisin catheter biofilms is minimal and temporary. @Is
co-infection ofP. mirabiliswith E. cloacaeor P. aeruginosasignificantly increased the
time that catheters took to bldck

Recent data have also suggested the importance tualyirsy bacterial
metabolism during infection development to betteraracterize the microbial

interactiond® *’° In fact, bacterial metabolism seems to contritoteéhe persistence
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and pathogenesis of bacteria within biofilms as Imas their virulence abilitiés For
instance, the catabolism of amino acids presenirime generates tricarboxylic acid
cycle (TCA; also known as citric acid cycle or Kseleycle) intermediates and
gluconeogenesis substrates, allowing uropathodenioli to infect more efficiently the
urinary tract®. The TCA cycle involves a series of chemical rieaxst used by all
aerobic organisms to generate energy through tltaten of acetyl-CoA derived from
carbohydrates, fats and proteins into carbon desidd chemical energy in the form of
guanosine triphosphdfé Gluconeogenesis is a metabolic pathway that tesulthe
production of glucose from certain non-carbohydredebon substrates such as lactic
acid, glycerol, glycine, serine, aspartate, ancer®tff. Based on this, a recent study
analyzed the central metabolismEafcoliandP. mirabilisto explain their ability of co-
infect the same niche (urinary tract). Firstlycatuld be assumed that both bacteria have
the same nutritional preferences since they cofottie same environment; however,
results showed thdt. coli and P. mirabilis use different central metabolic pathways
despite having access to the same nutrients iarthe (e.g. amino acids, peptides and
urea). This suggests that co-infecting bacteriahinigpt compete for nutrients, hence
increasing their fitness during UTI developntéht

The different behavior of complex communities agsed to CAUTIs led
scientists to speculate on their ability to contrafilm by interfering on their species
composition; or on the possibility of anticipatitige possible clinical outcome based on
the biofilm composition. For instance, am vivo study performed by Armbrustet
al.’®® showed that the co-infection & mirabilis andP. stuartii also a common co-
colonizer of urinary catheters, resulted in a higinecidence of urolithiasis and
bacteremia due to an increased activity of totahsé®®. This might indicate that the
simultaneous presence of these species in CAUDeaded biofilms represents an
additional risk for the patient. If this proved lhe true, those clinical situations should
be handled with extra attention.
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Table 13 - Different types of potential microbial interactions occurringi@ tontext of CAUTlalready described the literature

Pathogen Experimental conditions Microbial interaction Explanation Ref.
E. coli presented lower growth rate (0.20)hwhen compared t®.
E. coli Six-well tissue culture plates aeruginosa(0.30 hY)
with containing silicone couponsp, aeruginosa 106

P. aeruginosa

The extracellular production of virulence factorg B. aeruginosa
such as N-acyl-Lhomoserine lactones, can negatiregylate biofilm
formation byE. coliin mixed biofilms.

immersed in AUM at 3?C and dominated oveE. coli
120 rpm when co-cultured

P. aeruginosa

Virulence of P.
Glass flow cells supplied with a aeruginosa and S. Production ofP. aeruginosaxotoxin A was increased nearly 2000-fold

with constant flow of AUM (30 aureus was stimulated whenP. aeruginosandS. aureusvere grown in a mixed biofilm.
S. aureus ml.h?%) at 37°C when both bacteria
grown in consortium
- Bladder model constltgted by a Co-infection of P. mirabilis with M. morganii K. pneumoniaeor E.
P. ml_rab|I|s glass c_hamber maintained at 37 coli had no effect on the ability d?. mirabilis to encrust and block
with °C. Silicone catheters were

M. morganii, K.
pneumoniagE.
coli, E. cloacae

or P. aeruginosa

. . o catheters.
inserted into the chamber. Thdmpact on the ability of

catheter retention balloons werdé®. mirabilis to encrust Co-infection withE. cloacaeor P. aeruginosasignificantly increased
inflated with 10 ml sterile water and  block urinary the time that catheters took to block.

and the catheters werecatheters
connected to drainage bags.

Sterile AUM was pumped into

the chambers

A pre-inoculation withE. cloacae M. morganij K. pneumoniaer E.
coli significantly delayed catheter blockage. Howe®ermirabilis was
able to colonize the biofilms and block the urinaagheters.

116

P. mirabilis Mice were inoculated with 50 High incidence of Total urease activity was increased during co-celtldA synergistic

with pL of a 1:1 mixture of both urolithiasis and induction of urease activity might explain in ptire high incidence of

P. stuartii bacteria bacteremia P. mirabilisandP. stuartiiin polymicrobial CAUTIs.
P. mirabilis : . Antagomstlc The elimination ofP. aeruginosaat 72 h was probably due to the
X 96-well microplates in humaninteraction betweerP. . N 168
with . : ; increase of pH between 48 and 72 h as a resut ohirabilis urease
. urine, at 37°C with 100 rpm aeruginosa and P. s
P. aeruginosa e activity.
mirabilis
E. coli E. coliandP. mirabilis . - . .
with Mouse model of ascending UTI do not directly compete E. coli and P. mirabilis have different central metabolic pathways 179

P. mirabilis

X despite have access to the same nutrients in ithe. ur
for nutrients
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Altogether, these studies have focused on thetwhli pathogenic bacteria
commonly found on biofilm catheters to change the&havior when living in a
consortium. While all these studies have revealmties aspects of interactions and
persistence displayed by known CAUTIs pathogeresrote of uncommon bacteria on
CAUTIs development or the interactions between mmoon bacteria and CAUTIs-
associated pathogenic bacteria is yet to be destrib the literature, there are already
some indications about the possible contributidngncommon microorganisms on the
pathophysiology and on the antimicrobial suscelitiyopattern of biofilms associated
with cystic fibrosi$’” "® Recently, Lopeset al'’® reported that two uncommon
bacteriaJnquilinus limosusandDolosigranulum pigruminteract synergistically witP.
aeruginosaforming stable dual-species biofilms with incre@golerance to antibiotics.
These data suggested that uncommon bacteria négylet & role on the physiology of
pathogenic bacteria or even of the entire microbeahmunity. As such, more studies
are required to understand how the microorganisaiserad to a urinary catheter
interact, and how these interactions influencefitiness of each individual species, the

microbial community dynamics, the architecture soidrance to antimicrobial agents.

1.2.4 Antibiotic resistance in CAUTI biofilms

Since antibiotic discovery, an abusive and inadegwse of antibiotics has
dramatically increased the selective antibioticspuee, leading to the appearance of
multiple antibiotic-resistant bactetfd*®! Unfortunately, this substantially reduces the
chance to treat a bacterial infection. Hence, tighdr antibiotic resistance is a
problematic concern of biofilm-associated infectidn general. A variety of biofilm-
associated resistance mechanisms are describlee literature. (1) The negative charge
of EPS acts as a barrier that provide a slow avrmplete penetration of the antibiotic
(with a positive chargé§” '® Also, the presence of antibiotic degradative emzy
within the biofilm matrix can inactivate/or modifjie antibiotic agent&®. (2) Within
biofilms there are gradients of nutrients and oxygehich are responsible for the
existence of a heterogeneous population. The nnigamisms that are subject to a
depletion of oxygen and nutrients present a lowalngtc activity (reduced growth rate)
which is responsible to their higher resistanceattibiotics agents that are more
efficient against actively-growing microorganistiis'® (3) Alterations in the biofilm
phenotype, such as loss of viable bacteria andeaser of biofilm biomass, might

protect biofilm microorganisms against the actioh fslactam antibiotic¥®. (4)
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Presence of “persister” cells that is defined asula population of biofilm cells that
acquire a dormant and a highly protected state asch spore-like forti” *# (5) The
horizontal gene transfer of antibiotic resistanemes also occurs within the biofilm
community®°% For instancep-lactamase genes are localized on plasmids which ca
spread rapidly through the bacterial populatiorsAE. coli can present efflux pump-
coding genes on its plasmid, conferring a highdlegsistance to various antimicrobial
agents (e.g. tetracycline and ampiciftf)

The antibiotic therapy directed to a particulartbaaom can be unsuccessful if
any of these mechanisms is activated, if recoldmaaoccurs or if the elimination of
one bacterium provides a favorable environmentdibrer bacteria to recoloniZé
Currently, the therapeutic strategies to preventreat CAUTIs involve the use of
renally excreted antibiotics in combination withpariodic replacement of the urinary
catheter. To minimize the chances of a new re-titfecit is recommended to replace
the urinary catheter after 48 h of antibiotic treant®.

Antibiotics (e.g. trimethoprim/sulfamethoxazoletrafurantoin, ciprofloxacin,
gentamicin, amoxicillin/clavulanic acid) are adnsimated during 7 days in patients who
have relief of symptoms and 10-14 days for patiemt® do not respond to the
antibiotic therap$f. However, it has been described that bacteriglattmgens isolated
from patients with CAUTI or UTI revealed high rdsisce to some antibiotic agents
used in clinical practice, such as ampicillin, ttmoprim-sulfamethoxazole,
ciprofloxacin, amoxicillin/clavulanic acid, and etts®” %% 1% |n addition, if the
urinary catheter is not removed or replaced, reetdn can occur after the end of an
antibiotic treatment. An alternative to antibio@@ministration or urinary catheter
removal could be the use of urinary catheters ignpaeieed with antimicrobial agents
(e.g. nitrofurazone, gentamicin, norfloxacin, nitnal). However, the success of this
new therapeutic strategy remains unci¥ar® Some studies have shown a reduced
development of CAUTIs during short-term use, bimeotstudies have not demonstrated
an effective decrease in the incidence of CAU¥1$% In fact, antimicrobial resistance
might interfere with the success of this statfégyThus, new targets for the
development or improvement of therapies or stragegp prevent CAUTIs should be
investigated. In this respect, the polymicrobiakun@ of CAUTIs and the social
interaction among microorganisms should be takeromsideration. These interactions
may occur between pathogenic bacteria or even eatywathogenic and uncommon

bacteria by a range of mechanisms previously diteldiding quorum sensing signaling,
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metabolite exchange, transfer of genetic mateatd, Consequently, these microbial
interactions might impact biofilm formation and ibitic resistanc€® ?® In the
context of CAUTIs, it should also be crucial to engtand the mechanisms underlying
the growth of uropathogenic and uncommon bacteriarine. As referred abovén
vitro studies have provided some insights about whictalbodic pathways enable the
microorganisms to adapt, survive and grow in humane during a CAUTI or UTI
developmerf: 170 201203 Afterwards, new ways to treat or prevent CAUTIsuld be
improved by disrupting the quorum-sensing, or eygmsing a urinary catheter able to
scavenge essential nutrients within urine, or maaing the composition of a
microbial community through a non-pathogenic micgamism to prevent the adhesion
of pathogen¥' "°

1.3 Relevance of spatial organization in microbial biafms

The spatial distribution of microorganisms withirofiims has been shown to
affect microbial interactions during biofilm devplent and virulend® %
particularly when microorganisms are in close pmigi™>® 2°“?%® |n general, three
forms of spatial structure of microbial biofilms vea been described. (1) Each
microorganism involved in microbial community forregparate microcolonies, side by
side, which might be associated with noncommensaéractions among the
microorganisms. For instance, the co-cultur&@ofkholderiasp. andPseudomonasp.
in a flow cell showed that both bacteria form sepamicrocolonies, competing by the
same nutrient resour®® (2) Microorganisms might be mixed together, sl co-
aggregation organization which is commonly assediatith synergetic interactiotf
(3) Lastly, a layered-biofilm structure might beifml when one microorganism is found
in the upper layers and the other(s) is found & lthwer layer of the biofilm. This
spatial organization might be: synergistic throagimetabolic interaction, as seen when
Acinetobactersp. found in the upper layer converts the sutestiato another
compound to be used bpseudomonas putiddocated in the lower lay&P or
competitive as observed in a dual-species biofilmenvP. aeruginosawas able to

outgrow and covefgrobacterium tumefacieffs.
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Overall, the localization of microbial populatiowithin biofilms depends on the
environmental conditions and the function of eaabfilm member, which in turn
affects the way they interact. Hence, by analyzihg spatial localization of
microorganisms, the microbial interactions of mamganisms and the possible
mechanisms underlying the microbial ecology of camities might be partially

elucidated.

1.4 Quantifying and locating biofilm populations in polymicrobial

communities

In vitro (e.g. microtiter plate, calgary biofilm deviceowt cell, annular reactors,
etc.) andin vivo (e.g. rats, rabbits and mice models) models hawveributed to the
current knowledge about biofilm physiology withiniofilm-related infections.
Microtiter plate-based systems are the most widskd platforms to study bacterial
attachment/biofilm development, biofilm antibiotitwlerance and resistance and
efficiency of antibiofilm/antimicrobial product¥. For instance, 96-well plates and
silicone coupons placed in 6, 12 or 24-well platesve been used to mimic the
conditions found in CAUTI®® 198 211 These systems offer several advantages: they are
user-friendly method&? cheap since they use small volume of reagénits allow the
high throughput screening of several antibiotias dtiher molecules) or the testing of
large number of parameters simultaneously (e.gtiphellorganisms, composition of
growth medium, temperatures, shear stressar@ CQ); coatings or impregnations of
materials can also be evaludtéd However, during an experiment performed in a
microtiter plate-based system, culture medium migive to be replaced at determined
time points because nutrients become depletedignédling molecules and toxins tend
to accumulate over tini¥.

Another in vitro platform already used in CAUTIs studies is thewflgell
system®. Flow cells are dynamic systems in which growthdmm is (semi-)
continuously added and waste-products are (semiijzmusly removed? They are
useful to evaluate biofilm formation, biofilm anitic tolerance and efficiency of
antibiofilm/antimicrobial products over tirfi. An important advantage of this model is
that it allows simulating the hydrodynamic (fluitbw) conditions found inside of
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systems under stutly. However, this model is costly, labor-intensivel @axpertise is
needed™ 22 In this system, the biofilms are grown in couporserted inside of a flow
cell and, consequently, only a single microorgan{ema community), antibiotic agent
or other molecule, material or growth medium cantdsted in an experimént In
addition, these systems don'’t take into accountrttegplay among microorganisms and
host defenses.

On the other hand, a variety of techniques candael to evaluate the biofilm
dynamics inin vitro or in vivo model systems. The conventional plate count igmbst
widely-used technique to determine the number tivalble cells within biofilms after
scraping and/or sonication (when biofilms are gramrthe bottom and the walls of the
microtiter plate) or after sonication or scrapimgl a/ortexing (when biofilms are grown
on coupons)® 2** Moreover, selective media for each microorganisight be used in
order to assess the prevalence of the bacteriaxednbiofilms. The limitations of this
method are related to the time it takes to perfamanalysis, the existence of viable but
nonculturable cells and to the need of biofilm £elétachment. The detachment process
of the bacterial cells can be incomplete or caecf€ell viability, compromising cells
count$'” *® Another technique extensively used in biofilmsdgs is the crystal violet
staining that consists in staining the negativdigrged bacteria (both living and dead
cells) and polysaccharides of the EPS by the udbkeotrystal violet dye, allowing the
quantification of total biofilm bioma&5" > However, this method does not provide
information about the number and diversity of liyibacteria in the biofilAf*

In recent decades, the biofilm research field heenlgreatly revolutionized due
to the improvement of the techniques used to locat@analyze the physiology of
microorganisms in biofilms communitfesMost studies involve the use of Sanger
sequencing, DGGE, PCR and real-time PCR to charaetdhe microbial composition
and dynamics within biofilms directly in biofilm sgple$?4?% Other techniques based
on the application of dyes or fluorochromes in corabon with epifluorescence
microscopy or confocal scanning laser microscopiSKa), including 5-cyano-2,3-
ditolyt tetrazolium chloride (CTC) staining (forg@ratory activity), 4',6-diamidino-2-
phenylindole (DAPI), SYTO staining (for live and atk cells) and fluorescent lectin
staining (for EPS biofilm), have been used to sty physiological activities in
biofilms® 10% 106 2277230 hyg\yever, it is important to mention that they htigoe
inadequate techniques to spatially discriminate mern biofilm populations, due to

their non-specific natut&.
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Two molecular techniques, using bacterial fluorascprotein labeling and
fluorescently-labeled nucleic acids, known as FI8H¢ombination with CLSM, have
been used to study the spatial organization andgasaof specific members of complex

> 106,109, 231-23% The fluorescent protein labeling technique

microbial populations (e.
involves the development of strains engineeredet@dnstitutively bioluminescent by
the insertion of a gene coding for a fluoresceoten in the microorganism that is to
be studied (e.g. green fluorescent profém)*® This technique combined with
epifluorescence microscopy or CLSM enables to afestite lab-grown biofilms at real
time without destructing the biofilm (€%$2%9. Also, it offers the possibility to label
each microorganism involved in polymicrobial biofé with a different cologr® 249242
which is advantageous when the objective of rebe#cto evaluate the type of
interactions between populatiGifs However, this technique requires construction of
genetically modified strains, and it is thus noplagable to natural biofilm samps.

In addition, the use of genetically modified orgams can affect the bacterial survival
and metabolism and, consequently, the biofilm dyingfff. To overcome this,
researchers have been using the FISH methodol@aly dbspite the pre-fixation step,
can be applied to natural biofims without alteritige microbial strutur@® 24
Considering the importance of FISH in biofilm resd¢a more details about this
technique will be presented next.

Lastly, it should be mentioned that, as differenétmodology versions and
biofilm growth devices are used in biofilm studidata standardization and structuring
is crucial to allow researchers to understand,icafd and assess studies at an inter-
laboratory scale. This requires the definition led tninimum information that must be
documented to ensure that an experiment on midrobiafilms is described
unambiguously and comprehensively. Following tlgad, a new standard initiative
called the minimum information about a biofim expgent (MIABIE,

http://miabie.org/index.phpis preparing a set of guidelines for the docuraton of

biofilm experiments and data, namely the minimurforimation checklists. MIABIE
does not intend to establish specific rules or pi®vstandards on how biofilm
experiments should be performed. Instead, MIABi&vates guidelines about the data
to be recorded, considering the purpose of theystuml the devices and techniques
involved, in order for the procedure and the reswit be easily reproducible and
interpretabl&®. In addition, deposition of data on a common fdrisaessential for
sharing the results and permits other researcleeredroduce, analyze and compare
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inter- or intra-laboratory biofilm experiments. #is moment, this is possible accessing

the ‘BiofOmics’ on-line platform I{ttp://biofomics.orgf where researchers are able to

upload free-of-charge all the experimental detard/or download results obtained by
other researchef®.

1.4.1 Fluorescence in situ hybridization

FISH is a well-established molecular biology tecjug used for the
identification/detection of microorganisms baseditsrphylogenetic markers at 16S or
23S rRNA sequences, particularly abundant andivelgitstable in viable celf§’. It is
based on the hybridization of fluorescently-labetdigonucleotides (commonly called
probes) with a conserved rRNA sequence. These rRik#&ted oligonucleotide probes
used in FISH are generally between 13-18 bp andcaxalently labeled with a
fluorescent dye molecule attached to ther3he 3-end (e.g. cyanine, fluorescein, alexa
fluor)*** #*" The design of probes can be perfornegilico using public databases
(Silva rRNA Database http://www.arb-silva.de/ Ribosomal Database Project Il -

http://rdp.cme.msu.edu/where the 16S or 23S ribosomal RNA sequences are

availablé*® #* During this step, it is important to take intacaunt some criteria such
as the GC content, the probe length, absence BbE@®miplementary structures within
the probe and high specificity (i.e., ensure that probe will not detect other species)
and sensitivity (i.e., ensure that the probe welledt all strains of the same species) for
the target organisfi™ #** In addition, the oligonucleotide probe affinity defined as
the overall Gibbs free energy changeG() and is another important factor for the
success of a FISH procedure. Th&° overall is a strong predictor of hybridization
efficiency. A thresholdAG®° of -13 kcal.mot has been recommended for the design of
DNA probes to guarantee an adequate hybridizaffagiency?>* 2°3

To perform FISH in Dbacteria, four steps have to Iperformed:
fixation/permeabilization, hybridization, washingida detectiofi”’ (Figure 1.4). The
fixation/permeabilization step is critical becauserevents cell lysis and nucleic acid
degradation, and at the same time, it makes thevedll permeable to the probes. For
the permeabilization of bacterial cells, chemicakatives including formalin,
paraformaldehyde, methanol or ethdmtf’ are frequently used:; and, for Gram-
positive bacteria a pre-treatment with lysozyme obher proteolytic enzymes is
essenti#’> 2°° During the hybridization step, at specific pHnfeerature, ionic strength

conditions and denaturing agents (formamide or)uceacentrations, the probe will
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diffuse into the interior of the cell and hybridizeith the target sequerfé®@ The
washing step allows to remove unbound probe, emguhat the method will only
detect the target bactefia Finally, if the hybridization has occurred, baizenight be
quantified by epifluorescence microscopy or fluossge-activated flow cytometry

(with a previous sonication step), or localizeditu by CLSM** (Figure 1.4).
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Figure 1.4 -Steps of fluorescenda situ hybridization in a polymicrobial biofilm community
In the example presented in figure, two specifishes labeled with a different color allowed to

identify and to distinguish the species involved @anmixed community after microscopy

analysis.
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Figure 1.4 (continuation) - First, the biofilm sample is fixed to stabilizbe cells and
permeabilize the cell membrane. Then, labelled gg@re added and allowed to hybridize with
the rRNA target. The excess probe is washed awianallf; the sample is analyzed under
epifluorescence microcopy or flow cytometry to dtifgsreach member involving in the biofilm,
or, under CLSM to determine the spatial distribmitiof biofilm populations. Species in
polymicrobial biofilms can be organize in threefeliént ways: (a) arranged in layers (confocal
microscopy image reprinted with permission 8 (b) co-aggregation (confocal microscopy
image reprinted with permission frém); (c) separate microcolonies (confocal microscopy

image reprinted with permission fré).

1.4.1.1Nucleic acid mimics: locked nucleic acid and 2"-O-gthyl-RNA

Labelled DNA probes were traditionally used in #I&H technique for then
situ identification of microorganisms. However, the usie DNA probes has some
limitations related to cell permeability, toxicithybridization affinity and target site
accessibility; consequently, a poor signal-to-noiago and a low specificity and
sensitivity for target nucleic acids was obsef/&éd®®*?®® To overcome this, the
scientific community started employing nucleic aaiiimics. Nucleic acid mimics are
expected to enhance affinity, selectivity and ditgbito have increased resistance to
nucleases and provide the ability to cross morehgpiological membranes and the
cell wal®. Nucleic acid mimics involve modifications or rapement of the nucleic
acid base (e.g=5-modified uridine nucleosides), phosphate backb@gmen oxygen is
replaced by sulfur in the backbone of analogueslasivatives which are called by
phosphorothioates probes; PS probes) or the sigemppate backbone. Some nucleic
acid analogues with modifications in the sugar-phase backbone include the peptide
nucleic acid (PNA), locked nucleic acid (LNA), aBdO-methyl-RNA (2°OMe) which

have been known to improve the efficiency of th&HFtechnique (Figure 1.3§2°"
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Figure 15 - Structures of the monomers of some nucleic acadogues.
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LNA was first synthesized by the Imanishi (1987)and Wengel groups
(1998¥°°. LNA is a synthetic RNA derivate where the 2 -ogggand the 4 -carbo
atoms are connected via a methylene bAfgé" Since then, this synthetic nucleic acid
has been used in FISH methodology (8g!%® 263 272 2§3 Comparing with DNA
probes, LNA monomers offers several advantages asi@reater affinity toward DNA
and RNA targets, higher biostability (resistancentclease degradation), better signal-
to-noise ratio and better sensitivity and spedifféf 2"’ Also, it has been reported that
the application of LNA probes might be more advgatas than the use of PNA probes
in FISH experiments due to higher solubility of LNi\water and its higher efficiency
to hybridize with RNA or DNA"®?% Enhanced thermal stability has been shown in
DNA duplexes containing LNA residues that have ahdity to increase the melting
temperature (Tm), per single LNA nucleotide incogtion, between 1 °C and 8 °C
against DNA and 2 °C to 10 °C against RNA* 282

2°0OMe is another RNA mimic which displays a C3 -enfuranose ring
conformation, displaying a high nuclease resiséaak a greater affinity for RNA targets
than the LNA/DNA prob&8®2%> In FISH experiments, when short probes are used,
2°0OMe has shown a high discrimination between net@nd mismatched RNA targets
and an increased Tm and ability to bind to tafj&talso, introducing LNA monomers
at every third position of 2°OMe probes seems teisub better sensitivity in FISH
experiment&® 287

All these properties of LNA and 2°OMe make them ranmsing tool for
therapeutic (e.g. gene silencifi)?®® ?*%and diagnostic (e.g. detection of microRNAs,

SNP genotyping, identification of bacteffd) 29°>%4

purposes. However, assessing of
spatial organization of species in biofilm samples been mostly limited to PNA
probes. Sets of PNA probes, specifically designad elach bacteria, labelled with
different fluorochromes and working at same temfoeea (multiplex FISH), in
combination with CLSM analysis have been used soialize/study the co-localization
of each bacteria in the biofilm ("% *°® *%. The LNA and 2°OMe probes, despite
their negative charge, offer higher design flexipilcomparatively to the PNA and
DNA probes, as mixed synthesis is possible. Heh&&\/2"OMe-FISH holds great
promise in biofilm research, allowing the analysfisnicrobial community composition

and its dynamics without disturbing biofilm struetu
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Interactions between uncommon bacteria and&scherichia
coli in catheter-associated urinary tract biofilms
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Abstract

Most biofilms involved in CAUTIs are polymicrobialyith pathogenic (e.gg. col)
and uncommon bacteria (e.@. tsuruhatensis frequently co-inhabiting the same
catheter. Nevertheless, there is a lack of knowdedfbout the role of uncommon
bacteria in CAUTIs. Here, single- and dual-spediigilms consisting ofE. coli and
uncommon bacteriaD( tsuruhatensisA. xylosoxidans were evaluated. All species
were good biofilm producers (Log 5.84-7.25 CFUs%an 192 h) in artificial urine. The
ability of uncommon bacteria to form biofilm appgdo be hampered by the presence
of E. coli. Additionally, whenE. coli was added to a pre-formed biofiim of the
uncommon bacteria, it seemed to take advantagbeofittst colonizers to accelerate
adhesion, even when added at lower concentratResults suggest a greater ability of
E. colito form biofilms in conditions mimicking the CAU3| whatever the pre-existing

microbiota and the inoculum concentration.

Keywords: Escherichia coliuncommon bacteria, polymicrobial biofilms, uripdract

infections, urinary catheters.
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2.1 Introduction

Hospital-acquired (nosocomial) infections are freafly related with biofilms
formed in medical devices, such as prosthetic hedves, cardiac pacemakers, urinary
catheters, contact lenses and orthopedic déViceShe higher economic costs
associated with these diseases is due to long thbzaiion periods for infected
patient$' ® © The most common nosocomial infections are &®isd about 80% of
these infections, known as CAUTIs, are relatedh® insertion of catheters in the
urinary tract °. These medical devices are used in hospital arginguhome settings to
relieve urinary retention and incontineAcdowever, in patients with long-term urinary
catheters, the infection is inevitable in mosttef tase?.

CAUTIs originate from the colonization of the sw#a of catheters by
microorganisms. Indeed, urinary catheters provideatractive niche for bacterial
colonization due to the intermittent flow of warnutntious urine, leading to the
formation and growth of a biofill. Biofilms have been described as microbial
communities attached to a surface and embedded®®”E" In this mode of life,
microorganisms can survive in hostile environmeats] are protected against external
aggressive factors encountered in host tissuesgetifpodies, phagocytes, etc.) or other
environmentally-challenging conditions (e.g. UV hlig extreme temperatures, shear
forces, etc). In contrast to their planktonic counterparts,|sceh the biofilm
microenvironment are typically resistant to antiltisi®>. Consequently, infections on
medical devices associated with biofilms are pastsand difficult to eradicaté

Recent studies involving urinary catheters havewshthat CAUTIs are mostly
polymicrobial’*®. The potential pathogens involved in initial adbesare usuallyS.
epidermidis E. coli or E. faecali$® but several others species (suclPaseruginosa
P. mirabilis, P. stuartiiand K. pneumoniaecan appear in the later stages of infection,
in conjugation with initial colonizet$ ?° Furthermore, it was recently observed that
these pathogenic microorganisms can co-inhabitaltieeter surface with other unusual
microorganisms with unproven pathogenic potentialg.(D. tsuruhatensis A.
xylosoxidany®. While interactions oE. coli with other common causes of UTIs, have
already been addres$et} %° % there is a lack of knowledge about the possitle that
these uncommon bacteria have on the rate at whittfogenic microorganisms adhere

and form biofilms and, consequently, their effecttbe CAUTIs outcome. In fact, some
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studies have demonstrated recently, for other pagles, that the uncommon bacteria
could have some important contributions in biofififectiong? %

Both pathogenic and uncommon bacteria have in camthe ability to form
mono or multi-species biofilms on the surface af tirinary catheté?, which means
that interactions between the different bacter@gations are possible, if not likely.
For instance, some of these microorganisms aretaldegrade certain components of

&* 2 which means that some products of their metaiolisight feed other

plastic
microorganisms (e.gEscherichia col and, eventually, they could act as primary
colonizers of the catheter. In opposition, it migjet possible that the colonization by
these uncommon bacteria can prevent the colonizdtyopathogenic bacteria. Hence,
understanding the role that uncommon bacteria lavéiofilm dynamics might be
crucial to help in the development of novel stregego prevent or minimize bacterial
adhesion to catheters.

As such, in here we evaluated single-speckes cpli, D. tsuruhatensisA.
xylosoxidany and dual-speciesE( coli / D. tsuruhatensisk. coli / A. xylosoxidans
biofilm formation in 96-well microtiter plates. Tbetter mimic conditions found in
urinary catheters, biofilms were formed in ABMat 37 °C. In order to understand
which type of interactions occurs between differgmecies, we compared dual-species
biofilms with individual biofilms fitness regardingotal biomass formed, total cells
counts and cultivability values. Four additionahtiges were also explored: the growth
rates of each microorganism, the siderophore ptamudy E. coli and uncommon
bacteria, the antimicrobial activity of biofilm seymatants and the influence of a pre-

formed biofilm on the adhesion and biofilm formatiof a second colonizer.

2.2 Material and methods

2.2.1 Bacterial maintenance and inoculum preparation

For each experimenE. coli CECT 434, A xylosoxidan€B3, D. tsuruhatensis
BM90 were streaked from a frozen stock (-80 °C)Toyptic Soy Agar (TSA) (Merck,
Germany) and grown overnight at 37 ¥.coli CECT 434 was originally isolated from
a clinical sample in Seattle, Washington, and teroluised in quality control testing;

xylosoxidansB3 was isolated from sewage sluéfgeD. tsuruhatensisBM90 was
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previously isolated from water samples collectefam deep in the Tyrrhenian Sea off
the coast of Giglio Island, Grosseto, Itly

Colonies from each species were used to inoculdie mi of AUM.
Subsequently, the cultures were incubated overfighl8 h) at 37 °C, under agitation
(150 rpm). Cell concentration was then assessedphbygal density (O.D.) at 620 nm,
and each inoculum was diluted in AUM in order tdaib a final concentration of 0
CFUs.mi* or 1¢ CFUs.mI*. AUM was prepared as previously descrifedsing the
following formulation in one liter of distilled wat: peptone 1 g (Merck, Germany),
yeast extract 0.05 g (Liofilchem, ltaly), lacticidd.1 mmol.I* (Fluka, Portugal), citric
acid 0.4 g (VWR, Belgium), sodium bicarbonate 2.{Mgrck, Germany), urea 10 g
(VWR, Belgium), uric acid 0.07 g (VWR, Belgium), eatinine 0.8 g (Merck,
Germany), calcium chloride.2B 0.37 g (Merck, Germany), sodium chloride 5.2 g
(Merck, Germany), iron Il sulphate.3@ 0.0012 g (Merck, Germany), magnesium
sulphate.7KO 0.49 g (Merck, Germany), sodium sulphate.10H2@ &. (Merck,
Germany), potassium dihydrogen phosphate 0.95 goiMeésermany), di-potassium
hydrogen phosphate 1.2 g (Merck) and ammonium ifdot.3 g (Merck, Germany)
(pH was adjusted to 6.5).

Single- and dual-species biofilmg.(coli CECT 434 /A. xylosoxidandB3; E.
coli CECT 434 D. tsuruhatensi8M90) were formed as described below.

2.2.2 Biofilm formation assays

First, single-species biofilms were formed to sttiy biofilm-forming ability of
each species. For this, 200 pl of each inoculunAiM (10 CFUs.mt* of initial
concentration) were transferred into each well 86awell tissue culture plate (Orange
Scientific, Belgium). An additional experiment at mitial inoculum concentration of
10° CFUs.mt* was performed in order to evaluate the influenténitial inoculation
level on the biofilm formation of the three speciggler study (results are presented in
Supplemental material).

In order to understand hok. coli biofilm-formation is affected in the presence
of the uncommon bacteria, a total of 2 species @oations E. coli/ A. xylosoxidans
E. coli/ D. tsuruhatensjsat the same initial concentration $10FUs.mt%) were also
studied. For dual-species biofilms, equal volumiesazh single culture (100 pl) at an
initial concentration of 2 x FOCFUs.ml* were used. Tissue culture plates were then
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placed in an incubator (FOC 2251 - VELP Scientifittaly) at 37 °C, under static

conditions, during 8 days. Every 48 h the mediuns warefully replaced by fresh

AUM. Wells containing sterile AUM were used as anttol. These assays were

performed in triplicate.

In order to test how a pre-formed single-speciadilm affects the subsequent

adhesion of a second colonizer, pre-colonizatigrearments were performed.

(i)

(ii)

(iii)

Pre-colonization with uncommon bacteri#ells of a 96-well tissue culture
plate were pre-colonized with uncommon bacteriiiginconcentration of 10
CFUs.ml"). After 24 h, the medium was removed, biofilm waashed twice
with 0.85% (v/v) sterile saline and 200 pl@fcoli suspension (initial inoculum
concentration of F0CFUs.mI") were added. The same assay was performed but
with initial concentrations of FOCFUs.mi* for the uncommon bacteria and®10
CFUs.mi* for E. coli

Pre-colonization with E. caliThe experiments described in i) were repeated but
microorganisms were added in reverse sequence.

Single-species biofilmsSingle-species biofilms were developed to study
biofilm-forming ability at low initial concentratio (1 CFUs.ml"). These
assays were used as controls to compare the reshitsned in biofilm
experiments i) and ii).

At selected time points (24 h, 48 h, 96 h and 19Zdrmation of single- and

dual-species biofilms was assessed by CV (crystéety staining (for quantification of

biomass formed), CFU (colony-forming units) cou(fte cultivable cells counts) and

DAPI (4’-6-Diamidino-2-phenylindole) staining (fdotal cells counts), as described

below.

2.2.3 Cultivability assessement

The number of cultivable biofilm cells was detersdrby CFUs. Briefly, at each

time point the biofilm was washed twice in 0.85%v]\sterile saline to remove loosely

attached cells. Subsequently, 200 ul of 0.85% (stejile saline were transferred into

each well of a 96-well plate. Biofilm was sonicatédring 4 min (70 W, 35 kHz,

Ultrasonic Bath T420, Elma, Germany) and then nesaded by pipetting up and down

three times. The sonication step was previouslymopéd to ensure that all cells were

detached from the wells of the microtiter plate, ilevhavoiding cell disruption.
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Subsequently, 100 pl of the disrupted biofilm weezially diluted (1:10) in saline
solution, and plated in triplicate on TSA. The ptatvere incubated at 37 °C for 12-16 h
(E. coli), 24 h D. tsuruhatensisand 48 h A. xylosoxidans For dual-species biofilms,
different selective agar media were used for aebatiscrimination between the two
species. MacConkey agar (Liofilchem, Iltaly) was dude asses<£. coli counts.
MacConkey agar is a selective/differential medidmased on lactose fermentation,
commonly used to discriminate EnterobacteriaceBe. tsuruhatensis and A.
xylosoxidangresented a slow growth in this medium, but waslg distinguished due
to their non-lactose fermenting phenotype. The rothedia used include: Cetrimide
agar (Liofilchem, lItaly) forA. xylodoxidansand Simmons Citrate agar (ammonium
dihydrogen phosphate 1 §.[Merck, Germany]; di-potassium hydrogen phosptiate
g.I" [Merck, Germany]; sodium chloride 5 §.[Merck, Germany]; tri-sodium citrate 2
g.I" [Sigma, USA]; magnesium sulfate 0.2"g[Merck, Germany]; bromothymol blue
0.08 g.' [Sigma, USA]; agar 13 g%l [Merck, Germany]) forD. tsuruhatensis
discrimination. None of these two media were ablestovelE. coli cells. Afterwards,
selective agar plates were incubated at 37 °C duti2-16 h E. coli), 48 h A.
xylosoxidang and 72 h D. tsuruhatensis The number of cultivable bacterial cells in
biofilms was determined and expressed per areaetlf iwv contact with AUM (Log
CFU.cm?).

As a control test, the selective medium recoverypacdy for each
microorganism was compared with TSA. With this msg, one of the experiments in
pure culture for each species was performed irctimieesponding selective/differential
medium and in TSA. No significant differences bedgwehe CFU counts in TSA and in

the selective/differential media used, were found.

2.2.4 Biomass quantification by the CV assay

Biomass of single- and dual-species biofilms wasntjied by CV staining
method®. Briefly, the washed biofilm was fixed with 250 u198/% (v/v) ethanol for 15
min. Subsequently, ethanol was removed and plats® allowed to air-dry. Then,
fixed biofilms were stained with 250 ul of CV (Mé&dGermany) for 5 min. The wells
were then washed three times with water. The pla&s air dried and the dye bound to
the adherent cells was resuspended by adding 2@ 38% (v/v) glacial acetic acid

(Merck, Germany). Finally, plates were placed imtagpn up to two minutes and the
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O.D. was measured at 570 nm using a microtitereptatder (Spectra Max M2,

Molecular Devices, USA).

2.2.5 DAPI staining

To assess total bacteria cell counts in single-carad-species biofilms, 100 pl of
the sonicated cell suspensions were filtered inleeckb Nucleopore polycarbonate
membrane (@ 25 mm) with a pore size of (@ (Whatman, UK). Subsequently the
membrane was stained with DAPI (0.2 mg'jn{Merck, Germany) and let for 10 min
in the dark. Then, the membrane was placed in @aosgope slide. Finally, a drop of
immersion oil (Merck, Germany) was added and thembrane covered with a
coverslip. Cells were analyzed using a Leica DM L&dfluorescence microscope
connected to a Leica DFC300 FX camera (Leica Mistesns GmbHy, Germany). The
optical filter combination for optimal viewing otaned preparations (Chroma 61000-
V2), consisted of a 545/30 nm excitation filter doned with a dichromatic mirror at
565 nm and suppression filter 610/75. For imagduraplLeica IM50 Image Manager,
was used. For each sample, a total of 15 fieldk wait area of 6.03xT0cnt were

counted and the average was used to calculatetdiecells per crh

2.2.6 Determination of bacterial growth rates

The growth rate for each species at 37 °C on AUM determined. For this,
cells were grown overnight (16-18 h). Subsequertblls were diluted in order to
obtain a final O.D. at 620 of 0.1, incubated at°® and 150 rpm. The growth was
monitored by measuring the O.D. at 620 nm everypn80until the stationary stage. The

experiment was performed in duplicate.

2.2.7 Siderophores production

Siderophore production by the studied microorgasismas assessed by using
the chrome azurol S solid medium assay, preparedeasribed by Schwyn and
Neiland$®. Following incubation at 37 °C for 24 h, platesrevenalyzed for the

presence of growth and orange halos.
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2.2.8 Antimicrobial activity of biofilm supernatants

The presence of antimicrobial activity on biofilmpgrnatants was assessed on
lawns of E. coli and the two species of uncommon bacteria. In otdesollect the
biofilm supernatants, single- and dual-speciesilmisfwere prepared according to the
methodology described above. After 72 h, supertsitavere recovered, filtered (0.22
um filter, Frilabo, Portugal) and kept at -20 °CQh order to test for possible
contaminations, 10 pl of these supernatants weaeedl on TSA for 24 h at 37 °C.
Lawns of each of the microorganisms were laid oR®A, using cotton swabs and
allowed to air-dry. Then, 10 ul of each supernategrte applied onto the lawns, and left
to air-dry. Afterwards, the plates were incubated 34 h at 37 °C. The formation of

halos is indicative of the presence of antimicrbadivity.

2.2.9 Determination of the fitness and Malthusina paranest

The fitness oE. colirelative to the uncommon bacteria §\A4;), determined for
each dual-species biofilms, was estimated as tie gathe Malthusian parameter (m)
of each populatiol. Them parameter is defined as the average rate of iseraad was

calculated for both species over the time,

m = In[N(tfinal)/Ninitial)] (eq. 2.1)

tfinal

where N is the value of CFUs.&npresent in the biofilm at initial time and finaine
points. WE o Was determined as,

WE.coli = mE.coli/muncommon bacteria (eq 2-2)

resulting in a fitness of 1 when competing spearesequally fit.
For pre-colonization experiments, in order to ustird the effect of a pre-
colonized surface on the initial adhesion of a sdcspecies, thm parameter of the

added microorganism was calculated after 48 hscdddition.

2.2.10Statistical analysis and data accommodation
Results were compared using One-Way analysis aarnvee (ANOVA) by

applying Levene's test of homogeneity of varianue the Tukey multiple-comparisons
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test, using SPSS software (SPSS - Statistical Badka the Social Sciences, Chicago,
USA). All tests were performed with a confidenceeleof 95%. All raw data derived
from this study are stored at the ‘BiofOmics’ ptath (ttp:/biofomics.ord.

2.3 Results and discussion

2.3.1 Single- and dual-species biofilm experiments

It is now known that CAUTIs-associated biofilmsesftinvolve more than one
microbial species, causing what can be defined pslymicrobial diseasé’® As E.
coli is one of the main pathogens involved in theseciidng>*® it would be
expectable that the biofilm forming ability of thmsicroorganism would surpass the
ones exhibited by uncommon bacteria. Actually,aesessment of the bacteria growth
rate in AUM has shown that uncommon bacteria weoad to be slow-growing (values
of growth rates: 0.374 hfor D. tsuruhatensis0.311 R for A. xylosoxidanswhen
compared tdE. coli (0.484 ).

Interestingly, this behavior was not observeddimgle-species biofilms, either
in terms of biofilm biomass (Figure 2.1-a), cultile cells (Figure 2.1-b) or total cells
(Supplemental material - Figure S2.1). In facthleigbiomass values were observed for
A. xylosoxidanswhich reached an O.D. o6 at 192 h, when compared wiiD.
tsuruhatensiandE. coli (O.D.~1.4 and-2.4 at 192 h, respectively). Moreover, #r
xylosoxidansvalues, this biomass difference was statisticsigyificant at 192 Hp <
0.05).

Regarding cultivability, no significant differercavere found forE. coli, A.
xylosoxidansor D. tsuruhatensiswith CFU counts ranging between Log 6.61 and Log
7.25 CFUs.cii (p > 0.05) (Figure 2.1-b). All species presented simialues for total
cells for the different time points (between Log@&and Log 7.50 cells.ch) (Figure
S2.1).
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-&- A. xvlosoxidans single-species biofilm

Figure 2.1 -Biofilm formation for single-species biofilms. \as for (a) total biomass and (b)
cultivability. Three independent experiments weegfgrmed for each condition. Error bars

represent standard deviation.

Regarding the species interaction in dual-spedefdirhs, to better summarize
the results (Supplemental material — Figure S2ri2) asualize the influence of the
uncommon bacteria . coli biofilm formation, we have determined tWg ., In
dual-species biofilms (Figure 2.2). In the preserafeD. tsuruhatensisand A.
xylosoxidansthe Wy .o;i slightly increases over the time, reaching a vaiu#&.12 and

1.07, respectively, after 192 p€ 0.05).

1.2

1.0 <

WE . coli
,

0.8 T L] L] 1
0 50 100 150 200

Time (h)
-w [ coli | D. tsuruhatensis dual-species biofilm

-x- [ coli | A. xvlosoxidans dual-species biofilm
Figure 2.2 -Relative fitness oE. coliin dual-species. Fitness Bf coliwas determined in the

presence of uncommon bacteria. (tsuruhatensisand A. xylosoxidans with simultaneous
addition of the bacteria at the same initial comegion (16 CFUs.ml"). Data are means of

three independent experiments and error bars mmpretandard deviation.
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These conclusions can be observed in more detallanCV and cultivability
graphs (Figure S2.2). CV assays for dual-specadrhs showed that wheB. coli was
co-cultured with the uncommon bacteria the totalntass profiles tend to be more
similar to the one oE. coli single-species biofilm (Figure S2.2-a,b). In fabe data of
cultivability assays in dual-species biofiims comfed thatE. coli ability to form
biofilms does not seem to be influenced by the gores of the other species (Figure
S2.2-e,f). In addition, dual-species biofilms pres&milar values for total cells for the
different time points (Supplemental material - F&$2.3) and, as expected, the CFU
counts were always lower than the DAPI counts. Hareit should be mentioned that
the observations here described might be limitethéanoculum concentrations used in
this study. To clarify this issue, the influenceimifial inoculation level (1 CFUs.mt*
vs 10° CFUs.mm) on the biofilm formation, was evaluated (Supplaetaé material -
Figure S2.4). No significant differences were fodmdE. coli (p > 0.05 for each point);
which indicates that initial inoculum concentratidoes not seem to have influence in
E. coli attachment and accumulation over time (Figure -82.9n the other hand, for
D. tsuruhatensisand A. xylosoxidanssingle-species biofilm formed at an initial
concentration of 10CFUs.mf", lower cultivability values were observed for up2# h
and up to 48 h, respectively. It reflects a delayts biofilm formation. However, it did
not affect the final biofilm concentration, whickached similar values (Figure S2.4-
b,c).

It is well known that, in polymicrobial biofiimshe interactions may encourage
the coexistence (synergistic interaction) or cord@vantage to one species, inhibiting
the growth of others (antagonistic interactfdfj. In order to explain the possible
interaction betweerk. coli and uncommon bacteria in dual-species biofilm,r fou
additional features were analyzed: antimicrobiaivéag of biofilm supernatants in
single- and dual-species biofilms, siderophoresipcton, growth rate of each species

and effect of a pre-formed biofilm d& coli biofilm formation.

2.3.2 Antimicrobial activity of biofilm supernatants andsiderophotres
production

An important factor in determining the dominant@pe within a polymicrobial
biofilm is the antimicrobial compounds productiaviiich might provide an advantage

to the producer species by interfering or Kkillinge t neighbor microorganisifis
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However, in the present work, examination of anthnmibial compounds in biofilm
supernatants, either from single- or dual-speciefilins, suggested that none of the
microorganisms secreted compounds able to cleatfilyeince the growth of the others.
It might be possible that antimicrobial compoundse gresent in very low
concentrations, as it usually happens for most parecondary metabolites; which
would also appears as a negative result. Also, suhmes molecules, that interfere with
non-essential processes (e.g. quorum sensing nhedg¢care not detected in this type of
assay. Nonetheless, the complete absence of aihyitamip signal suggests that the
observed decrease of the uncommon bacteria whenltoed withE. coli, is probably
not due to the production of antimicrobial composibgtE. coli

Other type of competitive interaction can be obsdmn polymicrobial biofilms,
in which one microorganism can sequestrate a ldvated essential nutrient, facilitating
its dominance over the other spetiesAn example of this competitive behavior
involves the iron sequestration by the productietease and uptake of siderophdtes
4043 Siderophores are molecules secreted under lawawailability and are used by
microorganisms to sequester the iron availabl&énmediurm® ** *> The importance of
iron acquisition has been reported for the surviefluropathogenicE. coli during
CAUTIs developmert * Considering the low iron concentration in urinedaits
importance for the growth and survival of microarigans during CAUTI®" ', this
nutrient is expected to be consumed by microorgasiwith high ability to produce or
utilize siderophores, limiting it to the other moorganisms. Results indicated that
coli produces high levels of siderophorés. xylosoxidansand D. tusuruhatensis
produced siderophores at lower levels (Figure Z.Bgreby, whelfe. coliis co-cultured
with these uncommon bacteria in AUM it can seqasirat a higher extent, iron

molecules providing an advantage in iron-depletedddions, such as in conditions
found in CAUTIs.

Figure 2.3 - Screening for siderophores produc

using the chrome azurol S solid medium assay.
(a) An orange halo surrounding the colony indicates

that E. coli produces high levels of siderophores. The
presence of growth without an orange halo indicates
that (b) D. tusuruhatensisand (c) A. xylosoxidans

produce siderophores at less extent.
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2.3.3 Pre-colonization assays

Dual-species biofilm experiments suggested thatoli predominates over the
co-cultured species. However, nothing is known allbe ability of this bacterium to
adhere to a pre-colonized surface by the two uncombacteria. To confirm whether
A. xylosoxidan®r D. tusuruhatensidiofilms affectE. coli colonization, 24 h biofilms
of A. xylosoxidan®r D. tusuruhatensisvere formed and the. coli was added. These
experiments were performed with different inoculoamcentrations (f0CFU.mI* and
10 CFU.mI) to see if the inoculation level has influencetlie adhesion of a second
species to the biofilm.

The addition ofE. coli to a pre-formed biofilm did not lead to signifitan
changes of total biomass compared to experiments synchronized addition of
species. Wherk. coli was added to 24 h biofilms of the uncommon baatethe
biomass profile was similar to experiments with dyonized addition of species, no
matter the inoculation proportion between the twiecges. Also, in dual-species
biofilms, the concentration of initial inoculum dibt seem to have a great influence on
biomass production over time (Supplemental matefiagure S2.5 and Figure S2.6).To
better understand the possible role that a prencx#d surface has on the rate at which
species adhere and grow, theparameter of the microorganism added to a preddrm
biofilm was determined. This parameter reflects @average rate of increase of each
specied’. Interestingly, the results showed that when a ioitial concentration (10
CFUs.mtY) of any of the microorganisms was added to a prexéd biofilm, the
population of this species increased more rapidlienv compared with the
corresponding single-species biofilm (Figure 2.4l &upplemental material - Figure
S2.7 and Figure S2.8).
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Figure 2.4 - Values of the Malthusian parameter for pre-colatan experiments. The
Malthusian parameter of the second microorganismeadto a pre-formed biofilm was
determined between time 0 and 48 hours. ValueBeoMalthusian parameter for single-species

biofilms were determined for comparative purpodg-SSingle-species biofilm.

Several biofilms found in both environmental andnichl settings are
recognized as polymicrobial structufesind this fact suggests that this diversity
provides some advantages for these communitieadt) it is known that diversity
generally protects communities from unstable emvirental conditions and, thus, it is
likely that bacteria favor the development of poigrabial structure¥. Why the
apparent induction of polymicrobial populations paps in the specific case of our
study remains unclear. It may be, for instancet tha maintenance of uncommon
bacteria, even in low densities, might be bendfi@daE. coli if any environmentally-
challenging condition occurs.

Alternatively, or in addition, some of these uncoommbacteria are able to
degrade certain components of plagfic& which means that the products of their
metabolism might be able to fe&d coli, explaining whyE. coli benefit when is co-
cultured with uncommon bacteria. However, despite suitability of the 96-well
microtiter plates to simulate the conditions foundcatheter-associated urinary tract
biofilms*®, the results of the present work should be refitausing catheter-like
materials (eg silicones, latex rubber, etc.). Tiwsuld allow confirmation if these
uncommon bacteria are able to degrade certain coemp® of catheters under

conditions found in biofilms associated with CAUTIs
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Taken together, this data seems to indicate tretiep behavior in dual-species
biofilm is also dependent on the population sizd physical space available. When
cellular concentrations in biofilm were low, comien was not observed; instead,
species might benefit from the presence of anatb&mizer (Figure 2.4). In fact, the
adhesion of a second colonizer added at low corat@nt was accelerated. In
opposition, when cellular concentrations reacheghén values, the population of
uncommon bacteria slight decreased (Figure S2;2and Figure S2.7-d), which
suggests that competition has taken place.

A good example of polymicrobial biofilm advantagesgrovided in the work of
Lopeset al?’. They have studied the role of two novel microoiges isolated from
cystic fibrosis specimens. WheR. aeruginosawas co-cultured with uncommon
bacteria [. limosusand D. pigrum), an increase in the tolerance of the dual-species
biofilms to most antibiotics was obser&din another study, Siblegt al*® reported
that an avirulent species in combination withaeruginosasolated from cystic fibrosis
flora has the ability to enhance the pathogeniaify this microorganism and,
consequently, to influence the outcome of the iidec’. In addition, other studies also
reported the importance of uncommon pathogens (Bugrkholderia cepacia
Stenotrophomonas maltophilid. xylosoxidansin clinical outcome of cystic fibrosts
52'

ConcerningD. tusuruhatensiandA. xylosoxidansthey have been isolated from
diverse clinical sourcé$®® including CAUTIS® Thus, it is expected that these unusual
species interact with pathogenic agents and haveingortant role on biofilm

architecture and physiology.

2.4 Conclusions

By combining the results obtained in this workchesnatic representation of the
dual-species biofilm formation showing the maintéas involved on the predominance
and coexistence &. coliwith uncommon bacteria is proposed (Figure 2.5).

E. coli presented a greater ability to form biofilm in dd@ions mimicking
CAUTIs, whatever the pre-existing microbiota, whiwdlps explain the high prevalence
of E. coliin CAUTIs. Nonetheless, despite the probable rathggenic nature of the
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two uncommon bacteria, they were also good biofiraducers on abiotic surfaces.
Additionally, E. coli coexistence with the two uncommon bacteria withiral-species
biofilm structures was proved; and, actually, poénization with these species seems
to promote the pathogen adhesion.

Results also suggest that species behavior in sphedies biofilm might be
dependent on the population size and space to gdowe diversity within the biofilm
population usually represents higher chances tsigiein detrimental conditions,
coexistence seems to be preferred. But, for mastiages of biofilm formation,
competition might take place and then the higheefis ofE. coliin this environment
becomes evident. In fact, the highcoli rate growth in AUM, in association with high
levels of siderophores production, helps explairtimg E. coli ability to outcompete
uncommon bacteria.

In the future, further insights into the resistapcefile of these structures might
provide an adequate treatment for each patient antlaccurate selection of antibiotic

and dosage necessary to treat a particular infectiginated from a mixed biofiltfl
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Chapter 3

Detection and discrimination of biofilm populationsusing
locked nucleic acid/2"-O-methyl-RNA fluorescencan situ
hybridization (LNA/2"OMe-FISH)

Andreia S. Azevedo Carina Almeida, Bruno Pereira, Pedro Madureiraspér
Wengel, Nuno F. Azevedo.

Biochemical Engineering Journal. 2015.104:64-@81:10.1016/j.be].2015.04.024

Abstract

Polymicrobial biofilms are the dominant form in wag. The application of FISH-based
techniques to the discrimination of biofilm popudas might contribute to the
understanding of microorganism interactions in ¢hssuctures, and might allow the
development of efficient strategies to prevent animize biofilm-associated diseases.
This work presents the first study that develog#jnazes and validates a multiplex
FISH procedure using LNA and 2°OMe oligonucleotide®bes for thein vitro
discrimination within mixed populations. As a casady, E. coli, the major cause of
UTIs, and three other uncommon colonizers of uyiraatheters@. tsuruhatensisA.
xylosoxidansand B. fungorum with unproven pathogenic potential, were selected
Specific probes for these species were designedpinaized for specific hybridization
in multiplex experiments. Results showed that thBAI2"OMe-FISH method
performed well in multiplex experiments and presdn&d good correlation with total
and cultivability counts, regardless of the celtgyygiological state. In fact, the method
was also able to report variations of viable buh-oaltivable populations. Further
analysis of mixed biofilm structures by CLSM prostla clear discrimination in three
dimensions between the localization of the diffe@pulations.

Keywords: Biofilms, DNA, Microbial Growth, RNA, LNA/2"OMe-FI8l, confocal

laser scanning microscopy.
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3.1 Introduction

In Nature, it is well established that the micrangms form biofilm structures
in response to hostile environmental conditions.tHis mode of life, bacteria live
predominantly adhered to abiotic or biotic surfacesbedded within a self-produced
matrix of EP$ 2 Typically, the bacterial biofilms are mostly policrobial and are
responsible for most public health (e.g. devicetssl infections, persistent and
recurrent infectionsd)’, industrial (e.g. food processifigand environmental (e.g.
drinking water distributiorf)problems.

Biofilm dynamics and interactions have receivetieliittention as most studies
have assessed single-species adhesion and biafitmafio¥°, due to the lack of
adequate methodologies to discriminate the pomusin situ'" ** Recent advances in
fluorescence-based techniques and in moleculapdpolllow in situ studies of the
spatial organization and the species interactinrisaicterial biofilm&° For instance,
the Green fluorescence protein (GFP) has beeneabfwi monitor the development of
polymicrobial biofilmsin situ"> *® However, this technique requires the construatibn
strains that express GFP and is thus not applicableatural biofilm samples.
Alternatively, researchers have been using a @iffiermolecular biology approach,
namely FISH’. FISH is used for the identification/detectionmicroorganisms based
on its phylogenetic markers at 16S or 23S rRNAtipalarly abundant in viable celis
It is based on the hybridization of a fluorescdiganucleotide probe with a conserved
rRNA sequences, and subsequent detection by emfiaence microscopy, CLSM or
flow cytometry. FISH in combination with CLSM is ibg increasingly used to
visualize/study the co-localization of each spedresdiofilm, and can be useful to
quantify the microbial populations without disturgibiofilm structure (see examptés
18).

Taking advantage of progress within nucleic acithios development, notably
PNA, LNA, and 2"OMe, we were aiming at improvingSH efficiency®?2 Despite the
potential of the different nucleic acid mimics, dies regarding the application of FISH
to assess the spatial species organization inliigamples have been limited to rather
few PNA probes (some examples® #*%. These studies have shown that the PNA-
FISH method is a robust technique able to discrateirand locate the species within

biofilms. Despite the absence of studies applyintpelo mimics to biofilm
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characterization, the properties of other molecalespromising. For instance, the use
of LNA probes offers several advantages comparddN@ probes, including a greater
affinity toward DNA/RNA targets, a higher bio-sthlyi (resistance to nuclease
degradation), a better signal-to-noise ratio, abétger sensitivity and specifici§*®. In
addition, LNA probes are highly soluble in waterdanere found to hybridize with
RNA (and DNA) more efficiently than PNA probes. Ehdor at least some FISH
applications, the use of LNA would be advantagemmparing to PNA"3.

LNA is a RNA analogue which contains a ribose riagked by an O2’-C4'-
methylene linkage resulting inNxtype (C3'endq furanose ring conformatidh >3 The
2°0OMe is another RNA mimic which — though not lodke preferentially displays a
C3-endofuranose ring conformation, enhancing its affifity RNA targetd®. It was
reported that the introduction of LNA nucleotiddseaery third position in a 2"OMe
probe increases the target affinity with a concantitincrease in sensitivity In fact,
the remarkable hybridization properties of LNA-nfdl probes enable the use of
these molecules in FISH experiméfitsor example, LNA-modified probes might be

used for therapeutic (e.g. via inhibition of gemressiony> *

and for diagnostic (e.qg.
for the detection of microRNAs and for single natide polymorphism genotypint)
3 purposes. However, there are no available stueigarding their application for the
detection/identification of bacterial populationgghin a biofilm. As such, this article
describes the first development and validation K§H-method to assess the biofilm
spatial organization and the species distributisofdnination without disturbing the
biofilm structure, using the LNA technology (LNAQMe probes) in combination with
CLSM.

As a case study, we selectédcoli, the major cause of urinary tract infectiths
“1 and three other uncommon colonizers of urinarthetars D. tsuruhatensisA.
xylosoxidansand B. fungorun). Despite their unproven pathogenic potentialw#s
reported that these microorganisms can coexishercatheter surface with pathogenic
bacteria (e.gE. col)*?. In fact, CAUTIs are the most common nosocomitgdtion, but
there is a lack of knowledge about the impact falymicrobial biofilms have on
CAUTIs outcome and, particularly, on the role th@se uncommon bacteria have on
outcome of this type of infection. The ability oNA/2"OMe oligonucleotide probes to
discriminate the biofilm populations would give igists on the type of interactions (e.qg.

symbiotic, antagonistic, and synergistic) that nigécur between different species, and
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thus could provide valuable knowledge on how toveng, minimize or treat these

infections.

3.2 Material and methods

3.2.1 Culture of bacterial strains

The bacterial straings.. coli CECT 434,A. xylosoxidan®83, D. tsuruhatensis
BM90 andB. fungorumDSM 17061, were maintained on TSA (Merck, Germaary
incubated at 37 °CSingle colonies were streaked onto fresdtes at 37 °C for 20-24 h
(for E. coli, A. xylosoxidans, D. tsuruhatensisr 48 h (forB. fungorun prior to the

experiments.

3.2.2 Design and theoretical evaluation of oligonucleotigorobes
Oligonucleotide probes with different sizes (13dmal 16 bp) were designed and

synthesized to increase the chances of findingonligleotide probes that work at the

same temperature (Table 3.1). The oligonucleotia#g design and the theoretical

specificity and sensitivity assessment were peréatias described in Almeida al*.

Table 3.1 -Sequence of LNA/2"OMe oligonucleotide probes sgsired in this study.

Bacteria Name Sequence (5'Labe-3’)
E col Ec1505_LNA/2"OMe_13 FAM-IGMCmCITmMCmMAIGMCmMCITmUmMGIA
. coli
Ec1505_LNA/2'OMe_16 FAM-ICmMAMCIGmMCmMCITMCmAIGMCmCITmUmMGIA
~ Dt404_LNA/2’OMe_13 CY3-IGMAMGICMUMUITMUmMUICMGmUIT
D. tsuruhatensis
Dt404_LNA/2"OMe_16 CY3-IGMAMGICmUmMUITMUmMUICMGmMUITMCmCIG
B.f Bf411_LNA/2°OMe_13 CY3-ITmAMUITMAMAICMCmMAICMGmGIC
. fungorum
g Bf411_LNA/2°OMe_16 CY3-IGMGmMUIAMUMUIAMAMCICMAMCIGMGmMCIG
) Ax590_LNA/2'OMe_13 CY3-IAMAMAITMGMCIAMGMUITMCmCIA
A. xylosoxidans
Ax590_LNA/2°OMe_16 CY3-IAMAMAITMGMCIAMGMUITMCmMCIAMAmMAIG

LNA nucleotide monomers are represented with “I":GMe-RNA monomers are represented with “m”. LabdiaAM -

Fluorescein; Cy3 - Cyanine 3.

3.2.3 Synthesis and purification of LNA/2"OMe oligonucléide probes
Based on previous studf®s* LNAs were incorporated at every third 2"OMe

monomer. The LNA/2"OMe oligonucleotide probes inidd a PS backbone instead of
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a phosphodiester. The PS monomers include replateofeone of the two non-
bridging oxygen atoms by a sulfur atom at eachrinteleotide linkag&. The choice of
this type of modifications was also based on aipreswork of our grouf), which
demonstrated that LNA/2"OMe oligonucleotide probeth a PS linkage are good
candidate probes to be used in FISH experimenigoicleotide synthesis was carried
out on an automated nucleic acid synthesizer (Rete Biosystems Expedite 8909
instrument) under anhydrous conditions in 1.0 usuale, according to Fonteneté

al.?

3.2.4 Melting temperature analysis
In order to predict optimal hybridization temperatu for each oligonucleotide

probe, the Kierzek websitétfp://rnachemlab.ibch.poznan.pl/calculator2 yavas used.

Here, the thermodynamic parameters are calculated 10* M oligonucleotide probe

concentration. A lower concentration, 200 nM, wa®di in our FISH experiments.
Thus, as the probe concentration affects the Tm amdk is also the case for the
denaturant agent, the data provided by this soffweas only used as an indicative
value. To address this problem, the Tm values \atse experimentally determined as

described by Fontenegs al .

3.2.5 FISH protocol development

Standard hybridization procedures on glass slidese vperformed in order to
determine the optimal hybridization temperatureeath oligonucleotide probe on pure
cultures. Nonetheless, since flow cytometry isehsiest way to quantify the bacterial
populations, FISH signals at selected hybridizatiemperatures were confirmed by
performing the hybridizations in suspension.

Hybridization on slides and in suspension was peréal as previously
described® ** % with a few modifications. Briefly, cellular suspgons from each
species were prepared at approximately €&6U.mI* and then 2Qul samples were
spread on epoxy-coated microscope glass slidegrith&cientific, USA). The slides
were air-dried. Then, smears of each species wemmeised in 4% (v/v)
paraformaldehyde and 50% (v/v) ethanol for 15 naicheat room temperature followed
by air drying. Subsequently, 20 of hybridization buffer (0.5 M of urea [VWR BHD
Prolabo, Belgium], 50 mM Tris-HCI [Fisher ScientifiUSA], 0.9 M NaCl [Panreac,
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Spain]; pH 7.5) with 200 nM of the respective protsere added. The samples were
covered with coverslips and incubated in moist dhars at the hybridization
temperature under analysis (from 51 °C to 59 °G)ndu90 min. Next, the coverslips
were removed and the slides were washed in a pme®cawashing solution (5 mM
Tris Base [Fisher Scientific, USA], 15 mM NaCl [Paac, Spain] and 1% Triton X
[Panreac, Spain]; pH 10) for 30 min at the hybatian temperature. Finally, the glass
slides were allowed to air dry before microscopsuslization. The FISH procedure in
suspension was also performed as previously desttib®® ** Briefly, cellular
suspensions from each species (and also mixturetheofdifferent species) were
centrifuged (10.000 g, 5 min) and fixed in 40Ql of 4% (v/v) paraformaldehyde for 1
h at room temperature. After centrifugation, fixeglls were resuspended in 500of
50% (vol/vol) ethanol and incubated at -20 °C fOrr8in. Then, 10Qul of fixed cells
were mixed in 10Qul of 2 x concentrated hybridization solution (asaé&ed above)
with 400 nM of probe and incubated at the optimgbridization temperature for 90
min. Afterwards, samples were centrifuged, resudeénn 500ul of washing solution
(as described above) and incubated at the optigtaidization temperature for 30 min.
Subsequently, the suspension was pelleted by figgdgtion and resuspended in sterile
water. Finally, 20ul of the suspension was spread on a microscope slldch was
allowed to air dry before microscopy visualizatiofhree independent experiments
were performed at the optimal temperatures of tfigpoucleotide probes selected for
subsequent experiments. All samples were visualizgd other available filters to
check for autofluorescence. Additionally, for eaotperiment, a negative control was
performed simultaneously, without the addition b toligonucleotide probe. The
samples were stored at 4 °C in the dark for a maminof 24 h before microscopy
analysis.

The specificity of each oligonucleotide probe waaleated in a culture smear
of the remaining species selected for this study,the optimal hybridization
temperature. In addition, since probes are intendewdork in multiplex experiments, it
is important to confirm the ability of the oligoraotide probes to discriminate between
the species. A mixture of two probes was applieduianeously in a mixed smear of
the two corresponding species. For thisull6f the final suspension from each species
were mixed, spread on glass slides and hybridizati@as performed as described above.
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3.2.6 Microscopic visualization and image quantification

For image acquisition a Leica DM LB2 epifluorescenmicroscope (Leica
Microsystems GmbH, Germany) equipped with Leica BT FX camera (Leica
Microsystems GmbH, Germany) and filters capabledefecting the LNA/2"OMe
oligonucleotide probes (BP 450-490, FT 510, LP 35&6 FAM-labelling and BP
570/20, FT 590, LP 640/40r Cy3-labelling was used. For image capture, Leica IM50
Image Manager, was used and the fluorescence ityteriseach oligonucleotide probe
(at different temperatures) was quantified in thierascopy images using the ImageJ
prograni®. The quantification by ImageJ software was perfairin order to determine
the average fluorescence intensity of each imagw&ired by epifluorescence
microscopy. Data was plotted as mean of arbitrbugréscence units (AFU) which

represented the mean fluorescence intensity.

3.2.7 LNA/2"OMe-FISH correlation with cultivability and P staining

In order to determine whether the LNA/2"OMe-FISHthoel is able to detect
bacteria in different physiological states, therelation between LNA/2"OMe-FISH
counts, CFUs counts (for cultivable counts assesgmand propidium iodide (PI)
staining (for total cells counts assessment) wafopeed at selected time points of the
bacterial growth (lag phase, exponential phaséy stationary phase and late stationary
phase).

Bacterial growth curves were previously asseseetryptic Soy Broth (TSB)
(Merck, Germany) as described in sub-section ZQt&pter 2). Cells were harvested at
different growth stages for cultivability, LNA/2"O8FISH and total cells assessments.
The quantification of cells by LNA/2"OMe-FISH waserformed in suspension as
described above (sub-section 3.2.5). The numbeultivable cells was determined by
standard CFU counts as described in sub-sectio® 2Chapter 2). The plates were
incubated at 37 °C for 16 tE(coli), 24 h D. tsuruhatensjsand 48 h A. xylosoxidans
andB. fungorun). For PI staining, 10Ql of fixed cells (prepared as described in sub-
section 3.2.5) were centrifuged at 10.009for 5 min, and resuspended in 1d0of PI
(Invitrogen, Portugal; 50 pg.f). After 10 min in the dark at room temperature, ¢ell
suspension was centrifuged and the cells were pesdgd in saline solution.

The counting of the stained cells (by Pl or LNA/B1®FISH) was performed
by flow cytometry. Flow cytometry analysis was peried using an EPICS XL flow
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cytometer containing a low-power air-cooled 15 mWweb(488 nm) argon laser. Data
analyses were performed with the EXPO32ADC softw@eckman Coulter, Brea,

USA). All experiments were repeated in triplicatelanegative controls without probe
were included in every analysis. Flow cytometrialgises of samples were performed
based on both scattering signals (forward scattérsade scatter), FL-1 and FL-3. FAM
fluorescence was detected on the FL-1 channel (&BB3 and PI fluorescence was
detected on the FL-3 channel (LP650). For all deteparameters, amplification was
carried out using logarithmical scales. For the HFl&nd PI counts, 10 ul of the

microsphere suspension (6 um; Life TechnologiesAlJU®as added to 200 ml of

phosphate buffered saline containing 10 ul of tiagned cell suspension. The mixture
was vortexed and analyzed by flow cytometry.

All the data from CFU, LNA/2°OMe-FISH and PI cosntalues were Log
transformed and used to calculate the Pearsonlaiore coefficient for each species
(LNA/2"OMe-FISH vs. CFU counts; and LNA/2"OMe-FISHs. Pl counts); a linear
regression model was also used to adjust the Ta&se experiments were performed in

duplicate.

3.2.7.1Resazurin assay

Resazurin is a blue fluorescent dye which is reduneviable cell bacteria to a
pink colored resofurin. The amount of conversiamfrblue to pink is proportional to
the number of viable cefl§ The resazurin assay was performed in order tokctee
viability of B. fungorumduring the growth curve in TSB medium. At selectade
points of the growth of the bacterium (lag phaseoeential phase, early stationary
phase and late stationary phase), 190 |B.dungorumsuspension was dispensed into
wells (8 wells) of a 96-well microtiter plate (O Scientific, Belgium) followed by
the addition of 1Qul of 0.1 g.I* resazurin (Sigma-Aldrich, USA) solutiéf Plates were
incubated during 90 min in darkness at 37°°@\fterwards, the fluorescence was
measured MNexcitatio=2>70 NM  andiemissioc=290 nm) using a microtiter plate reader
(SpectraMax M2E, Molecular Devices, UK)Wells containing sterile TSB were used

as a control. The experiment was performed in dajsi

3.2.8 Spatial discrimination of biofilm population usingdNA/2"OMe-FISH
In other to evaluate whether LNA/2"OMe-FISH woulel isseful to discriminate

and elucidate the spatial organization of the biofoopulations without disturbing the
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biofilm structure, CLSM was used to visuali#e situ hybridized single- and dual-
species biofilm samples. SingleéB.(fungorum and dual-species biofilm$&( coli / B.
fungorun) were formed as previously described” Briefly, the strainswvere grown
overnight in AUM and then the inoculum was dilutedAUM in order to obtain a final
concentration of 1 x POCFUs.mI*. AUM was prepared as previously descrife&or
single-species biofilms, 6 ml of each inoculum weensferred to 6-well tissue culture
plate (Orange Scientific, Belgium) containing conpoof silicone, prepared as
previously described For dual-species biofilms, equal volumes of twm
concentrated solutions were mixed. Plates were bawead (FOC 2251 - VELP
Scientifica, Italy) at 37 °C, under static condisp during 192 h. Every 48 h the
medium was carefully replaced by fresh AUM. FISktpcol was applied to biofilms
formed on silicone coupons at 192 h. Before hybation, coupons were washed in
0.85% (v/v) sterile saline, dried at ~60 °C forrhiutes and fixed with 100% methanol
for 20 min to prevent the detachment of biofilm idgrhybridization. After this, the
FISH procedure was similar to the one applied faes (sub-section 3.2.5). After
hybridization, the silicone coupons were allowedato dry, mounted with 1 drop of

mounting oil and covered with a coverslip. The expent was performed in triplicate.

3.2.9 Confocal laser scanning microscopy

The biofilm CSLM images were acquired in a FluoViéw1000 microscope
(Olympus). Biofilms were observed using a 60x wat@mersion objective (60x/1.2
W). Multichannel simulated fluorescence projectiorages and vertical cross sections
through the biofilm were generated by using theoWiaw application Software
package (Olympus)E. coli cells were identified as green fluorescent rodd Hre

uncommon bacteria as bright red fluorescent rods.

3.3 Results and discussion

Previous studies have demonstrated that uncommaerizamight enhance the
pathogenicity of virulent bacteria, increase theerall resistance of the biofilm to

antibiotics, and influence the clinical outcomettod infection>>° Thus, it is crucial to
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have a better knowledge about the formation ofilloisf and the contribution of each
population in polymicrobial infections.

The FISH methodology has been shown to be a vauabthnique to
discriminate and to analyze the spatial distributaf the individual species situ
without disturbing the biofilm structute ' 2> The characterization of biofims has
been limited to PNA molecules, despite the wellxsknadvantages of other molecules,
such as LNA and 2°"OMe. As such, was developed aeepikore, based on a multiplex
LNA/2°"OMe FISH and CLSM, for the analysis of theaspl organization ofn vitro

biofilms.

3.3.1 Analysis of LNA/2'OMe oligonucleotide probes
3.3.1.1Probe design and theoretical evaluation

For the selection of useful oligonucleotides, conse regions for the 23S rRNA
(E. col)) and 16S rRNAD. tsusruhatensjdA. xylosoxidansandB. fungorum sequences
were identified using ClustalW. The sequences sadefor E. coli hybridize between
the position 1505 and 1520 (Ec1505 LNA/2"OMe_13 &uwd505 LNA/2"OMe_16
probes) of the 23S rRNA gene sequence (accessiaberu X80724). The other probes
target the 16S rRNA sequences with target positibesween 404 and 419
(Dt404_LNA/2°OMe_13 and Dt404 _LNA/2°OMe_16) f@r. tsuruhatensigaccession
number: EU779949); 411 and 426 (Bf411_LNA/2’OMe_13and
Bf411l LNA/2"OMe_16) forB. fungorum(accession number: AF215705); and 590 to
605 (Ax590 LNA/2’OMe_13 and Ax590 LNA/2"OMe_16) oA. xylosoxidans
(accession number: AF225979).

The theoretical specificity and sensitivity of easlected oligonucleotide probe
was evaluated using the probeCheck program cougethe large subunit (LSU)
database foE. coli probes, or using ProbeMatch coupled with the RDdatabase for
the other three bacteria (Table 3.2). Accordingh® LSU database, thHe coli probes
(Ec1505_LNA/2°OMe_13 and Ec1505_LNA/2"OMe_16) dedc3260 out of 461€.
coli sequences present in the database which correspordsensitivity of 70.6% (last
accession, September 2014). The sensitivity valogvs that thés. coli probes are not
able to detect ak. coli strains; however, these oligonucleotides are Iskgiteo be used
in this study since both detected tBRe coli strain CECT 434. According to the
ProbeMatch from RDP Il database (isolates with gpuality and sequence size > 1200
bp), theoretical sensitivities of 97.82%, 90.47% &v.80% were obtained fdD.
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tsuruhatensisB. fungorum andA. xylosoxidansrespectively. In addition, as shown in
Table 3.2, all oligonucleotide probes display hggecificity. While the specificity and
sensitivity values are good indications of probefgrenance, especially for species
identification purposes, this is in this particutase not the most important feature. As
the intention is to form dual-species biofilm&. (coli co-cultured with uncommon
bacteria), the absence of cross-hybridization hih other species under study is the
most important criterion. In fact, none of the narget sequences were detected by the
probes belong to the other species under studgudls, then silico analyses indicated
that the oligonucleotide probes are able to dedpetifically each target species, with
no cross-complementarity observed with the othercigs to be used in the biofilm
experiments. These are actually the first LNA/2"OMdigonucleotide probes
specifically designed foE. coli, D. tsusurhatensjsA. xylosoxidansand B. fungorum

detection.

Table 3.2 -Theoretical sensitivity and specificity of each A/ OMe oligonucleotide probe

tested in this study.

®No. of strains  ®No. of non-strains  ®Sensitivity ~ *Specificity

Name
detected detected (%) (%)

Ec1505_LNA/2°OMe_13 3260 130 70.6 97.2
Ec1505_LNA/2°OMe_16 3260 130 70.6 99.2
Dt404_LNA/2'OMe_13 45 42 97.8 99.9
Dt404_LNA/2'OMe_16 45 42 97.8 99.9
Bf411_LNA/2'OMe_13 38 19 90.5 99.9
Bf411_LNA/2'OMe_16 38 19 90.5 99.9
Ax590_LNA/2°OMe_13 223 19 97.8 99.9
Ax590_LNA/2°OMe_16 223 19 97.8 99.9

*Calculated by the TestProbe program @orcoli oligonucleotide probes) coupled to the LSU dataheish the following data set
options: sequence length > 1900 bp; sequence yualR0% (last accession, September 2014); or PrabeMfrom RDP Il
database (for the other three bacteria) with tHeviing data set options: strain - both; sourcethbsize > 1200 bp; quality - good
(last accession, May 2014).

3.3.2 Thermodynamic parameters
The Tm value for each oligonucleotide probe wadipted using the LNA-
2'0OMeRNA/RNA calculator Kttp://rnachemlab.ibch.poznan.pl/calculator2hand

was furthermore experimentally determined (Tablg).3These experiments showed

Tm-values in the range of 76-88 °C for all oligolaatide probes. The theoretical Tm-
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values are higher (between 100 and 129 °C) sinseefitimation does not consider the
presence of the denaturing agent. Nonethelesscdirelation coefficient observed
between the theoretical and the experimental Tmespresented an acceptable value
of 0.85 p < 0.05) (Supplemental material - Figure S3.1).

The affinity to the target is also affected by gaVeother factors like target
accessibility and probe siZe The oligonucleotide probe affinity is defined&8°, and
a thresholdAG® of -13 kcal.mot has been recommended for the design of DNA probes
to guarantee a good hybridization efficietfcy However, for LNA/2'OMe
oligonucleotide probes there is no information akiba recommended threshal&°. It
is known that the introduction of LNA monomers isases the target affinity by having
a positive and additive effect on the Tm (one LN &itution increases Tm between 1
and 10 °C against RNA)>

Also the N concentration has an important effect on A@®° values. Positive
ions promote rRNA folding by reducing the repulsibetween phosphates groups
which could reduce accessibifity?> However, positive ions are also essential to
stabilize the hybrid duplé% Thus, for theAG® and theoretical Tm calculations at'Na
concentration of 0.9 M was used, which correspdadbie NaCl concentration used in
the hybridization solution. This high concentratibas a strong impact on thes°
values that can be reduced in average -10 kcaf.n{al.1), when compared to values
obtained with no NaCl. In general, analysis of dla¢a in Table 3.3 showed the lower
AGP values (between -32 and -42 kcal.Wdbr the 16 nucleotide probes. The shorter
ones displayed\G® values between -26 and -33 kcal.falvhich suggest a lower
affinity. Nonetheless, too much affinity might bedesirable for those situations where
a one mismatch distinction is required, which mdaas hybridization might occur with

sequences that are not 100% complementary.
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Table 3.3 - Theoretical melting temperature, Gibbs free eneagy results of thermal

denaturation experiments performed in urea butieech LNA/2"OMe oligonucleotide probe.

*Theoretical PAGP °RNA complement
Name %GC
Tm (°C) (kcal.mol™) Tm (°c)
Ec1505_LNA/2'OMe_13 117.2 -33.08 61.54 88.20 (.71
Ec1505_LNA/2'OMe_16 128.6 -41.56 62.50 88.20 (.14
Ref. 68.70 (+0.28)*
Dt404_LNA/2'OMe_13 105.2 -26.01 38.46 76.15 (+0.49)
Dt404_LNA/2'OMe_16 116.9 -36.78 50.00 87.15 (+0.07)
Ref. 64.10 (+0.00)*
Bf411_LNA/2'OMe_13 110.1 -27.69 46.15 79.35 (+0.35)
Bf411_LNA/2’OMe_16 124.2 -37.71 56.25 87.25 (+0.35)
Ref. 63.80 (+0.57)*
Ax590_LNA/2'OMe_13 101.6 -26.40 38.46 77.45 (+0.35)
Ax590_LNA/2'OMe_16 100.6 -31.99 37.50 81.15 (+0.07)

Ref. 55.70 (+0.42)*

The RNA complementary oligonucleotide has the feilg sequence: 5' - AAUCAAGGCUGAGGCGUGAU - 3' (f&: coli
probes); 5' - TACGGAACGAAAAAGCTCCT - 3' (fob. tsuruhatensiprobes); 5- AACGCCGUGGUUAAUACCCG - 3' (f@.
fungorumprobes); 5"-AACUUUGGAACTGCAUUUUU - 3' (foA. xylosoxidangrobes).

*The DNA oligonucleotide probe reference (Ref.) ltaes following sequence: 5' - ATCACGCCTCAGCCTTGATT®' (for E. coli
probes); 5' - AGGAGCTTTTTCGTTCCGTA - 3' (f@. tsuruhatensiprobes); 5' - CGGGTATTAACCACGGCGTT - 3' (fd.
fungorumprobes); 5'- AAAAATGCAGTTCCAAAGTT - 3' (foA. xylosoxidangrobes).

abDetermined orttp:/rachemlab.ibch.poznan.pl/calculator2.ghp.9 M NaCl.

“Determined experimentally on a temperature-comdollV-vis spectrophotometer.

3.3.3 Optimization of hybridization conditions

Different hybridization temperatures, between 51&@ 59 °C, were tested
using the FISH method in glass slides for eachooligleotide probe to achieve the best
FISH signals. The results demonstrated that thengést fluorescence intensity was
obtained at 55 °C (Figure 3.1) for most of the atigcleotide probes. The exceptiwas
for the A. xylosoxidangprobes (Ax590 LNA/2"OMe_13 and Ax590_LNA/2"OMe_16)
that presented a peak of fluorescence at 53 °C.
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Figure 3.1 - Fluorescence intensity ofE. coli (Ec1505_LNA/2’OMe_13 and

Ec1505_LNA/2"OMe_16)D. tsuruhatensigDt404_LNA/2'OMe_13 and Dt404_LNA/2"OMe_16.
xylosoxidans (Ax590_LNA/2’OMe_13 and Ax590_LNA/2'OMe_16) and B. fungorum
(Bf411_LNA/2’OMe_13 and Bf411_LNA/2°OMe_1)Hybridizations were performed in pure
culture smears on glass slides. Fluorescence digealsity, determined using ImageJ software,
was expressed in arbitrary fluorescence units. Allages were acquired at equal

exposure conditions. Error bars represent stardfarition.

Concerning the specificity of each probe againstribn-target strains, a slight
cross-hybridization was observed for some of thgooucleotide probes at 55 °C,
especially for thee. coli/ D. tsuruhatensigndE. coli/ A. xylosoxidangombinations
(Figure 3.2). As observed in columns for 57 °Cs thioblem was solved by increasing
the hybridization temperature 2 °C. No cross-hybation between the two
LNA/2"OMe oligonucleotide probes was observed dhds, an accurate discrimination
between the two species involved was obtained.dtitian, the signal-to-noise ratio
was also optimal at 57 °C. Therefore, to achievaropriate specificity, 57 °C was
used for all subsequent experiments. As such, &oh ébacterium, the LNA/2"OMe
oligonucleotide probes that presented the bestbign57 °C was selected for further
experiments. FoE. coli, D. tsusruhatensisaand A. xylosoxidansthe 16 nucleotide
probes (Ec1505_LNA/2°OMe_16, Ax590 LNA/2"OMe_16 and
Dt404_LNA/2°OMe_16, respectively) were selected,ileviior B. fungorumthe 13
nucleotide probe (Bf411_LNA/2°"OMe_13) was chosen.
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Figure 3.2 (continuation) - In the first two columns is possible observe satagree of
cross-hybridization between the two LNA/2’OMe olwicleotide probes at 55 °C,
especially for thek. coli / D. tsuruhatensisand E. coli / A. xylosoxidanscombinations.
Columns for 57 °C of hybridization show no cros$iigization and, thus, an accurate

discrimination between the two species involved.

As described above, hybridization in suspensiotnéseasiest way to quantify
the bacterial population by subsequent flow cytaynet epifluorescence microscopy
analysis, and it is important to ensure that tigaai obtained on a standard glass slide
test is maintained in suspension. For these, tB&ifrocedure in suspension was also
performed for the probes selected at 57 °C. Comgahe values of fluorescence signal
intensity, the results showed that the signalsinbthin hybridizations performed in
suspension were similar or higher than those obthin standard smears (hybridization

procedures performed in glass slides) (Figure 3.3).
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I Hybridization on slide
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Figure 3.3 - Comparison of the average fluorescence intenditth® selected LNA/2"OMe
oligonucleotide probes obtained in standard sméaybridization procedures performed in
glass slides) and in suspension at 57 °C. Fluonescsignal intensity is expressed in arbitrary
fluorescence units and was quantified using Imagéivare. All images were acquired at equal
exposure conditions. Data are means of three imigpe experiments and error bars represent

standard deviation.
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Once the hybridization temperature had been opéichiand the probes for
subsequent experiments were selected, multipleXd M@s tested against a smear of
two species mixed togethdt.(coli in combination with the uncommon bacteria). The
results showed that both hybridization protocols ¢bdes and in suspension) provided
an accurate discrimination between the two speaties/ °C. We have shown that the
LNA/2"OMe oligonucleotide probes selected for sujpsnt experiments are able to
successfully hybridize with the target microorgamsat 57 °C providing a species-
specific hybridization signal. The results thus foomed the potential applicability of

the selected oligonucleotide probes to a multip/®/2"OMe-FISH experiment.

3.3.4 LNA/2"OMe-FISH validation

With the intended application of the FISH methodehageveloped in mind, and
considering that LNA/2"OMe-FISH application to biofs are inexistent so far, it is
important to establish the scope and limits of thegthodology. As the rRNA is usually
the target for the oligonucleotide probes used ISH; the fluorescence signal is
expected to be affected by the cell rRNA contentrbbial cells with a high metabolic
activity have a rRNA content sufficient to generatstrong FISH sign&! > However,
it is well established that the physiological stafebiofilm cells vary spatially and
temporally. Therefore, changes in the number of rRNA molesutecur, and
consequently, a low hybridization rate can be olegkrin an early biofilm, the cells are
metabolically active and have all requisites tadbBvand grow, due to the presence and
rapid diffusion of the nutrients. In a mature biwfj different physiological states are

observed, namely active, dormant or dead tells

3.3.4.1LNA/2"OMe-FISH correlation with cultivability and P | staining

For each species under study, cells at differegsiplogical states (lag phase,
exponential phase, early stationary phase andstatenary phase) were collected and
evaluated using CFU counts; PI staining and LNAMe&ZFISH staining, for further
correlation purposes. CFU is a conventional mefoodiability assessment, since only
actively growing cells (cultivable cells) will beeasured, while a general fluorescent
nucleic acid dye is usually used for total cell mfifications® ®”. The PI binds to DNA
and is commonly used in combination with SYTO9 igcdminate live and dead cells,
but it can also be used to count the total cellspiaviously fixed samples. The
LNA/2"OMe-FISH allows the identification and qudidation of cells with intact or
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significant rRNA content; which might eventuallyroelates with viability since RNA

content is rapidly degraded after cell d&ad

Linear regression and Pearson correlation analf@is each species was
performed to compare the CFU and PI counts aghMai2’OMe-FISH counts (Table
3.4 and Supplemental material - Figure S3.2). Aswshin Table 3.4, the Pearson

correlations were significant for all pairs of meds (LNA/2"OMe-FISH countys.
CFU counts and LNA/2"OMe-FISH counts. Pl counts) withp < 0.05.E. coli, A.
xylosoxidans and D. tsuruhatensispresented strong and similar correlation values
between the LNA/2"OMe-FISHs. CFU and LNA/2°OMe-FISHvs. PI counts. The
comparison between LNA/2°OMe-FISH and CFU countowsid a correlation

coefficient of 0.95, 0.88, and 0.83 f&r coli, D. tsuruhatensisandA. xylosoxidans

respectively. Correlation coefficient values of .9for E. coli), 0.84 (for D.

tsuruhatensis and 0.99 (forA. xylosoxidans were found for the comparison of

LNA/2"OMe-FISHvs. Pl counts. FoB. fungorum as expected, a good correlation was
observed between the LNA/2"OMe-FISH and PI court8.83). However, a negative
correlation was obtained LNA/2"OMe-FISH. CFU counts (r=-0.92).

Table 3.4 -Linear regression equations and Pearson cornetatietween LNA/2"OMe-FISH

counts and CFU or PI counts for each species wstddy.

CFU countsys. Pl countsys.
Bacteria LNA/2’OMe-FISH LNA/2’OMe-FISH
counts counts
E coll Regression equation y =0.63x + 3.61 y = 0.70x6¥% 2.
' R® 0.90 0.86
Pearson correlation 0.9E (p<0.0003%) 0.92 (p<0.0009)
. Regression equation y =0.73x + 3.18 y = 0.5848x79
D. tsuruhatensis =% 0.78 0.71
Pearson correlation 0.8¢ (p<0.0036%*) 0.84 (p<0.0086)
: Regression equation y = 1.05x + 0.32 y = 0.87x564..
A. xylosoxidans % 0.69 0.98
Pearson correlation 0.8% (p<0.0106*) 0.9¢ (p<0.0001)
Regression equation y =-0.35x + 11.25 y = 0.72x00
B. fungorum R 0.85 0.69

Pearson correlation

-0.92 (p<0.0012*)

0.87 (p<0.0101)

*Significant correlation withp < 0.05 (two-sided).

In order to explain this result, tH& fungorumgrowth curve was analyzed in
terms of CFU and LNA/2"OMe-FISH counts. The CFUeassnent showed a decrease
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in the cultivable population, which was inconsistesth the LNA/2"OMe-FISH counts
that increased over time (Figure 3.4-a). Thereftire,negative correlation obtained in
LNA/2’OMe-FISH vs.CFU counts was due to the decrease of CFU coumiisgitheB.
fungorumgrowth. However, the O.D. measurement (Figureb3.4eemed to indicate
that the cells are viable and metabolically actsiece the O.D. is increasing as a result
of active cellular division. This result corrobardtthe data obtained by LNA/2"OMe-
FISH counts. To further investigate this issue, teégazurin assay was performed at
selected time points during the growth Bf fungorum The resazurin assay is
commonly used for the assessment of bacterial t\abvith the fluorescence output
being proportional to the number of viable cellespite the decrease in CFU counts,
resazurin and O.D. data showed that cellular vigtbihcreased until the stationary
phase (Figure 3.4-b). The decrease observed iouligable population might be the
result of a transition to a non-cultivable/dormatate of the bacteria, which is activated

when growth condition are not optimal.
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Figure 3.4 - Evaluation of theB. fungorumgrowth curve by (a) CFU and LNA/2"OMe-FISH
counts and by (b) O.D. and the resazurine assay CHU assessment shows a decrease in the
cultivable population, which is inconsistent wittetLNA/2"OMe-FISH counts that increase
over time. O.D. measurements and viability assessungng resazurine assay, showed active
growth over time, which corroborate the resultsaot#d with the LNA/2"OMe-FISH counts.

Data are means of two independent experiments rmodtears represent standard deviation.

Overall, the values produced by LNA/2"OMe-FISH etated well with viable
and total cells counts for all species under stlidhe only exception was noticed fér
fungorum which seems to present a non-cultivable state rdreders CFU unable to
correctly estimate changes in the population. bt, fethis particular result showed the
potential of FISH techniques for species with knodormant stages or unknown

physiological behavior. To our knowledge no studg Iso far analyzed the correlation
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between LNA/2°OMe-FISH and CFU and total cell caunThe results provided
evidences of the utility of this technique for segdof population dynamics, especially
for biofilms which present a variety of cellulaadétions at different metabolic stages.

3.3.4.2Characterization of biofilm three-dimensional strudures using multiplex
LNA/2"OMe-FISH

While our results have provided evidence of thdaility of LNA/2"OMe-
FISH for characterization of heterogeneous poputati analysis of biofilms requires
that probes are able to penetrate over the complxix that surrounds the cells. A
biofilm matrix is rich in extracellular nucleic aiproteins, and expolissacharytfe®’
which might hinder the LNA/2"OMe oligonucleotideope diffusion (also negatively
charged). To evaluate the ability of the methogravide anin situ three-dimensional
characterization of biofilm populations, biofiimsewe formed in artificial urine for 8
days. Samples from single- and dual-species bisfilwere taken, fixedjn situ
hybridized and then evaluated by CLSM. As an exambpigure 3.5 showed that the
LNA/2°OMe oligonucleotide probes were able to pesttet over the biofilm matrix,
providing a complete staining of the biofilm sudaand a strong signal, even in a
thicker biofilm with 40 um (Figure 3.5-a). This aldy demonstrated that the probes,
despite their negative charge, did not face anfusldn barrier within the biofilm
structure. Unlike their DNA counterparts, for whicliffusion problems have been
attributed to the negative charge and size of tlobes™ '’ the LNA/2"OMe probes
apparently present a different behavior. It miglet fpossible that the size of the
oligonucleotides might be more determinant thanctherge with respect to assuring an
efficient diffusion thought the biofilm matrix. Ragding the multiplex assay, it was also
possible to analyze an 8-days dual-species biaffifa. coli/ B. fungorum(Figure 3.5-
b), where the discrimination and localization o tivo populations was evident. In this
case, the transversal biofilm image showed bothciepemixed together, which
corresponds to a typical co-aggregation organinatibthe bacteria in polymicrobial
biofilms. This distribution is commonly associat&dth cooperation or synergetic
interaction within biofilm&". This might suggest that, in this particular catese
species might benefit from the mixed consortium;atrleast, they are not negatively

affected by each other presence.
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Figure 3.5 -An example of LNA/2"OMe-FISH combined with CLSMaysis. CLSM

images for (aB. fungorumsingle-species biofilm and for (E). coli/ B. fungorundual-

125 um

47 um
20 um

L

species biofilm, showing the localization of spedie the biofilm formed in conditions
mimicking the CAUTIs for 8 days on silicone coupofer dual-species biofilms, the
transverse biofilm image shows both species mixg@ther in the direction of the z-
axis. Green fluorescent cells represént colii red fluorescent cells represeBt

fungorum

3.4 Conclusions

Multiplex FISH methodology in combination with CLS& becoming common
in biofilm experiments providing a simple way toaéyzein situthe spatial distribution
of natural biofilm populations. While the potentalDNA or PNA probes have already
been proven for biofilm studies, the potential &gilon of LNA-modified probes have
been studied for the first time with this reporte\Wave herein developed and validated
a multiplex LNA/2°OMe-FISH procedure which, in comdétion with CLSM, is
capable of discriminating among bacterial specresiging spatial localization data of

complex biofilm populations, in conditions mimickithe CAUTIs.
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Figure S31 - Representation of the linear regression equatioms aorrelations values of
theoretical melting temperature and RNA complenmeelting temperature for all LNA/2"OMe
oligonucleotide probes.
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Chapter 4

Impact of Delftia tsuruhatensisand Achromobacter
xylosoxidanson Escherichia colidual-species biofilms
treated with antibiotic agents

Andreia S. Azevedo Carina Almeida, Bruno Pereira, Luis F. Melo, Nimd\zevedo.

Biofouling. 2016. 32(3):227-4Hoi: 10.1080/08927014.2015.1124096

Abstract

Recently it was demonstrated that UTIs species witbwer or unproven pathogenic
potential, such asD. tsuruhatensisand A. xylosoxidans might interact with
conventional pathogenic agents as sHcleoli. Here, single- and dual-species biofilms
of these bacteria were characterized in termsefitftrobial composition over time, the
average fitness d&. coli, the spatial organization and the biofilm antimigedlprofile.
Results revealed a positive impact of these spemieB. coli fithness and a greater
tolerance to the antibiotic agents. Surprisingly, dual-species biofilms exposed to
antibiotics,E. coli was able to dominate the microbial consortia itespf being the
most sensitive strain. This is the first study dastmting the protective effect of
uncommon bacteria ovedE. coli under adverse conditions imposed by the use of

antibiotic agents.

Keywords: polymicrobial biofilms, catheter-associated urinary tract infections,
antibiotics,Escherichia coliuncommon bacteria, LNA/2"OMe-FISH.
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4.1 Introduction

Healthcare-associated infections include UTdystic fibrosis lung diseaSeand
device-related infectiod (e.g. urinary catheters). Concerning CAUTE, coli is
typically one of the most prevailing bactéria Advances in molecular technologies
have disclosed that in short-term catheterizatiba, surface of the urinary catheter is
frequently colonized by a single species; while,thie long-term catheterization, a
diverse microbial community inhabiting the urinagtheter surface can be observed,
with a predominance of Gram-negative bacfefid® Nonetheless, only a few studies
have examined mixed-species structures ‘feand study reported in Chapter 2), and
hence, our current knowledge about interspeciesamig within polymicrobial
biofilms, such as microbe-microbe interactions, aa scarc.

Two of the bacteria uncommonly found on the surfaterinary catheters are
D. tsuruhatensisind A. xylosoxidars As addressed in Chapter 2, these bacteria have
been shown to be able to coexist wihcoliin biofilms, and a pre-colonization of the
surface with these bacteria seemed to pror&oteoli adhesion. While only a limited
number of studies have investigated the behavidrtha role ofE. coli in catheter-
associated polymicrobial biofims (€'§.3, a previous work with uncommon bacteria
suggests théek. coliinteracts synergistically with those uncommon ggeChapter 2).
Similar results were reported for cystic fibrosssaciated species, where two other
uncommon bacterid, limosusandD. pigrum were able to interact synergistically with
P. aeruginosd®. This type of interaction also resulted into acré@sed tolerance of the
overall consortia to a wide range of antibioticthAugh the pathogenic nature of these
uncommon bacteria remains unknown, these studiggesti that some species might
cooperate with conventional microorganisms (E.gcoli, P. aeruginosato form mixed
biofilms in order to protect them from environmdiytachallenging condition such as
antibiotic exposure.

The present study aimed to assess the effecthbatricommon bacteria might
have on the fithess and antimicrobial profile ©f coli biofilms. E. coli and two
uncommon bacterid). tsuruhatensisand A. xylosoxidanswere used to form single-
and dual-species biofilms on silicone surfaces.nJhée single- and dual-species
biofilms were characterized in terms of the micabbtomposition over time, the

average fitness d&. coli,thespatial organization and the biofilm antimicrolpabfile.
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The interactions, synergetic or antagonistic, amdmg species within the
biofilm have been demonstrated to have a crucid@ m the process of biofilm
development, architecture and resistance to sewvamtimicrobial agents®® This
information might provide data to model microbiakhlavior on polymicrobial
communities and might also be the base for newopetized treatment strategtés

4.2 Material and methods

4.2.1 Culture conditions and preparation of inoculum

For each experimentE. coli CECT 434, A. xylosoxidansB3 and D.
tsuruhatensisBM90 were streaked from a frozen stock (-80 °C) A (Merk,
Germany) and grown overnight at 37 °C.

For the preparation of each inoculum, cells weilgcaliured (16-18 h) at 37 °C
and 150 rpm, in AUM. AUM was prepared as previouslgscribetf. Cell
concentration was assessed by O.D. at 620 nm,henshdculum was diluted in AUM

in order to obtain a final concentration of TOFUs.mi*.

4.2.2 Single- and dual-species biofilm formation

Single-species biofilms were formed to study thefilon-forming ability of each
species on silicone material, which is frequentlgdiin urinary cathetér$™. In order to
understand the interactions that occur betwden coli and the uncommon
microorganisms, 2 species combinatioBs ¢oli 10° CFU.mI'/ D. tsuruhatensid0®
CFU.mi*; E. coli10° CFU.mI*/ A. xylosoxidand > CFU.mI%) were studied.

Coupons of silicone (Neves & Neves Lda, Portugajeacut (dimensions of 2 x
2 cm or 1 x 1 cm), cleaned and sterilized accordmghe procedure described by
Azevedoet al?%. Each coupon of silicone was placed in the bowbmhe wells of the 6-
well tissue culture plates (Orange Scientific, Beahgj).

Cell suspension cultures prepared in AUM at OFUs.mI* were used as an
inoculum for biofilm formation. Single- and dualespes biofilms were formed as
described in sub-section 2.2.2 (Chapter 2). Twoepesdent experiments were
performed for each condition. At specific times £&,6, 24, 48, 96 and 192 h), the
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biofilm formation was assessed by CFU counts. Taial organization of dual-species
biofilm was also performed using LNA/2"OMe-FISH1&2 h.

4.2.3 CFU counts for quantification of biofilm cells

At each time point, the silicone coupons with biafwere washed twice in 10
ml of 0.85% (v/v) sterile saline solution to remol@osely attached cells. After
washing, coupons were placed in a new well of teeue plate containing 9 ml of
0.85% (v/v) sterile saline; subsequently, the Inadi were sonicated (Sonopuls HD
2070, Bandelin Electronics, Germany) for 10 secomdith 25 % amplitude. The
sonication conditions were previously optimized goarantee that the cells were
detached from the silicone coupons, avoiding thetdsea lysis. Afterwards, the CFU
counts were performed. For this, as describedlrsgation 2.2.3 (Chapter 2), 10QDof
the disrupted biofilm were serially diluted (1:10) saline solution, and plated in
triplicate on TSA (for the single-species biofiim$he plates were incubated at 37 °C
for 12-16 h E. col), 24 h D. tsuruhatensis and 48 h A. xylosoxidans For
discrimination of the bacteria involved on the dsécies biofilms, different selective
agar media were used, as stated in sub-sectid® (ZRapter 2).

The number of CFU in biofilms was determined andregsed per unit area of
silicone coupon in contact with AUM (Log CFUs.énThese values were used for the
determination of thd¥; .,;; as previously described in equations 2.1 and 2.&ub-
section 2.2.9 (Chapter 2).

4.2.4 Antibiotic stock solutions

Four relevant antibiotics commonly used in thettremt of UTIs and CAUTIS
2325 with distinct modes of action, were selected, elgmciprofloxacin (Sigma-
Aldrich, Portugal), ampicillin (AppliChem, Germany)gentamicin (AppliChem,
Germany), amoxicillin/clavulanic acid (Sigma-Aldnic Portugal). Stock solution of
antibiotics were prepared at 100 000 mg\Working solutions were prepared on the
day of use at 1024 mg,land from these two-fold serial dilutions were man AUM.

The antibiotic concentrations tested ranged frabn®.1024 mgt.
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4.2.5 Antibiotic susceptibility testing
The antibiotic susceptibility of single- and dugksies biofilms pre-formed on

silicone coupons was evaluated according to @eral?®

with slight modifications.
Briefly, silicone coupons (1 x 1 cm) were placedtba bottom of the wells of the 24-
well tissue culture plates (Orange Scientific, Bgtg). The biofilm formation was
performed as described above. After 48 h, silicom@ons with biofilm were washed
twice in 3 ml of 0.85% (v/v) sterile saline andg#d in a new well of the tissue culture
plate. Then, two-fold serial dilutions of the amiiic in AUM were applied in the pre-
established biofilms and the plates were incubdted24 h at 37 °C, under static
conditions. It is important to notice that, at 48te biofilms are mature and the species
involved in dual-species biofilms are equally fit.

After the antibiotic exposure, the coupons withfilnes were washed and placed
in a new well of the 24-well tissue culture plattaining 1.5 ml of 0.85% (v/v) sterile
saline. Subsequently, biofilms were sonicated, @liog the conditions stated above
(sub-section 4.2.3), and the suspension of eadiinbiavas spotted onto TSA plates.
The plates were incubated at 37 °C for CFU enunagrailhese counts allowed to
determine the minimum biofilm eradication concetra (MBEC) values, which
corresponded to the lower concentration of antibicgquired to eradicate 99% of the

sessile bacteria.

4.2.6 Determination of the species relative compositiorftea antibiotic
exposure

To determine the effect of sub-MBEC concentrati@isantibiotics on the
species composition in the dual-species biofilhe, CFU enumeration was performed
for the concentration close to the MBEC and 8x &#4® lower concentrations. Then,
population compositions after and before antibietxposure, were compared. A good
correlation between LNA/2"OMe-FISH procedure andUCEounts was shown in
Chapter 3; therefore, it was considered that the ERumeration reflects the population

involved in the dual-species biofilms.
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4.2.7 Effect of inoculum size on the species relative quosition after
antibiotic exposure

To understand the effect of inoculum size on theciEs relative composition in
antibiotic treated dual-species biofilms, two cdiwtis were tested: i) the antibiotic
susceptibility ofE. coli 10> CFU.mI™*/ D. tsuruhatensid(* CFU.ml* andE. coli 10°
CFU.mI / A. xylosoxidans1®? CFU.mI* dual-species biofiims to four antibiotic
agents; ii) the susceptibility to ampicillin and @xicillin/clavulanic acid was tested for
the E. coli 10 CFU.ml */ D. tsuruhatensid®® CFU.mI™* andE. coli 10 CFU.mI/ A.
xylosoxidansl®® CFU.mI* dual-species biofilms. These experiments wereoped
as described above (sub-section 4.2.5). The CFuheration was also performed for
the concentration close to the MBEC and 8x and|6#4ser concentrations to determine
the species relative composition of each dual-gsdaiofilm.

4.2.8 Spatial organization of biofilm populations

In order to assess the biofilm spatial organizatod the species distribution,
the LNA/2"OMe-FISH procedure in combination with 81 analysis was performed
directly on single- and dual-species biofilms fodran silicone coupons at 192 h and
on ampicillin treated-biofilms, according to a ool already stated in sub-section
3.2.8 (Chapter 3).

Finally, the biofiilm CSLM images were acquired in FAuoViewFV1000

microscope (Olympus) as described in sub-sectid® $Chapter 3).
4.2.9 Statistical analysis

Results were compared using ANOVA by applying Leventest of
homogeneity of variance and the Tukey multiple-carigons test, using the SPSS
software. All tests were performed with a confidetevel of 95%.
4.3 Results and discussion

Typically, in ecological and clinical environmentsiofilm communities are

dominated by the species that is better fittedh® €nvironmental conditiofis 2
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However, other pathogenic species, or even, spegits an unknown pathogenic
potential (e.gD. tsuruhatensigndA. xyosoxidansare also present at a lesser extent

Previous work (Chapter 2) ob. tsuruhatensisand A. xyosoxidangacteria
provided relevant information about the type okrattions between these species and
E. coli, as well as on their impact on biofilm formationdadevelopment. While the
uncommon bacteria are not directly involved in gahogenesis of the biofilm, they
seemed to help the establishment of the predomispecies in the microbial
consortium* 2 As the results presented in Chapter 2 were pagdrin a 96-well plate
model, with surfaces that are composed by polysgyr¢he first experiments of the
present chapter intended to clarify if this behaisanaintained on silicone surfaces. As
such, two consortia composed by thecoli and the uncommon bacterig. (coli / D.
tsuruhatensiandE. coli/ A. xylosoxidans formed on silicone surfaces in AUM at 37
°C were studied.

4.3.1 Single- and dual-species biofilms growth and spataganization of the
species on silicone material

First, we assessed the ability of these speciefortm biofilm on silicone
coupons in single- and dual-species biofilms. hgkE-species biofilms, from 2 h up to
48 h, the CFU counts significantly increased fbispecies§ < 0.05). Then, all species
stabilized with CFU counts ranging between Log@RJs.cn¥ and Log 7.8 CFUs.cm
2. These results corroborated the one previouslgiogd in Chapter 2. In addition, the
CLSM images folE. coli, D. tsuruhatensi@ndA. xylosoxidansingle-species biofilms
are available in Supplemental material (Figure $4.1

To study the influence of the uncommon bacteridh&Wy ..;;, E. coliwas co-
cultured with each uncommon bacterium (Figure 4.1tavas clear that at early stages
of biofilm formation the W;.,; increased significantly in the presence of both
uncommon bacterigp(< 0.05). For theE. coli/ D. tsuruhatensisiofilm, this fitness
increase was also noticed at 192 (0.05). Overall, these results were similar to the
results of Chapter 2 obtained in polystyrene 96-ws$ue culture plates, where the
uncommon bacteria arff. coli coexisted within the dual-species biofilms at hagil
concentrations, with a positive effect Bncolifitness.

The elucidation of the bacterial interactions can supported by the spatial

distribution of the species within the polymicrdbiaofilms. It has been shown that
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particular interactions are associated with spedfatial organization$ As such, a
multiplex LNA/2"OMe-FISH technique previously vadittd (Chapter 3) on biofilm
samples was combined with CLSM to assess the spatjanization of the species in
192 h-dual-species biofilms (Figure 4.1-b,c). Thiimation allowed to infer the type
of interaction that occurs betweEncoli and the uncommon bacteria. Images show that
the dual-species biofilms were composed by botkiepenixed together in a typical co-
aggregation structure. This spatial organizatiooucc commonly when the species
within the biofilm cooperate or interact synergiatly'®. Relating this information with
data described in present Chapter, it becomes ti@fE. coli might benefit from the
presence of th®. tsuruhatensisand A. xylosoxidansor, at leastE. coli and these

uncommon bacteria are not negatively affected oy edher’s presence, coexisting in
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Figure 4.1 - Single- and dual-species biofilm growth in silieomaterial. The three species
were individually cultured or co-cultured at 37 @ silicone coupons, under static conditions.

Two independent experiments were performed for eaakition.
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Figure 4.1 (continuation) - Error bars represent the standard deviation. éprésentation of
the relative fitness oE. coli when co-cultured with the uncommon bactefa {suruhatensis
andA. xylosoxidans The dashed line represents the relative fitoéds which means that the
species are equally fit. The asterisk symbol (*3cpd over the bars indicates a statistically
significant difference between the relative fithe$&. coliin dual-species biofilms and b €
0.05). (b) CLSM images d&. coli 10° CFU.ml* / D. tsuruhatensid®® CFU.mi* (1) andE. coli

10° CFU.mI*/ A. xylosoxidand @ CFU.mI* (11), distinguishing each bacteria in two diffeten
fluorescence channels and the superposition ofwbefields. (c) CLSM showing the biofilm
spatial organization dE. coli 10° CFU.mI*/ D. tsuruhatensid®® CFU.mi* (I) andE. coli 10°
CFU.mI*/ A. xylosoxidand®® CFU.mi* (Il) 192 h dual-species biofilms. The bottom imsge

represent the transversal planes.

In the synergetic interactions, microorganisms aeqa beneficial phenotype
which can result in the development of a stablefilbip metabolic cooperation,
increased resistance to antibiotics and host imnesponsés. Several studies have
demonstrated that the polymicrobial consortia aceenmesistant to antibiotic treatment
than the corresponding mono-species bioftfn€: 3 3! This demonstrated that under
challenging conditions imposed by the use of antdy@al agents, the species within the
biofilm can cooperate metabolically in order to teat themselveé % In fact, the
population proportion might be adjusted in orderdach a new balance better suited to

the new environmental conditions.

4.3.2 Antibiotic effects on the relative composition arsgatial organization of
biofilms formed by E. coli and uncommon bacteria

Assuming that the uncommon bacteria might coopevédteE. coli and that this
cooperation might have an impact on the antimieloprofile of the overall microbial
consortia, the antibiotic resistance profiles cdldspecies biofilms were characterized.

Four relevant antibiotics/antibiotic combinationghadifferent modes of action
were applied in a 48 h pre-established dual-spduigdms; and, the more prevalent
species was determined for the three differentbantic concentrations below the
MBEC. The antibiotics selected, including ciprofé@in, gentamicin, ampicillin and
amoxicillin/clavulanic acid (from the fluoroquinaie, aminoglycoside anfl-lactam

drug-class, respectively), are widely used in tieatment of UTIs and CAUT{s?**%
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The MBECs were evaluated for the single- and dpatis biofilms. Results are listed
on Table 4.1.

For the dual-species biofilmsE( coli 10° CFU.mI* / D. tsuruhatensis10’
CFU.mI*; E. coli 10 CFU.mI*/ A. xylosoxidand 0> CFU.ml?), it was also expected
that higher concentrationsf antibiotics were needed to eradicate the coistinan
those required to eradicate single-species biofilmg at least, an antibiotic
concentration equal to the one needed to eradibatenore resistant species which, in
this case, werB. tsuruhatensisindA. xylosoxidansAs expected, in general the MBEC
results showed that behavior. An exception was robse for the E. coli / D.
tusuruhatensiglual-species biofilm where the ciprofloxacin wdeato eradicate the
biofilm at very low concentration (0.5 mg)l While individually the single-species
biofilms were highly resistance to ciprofloxacinh@n combined the resulting mixed
biofilm was highly susceptible to the antibiotichi3 result reflects how urgent it is to
understand the composition and the species intenacin mixed biofilms in order to

select a therapy directed to the species involved.

Table 4.1 -MBEC values foriE. coli, D. tsuruhatensind A. xylosoxidansingle- and dual-
species biofilms, exposed to four relevant antibsotAn initial inoculum concentration of 10

CFU.mI" was used for these experiments.

Antibiotics (mg.I?)

Ciprofloxacin Ampicillin Gentamicin CI':\?;?;:\?E'Z& g
E. coli 256 128 2 64/9.15
D. tsuruhatensis 256 >1024 256 >1024/146.29
A. xylosoxidans 256 >1024 32 >1024/146.29
E. coli / D. tsuruhatensis 0.50 >1024 64 >1024/146.29
E. coli / A. xylosoxidans 256 >1024 64 >1024/146.29

*ratio 1/7 used in clinical treatments.

While it was apparent that, in general, the presesfcthe uncommon bacteria
highly increased thE. coliodds of surviving in the presence of antibiotierisg, it was

unclear if the exposure to these agents resuléssriaw repositioning of the population
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balance. To further investigate this, the dual-gsebiofilm cells were quantified after
exposure to antibiotic concentration near or beloey MBEC (the CFU.cfvalues are
present in Supplemental material on Table S4.1leT84.2 and Table S4.3). Figure 4.2
shows which species was more prevalent after ttreduaction of specific antibiotic
agents. Before antibiotic exposure, the proportiohthe species were similar in both
dual-species biofilms with a slight prevalence Bf coli (Figure 4.2-a, b). After
antibiotic exposure, results showed that, in gdnéra relative bacteria composition of
the dual-species biofilms was dependent of théemiic and concentration applied. For
ciprofloxacin, the 3 bacteria presented high MBHE@,ahus, the percentages of each
population were more balanced. For the other Dmmitcs, for which MBEC values of
the uncommon bacteria were much higher than thbtenad for thee. coli, a different
behavior was observed. It would be expectable ttiatmore resistant species would
dominate the microbial consortia. This, in factppened for gentamycin-exposed dual-
species biofilms, where the percentage of the unoemspecies increased with the
antibiotic concentration. However, the opposite geaged for the ampicillin and
amoxicillin/clavulanic acid-exposed biofilms. Whithe uncommon bacteria biofilm
cells were much more resistant, surprisingly thecoli population dominated the
consortia. Both ampicillin and amoxicillin/clavularacid belong to the same antibiotic
class, thep-lactam class, which might explain the similar teswbtained for both
antibiotics. Thep-lactam antibiotics are able to inhibit the celllW@osynthesis in the
bacterial cell, which ultimately might lead to tiell lysis Interestingly, biofilms
resistance was observed even in the presencewflatec acid, which is an inhibitor of

thep-lactamase production.
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Figure 4.2 - Relative bacteria composition of the dual-spedisfiims after antibiotic
exposure. For each antibiotic, the Ea)coli/ D. tsuruhatensisand (b)E. coli/ A. xylosoxidans
48 h dual-species biofilms were exposed to thréferdint concentrations bellow the MBEC;
then, the CFU counts were determined after 24dxpbsure. An initial inoculum concentration
of 10° CFU.mIwas used for these experiments. Two independermtriements were performed

for each condition.

These results suggested that a small relative pege of theD. tsuruhatensis
andA. xylosoxidansvas sufficient to introduce some protective change thek. coli
physiology, promoting its resistance and survivalaiast the ampicillin and
amoxicillin/clavulanic acid treatment. To determih¢his protective effect exhibited by

D. tsuruhatensigndA. xylosoxidanss maintained in the presence of low initial ratios
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of the species, the initial inoculum concentratiminthese species was lowered {10
CFU.mI%) when co-cultured witlE. coli (L10° CFU.mlY).

In general, while the MBEC values decreased duepairt, to a low initial
inoculum concentration oD. tsuruhatensisand A. xylosoxidangTable 4.2),E. coli
population dominated the consortia after the aotiibitreatment (Figure 4.3). The
exception was for the ciprofloxacin action on thecoli 10° CFU mI*/ A. xylosoxidans
107 CFU mi* (Figure 4.3-b). Concerning the gentamycin-treatedl-species biofilms,
as previously observed, the results also showedhb&. coli population only survived
when the antibiotic concentration was below the NIBBf E. coli single-species
biofilms (Figure 4.3-a, b).

Table 4.2 -Effect of a lowD. tsuruhatensi®r A. xylosoxidansnitial inoculum concentration
(10 CFUs.mI") on thein vitro susceptibility of the dual-species biofims to foelevant

antibiotics.

Antibiotics (mg.l™)

Amoxicillin/

Ciprofloxacin ~ Ampicillin Gentamicin Clavulanic acid*

E. coli 10° CFU.mlY

D. tsuruhatensisl(* CFU.ml ! 0.5 512 16 512

E. coli 10° CFU.ml'Y 128 256 16 128
A. xylosoxidansl(? CFU.ml*

*ratio 1/7 used in clinical treatments.
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(a) E. coli 10° CFU.m1"'/ D. tsuruhatensis 10° CFU.ml"' (b) E. coli 10° CFU.mlI "/ A. xylosoxidans 10 CFU.ml"
Pre-antibiotic Pre-antibiotic
exposure exposure 898
= E. coli D. tsuruhatensis = E. coli A. xylosoxidans
0.00 0.00 0.00
= 8
£ 5
g g
=] =}
= 55.86 2
& < 10000 100.00 =
5 f S
0.25 mgl" 0.03 mg.l" 0.004 mg.I" 8 mg.l" Imgl!
8.67 031 232
= ‘ £
5 4291 3
.a (=7
£ £
< - 9133 <«
256 mg.l" 32 mg.l’ 4 mg.l" 128 mg.I" 16 mg.1" 2 mg.I"
0.00 0.00 3.12 3.30
: ‘ B
cl 2
g g
g g
5 61.20 g
D - \
&) 100.00 ) 100.00 Qo
8 mg.l' I mgl' 0.14 mg.I" 8 mg.I" 0.14 mgI"
=4 =
= =2
= .2 2 °g
- 53
S 15586 EZ
- >
iz 2
@) Q
256 mg.I” 32 mgl' 4mgl’ 64 mgI' 8 mgl" 1 mgl'

Figure 4.3 -Effect of a loweD. tsuruhatensi®r A. xylosoxidangnitial inoculum concentration
(10 CFU.mI'™) on theE. coli population after antibiotic exposure. For eaclibéotic, the (a)E.

coli / D. tsuruhatensisnd (b)E. coli/ A. xyosoxidang8 h dual-species biofilms were exposed
to three different concentrations bellow the MBH@n, the CFU counts were determined after
24 h of exposure. AE. coliinitial inoculum concentration of $@FU.mI" was used for these
experiments. Two independent experiments were peaed for each condition.

Next, it was also important to understand whether& coli population is able
to dominate the ampicillin and amoxicillin/clavuianacid treated biofilms even
lowering significantly its initial inoculum conceation (16 CFU.mIY). The results
showed that a lower initial inoculum concentratafrE. coli did not affect the MBEC
value to ampicillin and amoxicillin/clavulanic acicdf dual-species biofilms

(Supplemental material — Table S4.B).colilost its dominance when co-cultured with
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D. tsuruhatensisbut in general, was able to persist within thaswotia (~20% of the
total population) (Figure 4.4-a). When co-culturadth A. xylosoxidans E. coli
maintained its dominance (Figure 4.4-b).
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Figure 4.4 - Effect of a lowerE. coli initial inoculum concentration (£0CFU.mI™") on the
relative bacteria composition of the dual-specie®ofilms after ampicillin and
amoxaocillin/alavulanic acid exposure. For eachhaatic, the (a)E. coli/ D. tsuruhatensignd

(b) E. coli / A. xyosoxidans48 h dual-species biofilms were exposed to thriferent
concentrations bellow the MBEC, then, the CFU ceuvere determined after 24 h of exposure.
An initial inoculum concentration of $@FU.mI* for D. tsuruhatensis and A. xylosoxidamas
used for these experiments. Two independent expatswere performed for each condition.

The images captured by CLSM revealed that the sipaties biofilms maintain
the same structure after treatment with ampicillitigure 4.5). The species are closely
associated with a dominance Bf coli population (Figure 4.5-1l, VI, VII, VIII).
Collectively, these results suggested that the mameon bacteria seem to offer a shared
resistance to thE. coli population, independently of its initial inoculuroncentration.

In fact, Leeet al® have reported that the role of the species inms@tium is not
necessarily related with this abundance; the ldasn@ant species might have a

protective effect over the other members involvethe consortia.
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Figure 4.5 (continuation) -The CLSM showing the biofilm spatial organizatioh(l) E. coli
10> CFU ml'/ D. tsuruhatensisl 0> CFU.mI* before the ampicillin exposure; and, (H) coli
10° CFU mi*/ D. tsuruhatensidd®> CFU.mI*, (1) E. coli 10° CFU.mi*/ D. tsuruhatensis(’
CFU.mI*, (IV) E. coli 10 CFU.mIY/ D. tsuruhatensid®® CFU.mI* after ampicillin treatment;
(V) E. coli 10° CFU.mI"/ A. xylosoxidansl®® CFU.mI* before the ampicillin exposure; and,
(VI) E. coli 10° CFU.mIY/ A. xylosoxidanslO® CFU.mi*, (VII) E. coli 10° CFU mlY A.
xylosoxidans1l@? CFU.mI*, (VIIl) E. coli 10° CFU.mI"/ A. xylosoxidanslO® CFU.mI* after

ampicillin treatment. The bottom and side imagesaith panel represent the transversal planes.

Recently, several studies have demonstrated a m@momenon of antibiotic
resistance based on the “shared resistance” by sommbers of the microbial
consortid®>> However, the mechanism underlying this sharetsteese is unknown.
For the results presented here, three hypothesdsranulated to explain the dominance
of the more antibiotic-sensitive species in a patyobial biofilm (Figure 4.6): 1) the
transfer of genetic material from the uncommon &a&ttoE. coli; 2) the induction of a
different physiological state iB. coli due to antibiotic uptake; 3) the degradation ef th
antibiotic in the biofilm matrix, through the aati@f thep-lactamases produced by the
uncommon bacteria.

Horizontal gene transfer of antibiotic resistane@as is a way by which some
bacteria become resistant to antibiotic agénRecent data have also been provided for
the occurrence of this mechanism in biofiffif§ which may result, in part, from the
close cell-to-cell contact occurring in the biofffinFor instance, the horizontal transfer

of specific genes coding fd-lactamases, is not new. May al*’

reported that the
resistance t@-lactam antibiotics is mainly due to the localipatiof thep-lactamase
genes on plasmids, which can spread rapidly amantgha.

13! have

Regarding the induction of a different physiologistate, Karaet a
suggested this type of interaction fStreptococcus mutarend Veillonella parvula.
WhenS. mutansvas co-cultured witl/. parvulg the latter species induced changes in
the gene expression & mutansallowing its survival under challenging conditions
caused by the use of different antibacterial complsuAnother study reported that the
sub-inhibitory concentrations of-lactam antibiotics promote alterations into the
biofilm phenotype, such as a loss of viable baatarnd an increase in biofilm biomass,

which can protect and allow the survival of thetbda exposed to antibiotic agefts
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Regarding the last hypothesis, it was demonstréitedl the presence d-
lactamases in the biofilms matrix might inactivitéactam antibiotic¥. Lee et al>*
suggested tha®seudomonas protegemss able to protect all species involved in the
microbial consortiaR. aeruginosaand K. pneumonia when exposed to tobramycin,
probably due to the ability of the resistant spedee produce enzymes that degrade or
modify the antibiotics.

In the present chapter, as previously reported bg dt al>* there was no
selection of the more resistant species tsuruhatensiandA. xylosoxidansover the
E. coli (the less resistant species). The presence oftaesispecies, even in low
concentration, seemed to offer a protection, alhguthe survival and dominance Bf
coli within microbial consortia under lethal antibiotmoncentrations. While the
uncommon bacteria (the resistant species) mighe tlair metabolism directed to the
secretion off-lactamasesE. coli (the susceptible cells) might gain benefit frone th
action of B-lactamases secreted. In this situatign,coli does not expend energy in
producing enzymes and may redirect that energyramnpte its growth and survival
without paying the cost. A similar scenario, desed by Fosteet al**, reports that the
resistant cells, through the production of enzythes break down the antibiotic agents,
promote the growth of susceptible cells without tcosonferring a competitive
disadvantage to the resistant cells.

Finally, it is important to note that to ensure teproducibility of results the use
of an established formula of artificial urine wa®fprred. In fact, human urine varies
significantly in terms of pH and compositions acting the type of food intake and the
health of the individu4f. The formula used in this study was reported asitable
replacement for normal urine and may be used inda wange of experiments (e.g. for
modelling the growth and attachment of urinary pgtns in the clinical
environment): 2> %7 Also, the use of a dynamic biofilm system mighowa better
mimicking of the urine flow that occurs in the wamy catheter, but the experiments
were performed in static conditions using the wlites. These platforms offer the

possibility of providing a larger amount of d&t&°
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4.4 Conclusions

Interactions betweeB. coliand uncommon bacteria in CAUTIs can pronibie
coli survival under challenging conditions, such ass¢hamposed by the antibiotic
agents. A residual concentration of these uncombaateria appears to be sufficient to
protectE. coli population. In fact, for certain situations wheérecoliwas more sensitive
to the antibiotics than the other microorganisms,was, nonetheless, able to
predominate within the dual-species biofilms. Camnig the results obtained in this
chapter, Figure 4.6 shows a schematic represemtafiche hypothesis proposed to
explain the predominance of a certain spediescli, in this case) when a dual-species
biofilm is exposed to antibiotics agents or oth@lenules.

While synergistic interactions between the coli and the uncommon bacteria
might significantly contribute to the development well-organized and resistant
biofilm structures, it also became clear that sqragicular species-combination might
induce metabolic processes that decrease theamstsinechanism.

In conclusion, this study suggested that therenaxg aspects about the role of
uncommon bacteria that should be investigated ssciow the protection offered by
these species contribute to the survival and damemaf sensitive species under lethal
antibiotic concentrations. More experiments invotyithis type of bacteria should be
carried out, and the mechanisms involved in evatutf antibiotic resistance should be
taken into consideration. In addition, it is suggdshat the microbial composition and
environmental conditions present in the polymicabbiofilms should be considered in

the development and validation of novel antimicabBirategies.
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Figure 4.6 -Schematic representation of the hypothesis prapwsthe present work to explain the predominarfce certain species when a dual-species
biofilm is exposed to antibiotic. After antibiotexposure, (a) typically the species more resistantives and dominates the microbial consortia; (b
however, the opposite can occur, and, the moreeptibte species resists and dominates. Some hygistteeexplain that observation include, 1) transfe
of genetic material from the resistant specieh¢osusceptible species; Il) induction of a diffénelmysiological state in the susceptible speciastdithe
antibiotic uptake; 11l) degradation of the antilicoin the biofilm matrix, through the action of teazymes produced by the resistant species.
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4.6 Supplemental material

I) E. coli single-species biofilm

(IT) D. tsuruhatensis single-species biofilm

(IIT) 4. xylosoxidans single-species biofilm

Figure S4.1 -CLSM images oE. coli(l), D. tsuruhatensigll) andA. xylosoxidanglll) single-

species biofilms.
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Table S4.1 -CFU.cn¥ counts for theE. coli/ D. tsuruhatensigndE. coli/ A. xylosoxidang8
h dual-species biofilms exposed to three differemicentrations bellow the MBEC. These

counts were determined after 24 h of exposure. itial inoculum concentration of 10

CFU.ml™* for both species was used for these experiments.

Antibiotic

Antibiotic concentration Bacteria CFU.cm? Star_ldgrd

(mg.IY) deviation
0.25 E. coli 1.70E+05 7.42E+03
’ . tsuruhatensis  3.62E+05 5.20E+04
Ciprofloxacin 0.03 E. coli 1.73E+05 3.71E+04
' . tsuruhatensis  3.87E+06 8.17E+05
0.004 E. coli 4.67E+06 2.20E+06
’ . tsuruhatensis  4.31E+06 1.98E+05
- 1024 E. coli 5.95E+05 6.93E+04
= . tsuruhatensis  6.72E+04 1.68E+04
=5 - E. coli 6.08E+05 4.39E+05
€5 Ampicillin 128 .tsuruhatensis ~ 4.25E+04  2.10E+04
E % 16 E. coli 2.99E+06 7.18E+05
O g . tsuruhatensis  3.15E+04 5.44E+03
“‘E_>| S 39 E. coli 0.00E+00 0.00E+00
= § . tsuruhatensis  6.55E+05 5.44E+04
©3 Gentamicin 4 E. coli 0.00E+00 0.00E+00
w 2 . tsuruhatensis  7.18E+05 1.29E+05
5 05 E. coli 8.26E+06 5.15E+06
’ . tsuruhatensis  4.06E+05 2.28E+05
1024 E. coli . 1.02E+06 1.48E+05
Amoxicillin/ . tsuruha_ten5|s 0.00E+00 0.00E+00
Clavulanic 128 E. coli _ 7.77E+05 7.33E+05
acid . tsuruhatensis  0.00E+00 0.00E+00
16 E. coli 6.27E+06 2.13E+06
. tsuruhatensis  2.98E+04 1.39E+04
128 E. coli 5.50E+05 6.58E+04
. xylosoxidans  3.82E+05 4.01E+05
Ciprofloxacin 16 E. coli 2.75E+05 2.47E+03
. xylosoxidans  6.53E+05 7.18E+04
2 E. coli 6.86E+06 2.00E+06
. xylosoxidans ~ 4.97E+06 0.00E+00
. 1024 E. coli 3.52E+05 3.34E+05
‘€ . xylosoxidans ~ 1.63E+04 6.68E+03
=9 — E. coli 3.651E+06 4.64E+06
E @ Ampicillin 128 _xylosoxidans ~ 7.18E+04  2.47E+03
E 9 16 E. coli 4.03E+05 2.47E+04
o4 . Xxylosoxidans  2.59E+05 3.96E+04
B8 22 E. coli 2.99E+06  1.24E+05
= 'g . xylosoxidans  2.28E+04 3.96E+03
©a Gentamicin 4 E. coli 0.00E+00 0.00E+00
> . xylosoxidans  6.60E+05 1.81E+05
< 05 E. coli 0.00E+00 0.00E+00
) . xylosoxidans  2.29E+06 2.47E+04
1024 E. colil 5.18E+05 1.58E+05
Amoxicillin/ . xylosoxlldans 1.66E+05 7.42E+02
Clavulanic 128 E. coll_ 4.80E+05 3.96E+04
acid . xylosoxidans  3.31E+04 2.47E+02
16 E. coli 2.99E+06 1.24E+05
. xylosoxidans  2.28E+04 3.96E+03
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Table S4.2 -The CFU.cnif counts for theE. coli 100 CFUs.mI* / D. tsuruhatensisl(?
CFUs.ml" andE. coli 10° CFUs.mlI*/ A. xylosoxidand 0 CFUs.mf" 48 h dual-species biofilms
exposed to three different concentrations belloeWMBBEC. These counts were determined after

24 h of exposure.

Antibiotic Concent_rf\ L2l Bacteria CFU.cm? Standard

(mg.I") deviation
0.25 E. coli 6.07E+05 4.33E+05
’ D. tsuruhatensis  2.19E+05 5.69E+04
Ciprofloxacin 0.03 E. coli _ 2.66E+06 4.95E+05
’ D. tsuruhatensis  3.34E+06 1.24E+05
0.004 E. coli 1.56E+07 6.19E+05
) D. tsuruhatensis  8.54E+06 2.97E+05
- 256 E. coli 4.26E+05 5.85E+05
= D. tsuruhatensis  1.68E+05 4. 45E+04
=N E Ampicillin 32 E. coli . 6.76E+05 1.15E+05
EOC D. tsuruhatensis ~ 5.06E+05 7.67E+04
E S 4 E. coli 1.84E+05 6.68E+04
(@] g D. tsuruhatensis  3.45E+05 7.67E+04
é S 8 E. coli 0.00E+00 00E+00
= E D. tsuruhatensis  6.41E+05 5.79E+05
©'3 Gentamicin 1 E. coli 1.07E+06 9.18E+05
w 2 D. tsuruhatensis  1.79E+06 1.68E+06
5 0.14 E.coi ~ 5.25E+06 1.39E+06
’ D. tsuruhatensis  5.39E+06 1.41E+06
256 E. coli . 2.70E+04 3.96E+03
Amoxicillin/ D. tsuruhgtensm 5.65E+05 2.72E+04
Clavulanic 32 E. coli _ 2.80E+06 2.55E+06
acid D. tsuruha_ten3|s 4.67E+06 2.00E+06
4 E. coli 2.43E+06 1.21E+06
D. tsuruhatensis  3.69E+06 7.18E+05
64 E. coli 0.00E+00 0.00E+00
A. xylosoxidans  1.31E+05 7.42E+03
Ciprofloxacin 8 E. coli_ 0.00E+00 0.00E+00
A. xylosoxidans  5.29E+05 3.56E+05

1 E. coli 0.00E+00 00E+00
A. xylosoxidans  3.78E+06 1.68E+06
. 128 E. coli 2.36E+05 4. 70E+04
',—E A. xylosoxidans  4.10E+03 2.43E+03
) Ampicillin 16 E. CO|I. 1.45E+06 2.00E+04
ES A. xylosoxidans  2.24E+03 9.90E+02
E S 2 E. coli 4.59E+06 1.98E+05
SR A. xylosoxidans ~ 1.11E+05 6.64E+04
é ks 8 E. coli 0.00E+00 0.00E+00
= 'g A. xylosoxidans  2.87E+05 2.23E+05
© 5 Gentamicin 1 E. coli 4.55E+06 5.44E+05
> A. xylosoxidans  1.59E+05 6.19E+04
< 0.14 E. coli 4.92E+06 2.47E+04
) A. xylosoxidans  1.68E+05 4.95E+04
64 E. coli 8.02E+05 3.46E+04
I A. xylosoxidans  3.62E+04 4 54E+04

Amoxicillin/ .

Clavulanic 8 E. coll_ 3.45E+06 1.61E+06
acid A. xylosoxidans  1.56E+04 2.47E+02
1 E. coli 4.92E+06 1.11E+06

A. xylosoxidans  7.11E+05 9.40E+04
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Table S4.3 -The CFU.crf counts for theE. coli 10¢° CFUs.mI" / D. tsuruhatensisl®®
CFUs.ml" andE. coli 10° CFUs.mi" / A. xylosoxidand 0> CFUs.ml" 48 h dual-species biofilms
exposed to three different concentrations belloeWMBBEC. These counts were determined after

24 h of exposure.

Antibiotic
Antibiotic concentration Species CFU.cm? itapdtgrd
(mg.l‘l) eviation

- 1024 E. coli 4.88E+05 4.21E+04

= D. tsuruhatensis  1.86E+06 3.96E+05
) - E. coli 1.22E+06 1.19E+06
= Ampicillin 128 D. tsuruhatensis ~ 3.05E+05  4.45E+04
D% 16 E. coli 3.76E+05 2.00E+05
O g D. tsuruhatensis  1.63E+06 5.69E+05
é S 1024 E. coli 1.75E+04 2.47E+03
= § D. tsuruhatensis  5.09E+05 1.21E+05
©3 Amoxicillin/ 128 E. coli 3.06E+05 1.96E+05
w2 Clavulanic acid D. tsuruhatensis  2.61E+06 3.22E+05
5 16 E. coli 9.50E+05  6.86E+05

D. tsuruhatensis  3.10E+06 2.23E+05

. 1024 E. coli 2.17E+05 5.94E+04
"_E A. xylosoxidans  1.56E+03 1.24E+02
>S5 - E. coli 3.45E+05 1.61E+05
€9 Ampicillin 128 A. xylosoxidans  6.55E+03 2.97E+02
2 16 E. coli 1.82E+06 6.43E+05
O g A. xylosoxidans ~ 7.32E+03 3.46E+02
?3 S 1024 E. coli 4.10E+05 4.45E+04
= 'g A. xylosoxidans  9.26E+03 7.67E+02
© 8 Amoxicillin/ 128 E. coli 2.89E+05 4.21E+04
w> Clavulanic acid A. xylosoxidans  1.98E+04 1.73E+03
< 16 E. coli 1.94E+06 6.19E+05

A. xylosoxidans  6.32E+03 2.25E+03

Table S4.4 -Effect of a lowE. coli initial inoculum concentration ((€CFUs.mi%) on thein

vitro susceptibility of the dual-species biofilms to aqilfin and amoxicillin/clavulanic acid.

Antibiotics (mg.l™)
Amoxicillin/

sl clavulanic acid*
E. coli 10 CFU.ml"Y
D. tsuruhatensisl®® CFU.ml* >1024 >1024
E. coli 10° CFU.ml'Y/ >1024 >1024

A. xylosoxidansl0® CFU.ml*
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Chapter 5

An in vitro model of catheter-associated urinary tract
infections to investigate the role of uncommon baetia on
the Escherichia colimicrobial consortium

Andreia S. Azevedo Carina Almeida, Luciana C. Gomes, Filipe J. Méngo, Luis F.
Melo, Nuno F. Azevedo.

(submitted)

Abstract

Urinary catheters are a common niche for polymiiaobiofilms, leading to CAUTIs
development. Uncommon bacteria, suchDagusurhatensihave been isolated from
CAUTIs in combination with well-established pathoge bacteria such ak. coli
Nonetheless, the reason why. coli coexists with other bacteria instead of
outcompeting and completely eliminating them isnokn. As such, a flow cell reactor
simulating the hydrodynamic conditions found in CAb (shear rate of 15% was
used to characterize the microbial physiology ©Bf coli and D. tsuruhatensis
individually and in consortium, in terms of the gtth kinetics and the substrate uptake.
Single-species biofilms showed that up to 48 hahkivable cell counts significantly
increased for both specieg € 0.05). After 48 h, both species stabilized wiimikar
cultivable cell values reaching Log 6.24 CFU-éror E. coliand Log 6.31 CFU.cih
for D. tsuruhatensigp > 0.05). When in dual-species biofilf&, coli outnumberedD.
tsuruhatensisup to 16 h and theD. tsuruhatensigained fithess advantage. However,
the assessment of the spatial distribution of tha&l-dpecies biofilm by LNA/2"OMe-
FISH revealed thaE. coli andD. tsuruhatensisoexist and tend to co-aggregate over
time, which suggests that both bacteria are abletperate synergistically. Substrate
uptake measurements revealed that in AUM both bhacteetabolized lactic acid and
uric acid, whileD. tsuruhatensisvas also able to use citric acid. In the consprtiD.
tsuruhatensisnetabolized citric acid more rapidly, presumalggving more uric acid
available in the medium to be used Bycoli. In conclusionE. coli and uncommon

bacteria seem to cooperate metabolically, whenirghdhe same environment under
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dynamic conditions, leading to the persistence athlbacteria in a stable microbial

community.

Keywords: Escherichia coliDelftia tsuruhatensisuncommon bacteria, flow cell, urine

flow.
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5.1 Introduction

In hospitals and nursing homes, there is a regudaurrence of infections, of
which about 9% are attributed to CAUT.I&Jrinary catheters are medical devices used
in patients to control the urine drain due to irtceence problems or post-operative
urine retentioh Unfortunately, most patients experience long-teratheterization,
which is frequently associated with polymicrobialffection$®. In fact, with time
microorganisms end up forming polymicrobial biofdnmon the surface of urinary
catheter§®,

A biofilm is a community of microorganisms adherted a biotic or abiotic
surface, which is enclosed in an EPS matrix. Corgbém planktonic microorganisms,
they have an altered phenotype associated witkuceel growth rate, a high tolerance
to antimicrobial agents and to host immune systang an altered expression of
specific gened™® Typically, microbial biofilms display a coordireat and cooperative
behaviol?, where the concentration of individual populatiossadjusted according to
the conditions found in the environment as show@hapter 4.

Recently, uncommon bacteria suchlastusurhatensisiave been isolated and
identified in nosocomial infections involving polyenobial biofilms™ *° including
CAUTIs’. The pathogenic potential of these uncommon bactes undefined.
Nonetheless, this type of bacteria appears in tatassociated biofilms in combination
with well-established pathogenic bacteria (ek. coli, K. pneumoniaeand P.
aeruginosd’. As reported in Chapters 2 ande,coli and uncommon bacteria are good
biofilm producers on abiotic surfaces (e.g. sileomolystyrene), and when in co-
culture they are able to form a stable microbialsmotia, where both bacteria coexist,
even when inoculated at different proportions. Aldbe analysis of ecological
interactions betweek. coli and uncommon bacteria has revealed that theserlzact
tend to interact either synergistically or, at teasplay a neutralism behavior. These
previous studies have only described the possiergistic interactions assessing
bacterial adhesion, biofilm formation and overattibiotic resistance of mixed-species
consortia in static conditions. Nonetheless, kndgéeabout the microbial physiology
of E. coli andD. tsuruhatensisinder dynamic conditions, especially when conceyni

nutritional requirements, remains unknown. Hencpressing need exists for research
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directed toward understanding microbial interadtiothat drive CAUTIs biofilm
communities involving uncommon and pathogenic brectender dynamic conditions.
As biofilms in urinary catheters are exposed torbgigghamic shear forces, a
flow cell system simulating the shear strain ratenl in urinary catheters (15)38°*2
was used. Species behavior was then evaluatedidodily and in consortium, when
exposed to AUM flow and to the silicone materiaheTphysiology of each bacterium
was characterized in terms of the growth kinetiod e substrate’s uptake (lactic acid,

urea, citric acid, creatinine and uric acid) undgmamic conditions.

5.2 Material and methods

5.2.1 Strains and culture media

Culture conditions were similar to those previousdscribed in Chapters 2 and
4. Briefly, for each experimeng. coli CECT 434 andD. tsuruhatensiBM90 were
recovered from a frozen stock (-80 °C), streaked $A (Merck, Germany) and grown
overnight at 37 °C. For the inoculum preparati@ghebacterium was inoculated in 250
ml of AUM and the cultures were placed in an indobgdAGITORB 200, Aralab,
Portugal) during 16-18 h at 37 °C and 150 rpm. AWMs prepared as previously
described’, but as yeast extract and peptone are a mixtupplypeptides and amino
acids, they were not added to the medium to entldemeasurement of substrate’s
uptake. Then, cell concentration was assessed Dy &.620 nm and each inoculum
was diluted in AUM in order to obtain a final contetion of 18 CFU.mI*. A diluted
inoculum was used to inoculate the reactor systermg 1 h at a flow rate)) of 0.5

ml.mint,

5.2.2 Determination of bacterial growth rates
The growth rate for each bacterium was determimedWM (without yeast

extract and peptone) in a batch culture as destitbsub-section 2.2.6 (Chapter 2).
5.2.3 Flow cell reactor setup

The reactor system used in this work (Figure 5ahsests of a vertical flow cell,

water bath at 3?C, peristaltic (B1) and centrifuge pumps (B2), esntaining the
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nutrients, recirculating silicone tubes and a wastssel. The flow cell used is a
rectangular Perspex column with 10 apertures inoxaile rectangular pieces of
Perspex where silicone coupons were placed. Altipations of the flow cell reactor

are provided in Table S5.1 (Supplemental material).

Recirculating '
tube
+
Centrifugal pump A
B2
L ]
Flow Cell
Water bath ; &
37°C ]
Peristaltic pump, B1 Doty

Figure 5.1 - Schematic representation of the flow cell reactor.
Pumps Bl and B2 controlled the flow rate of AUM

(0.5 ml.mir) and the velocity of recirculating fluid
(300 ml.mir™), respectively

Important aspects involved in CAUTIs were simulasedh as the composition
of the AUM, which was reported as suitable to mirthe urine in a wide range of
microbial studie§™* The temperature of AUM was kept at %7, corresponding to the
human body temperature. Considering that the nodagy range for an adult urinary
output is between 800 to 2000 ml of ufihes AUM flow rate of 0.5 ml.mit*>?” was
used for feeding the system. In addition, the oedating system allowed adjusting the
flow rate (300 ml.mift) inside the flow cell independently of the AUM Wiorate. This
value was determined based on the shear straif@ate s*) reported for the urinary
catheter (15 " The shear stress,f, in Pa) was firstly obtained by multiplying the

8 value by the fluid viscosity( in kg.m*.s?) of the fluid involved”:
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Tw = 8un (eq.5.1)

Then, to calculate the resultigg a mathematical mod& assuming a

Newtonian fluid was used, in which thg is calculated as a function of tQe

6
Tw = bLh? (eq.5.2)

whereb is the width of the chamber ahds the distance between plates.

Under these conditions, a Reynolds number (Re¥6f\8as obtained according
tothe e.q. 5%,

_ Qe
Re = n (eq.5.3)

wherep is the fluid density (in kg.).

Silicone (Neves & Neves Lda, Portugal) was useds®ess biofilm formation.
Coupons of silicone (1 x 0.5 cm) were glued ontriéctangular pieces of Perspex and
placed in contact with the bacterial suspensioocutating in the system. Each silicone
coupon could be removed without disturbing the ibief formed on the others
couponé’. Before each experiment, the system was propéegned with water and
diluted bleach. Before inoculation, water with ldleawas totally removed and the
system was rinsed with sterile water in asepticditmns®. Feed tubes from flasks
containing sterile AUM were fitted with anti-refluxalves to prevent upstream
migration of bacteria and subsequent contaminatfdhe AUM. Flasks and tubes were
autoclaved at 120C during 20 min. Then, the complete system was naskeel

aseptically.
5.2.4 Flow cell reactor operation and biofilm formation

Firstly, single-species biofilm experiments werefg@ened in order to evaluate

the biofilm dynamics each bacterium individuallyrRhis, 500 ml of each inoculum
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diluted in AUM (10 CFU.mI* of cell concentration) were used to inoculatergrector
system during 1% 3" *2at a flow rate of 0.5 ml.mih?>. In order to understand how the
behavior of each bacterium in co-culture, a duaksgs biofim E. coli / D.
tsuruhatensis at the same initiatoncentration (IDCFU.mI") was also studied. For
dual-species biofilm formation, equal volumes otleaingleculture (250 ml) at an
initial concentration o2 x 1¢ CFUs.mI* were used.

After 1 h, the system was stopped and the bact@aiulum was drained out
from the flow cell. Pre-warmed and sterile AUM wagmped at a flow rate of 0.5
ml.min™ to fill the reactor system without disturbing thells already adhered to the
silicone coupons. Once the reactor system wadlfilllee recirculating flow rate (300
ml.min™) was gently established and the system was cantsiy fed with sterile AUM
(at a flow rate of 0.5 ml.mif) for 72 h at 37C.

5.2.5 Sampling

Sampling was performed at three time points (16add 72 h) for the cultivable
cell counts of biofilms and quantification of th@evall consumed substrates (lactic
acid, uric acid, urea, citric acid and creatininE)e spatial organization of single- and
dual-species biofilms was also assessed using LNKDOM2-FISH in combination with
CLSM.

At each time point, the system was stopped to alidiwone coupon removal
and carefully started again maintaining the sarae ffonditions in order to guarantee
that the biofilms formed on other coupons were disturbed. This sampling step was
made from the top to the bottom of the flow celdagsach removed coupon was
substituted with a new one that was previouslyreedaand kept in ethanol. Afterwards,

biofilms were immediately prepared for further aséd.

5.2.6 Biofilm analysis

For quantification of biofilm cultivable cells, gibne coupons with biofilms
were washed twice in 10 ml of 0.85% (v/v) steriddiree solution to remove loosely
attached cells. Then, coupons were placed in wlla 24-well tissue culture plate
containing 1.5 ml of 0.85% (v/v) sterile saline.nSequently, biofilms were sonicated
and the cultivable cell counts were performed a=iileed in sub-section 4.2.3 (Chapter

4). Cultivable cell counts were determined and esped per unit area of the silicone
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coupon in contact with AUM (Log CFUs.¢th Cultivable cell counts for the bulk
liquid were also performed according to the saméouology. To assess the biofilm
spatial organization and the species distributibe, LNA/2"OMe-FISH procedure in
combination with CLSM analysis was performed digecn single- and dual-species
biofilms as described in sub-section 3.2.8 (Chap}er

The concentration of each substrate was determgnegmatically according to
the manufacturer instructions provided in the taettid assay Kit (MAK064, Sigma-
Aldrich, USA), uric acid assay Kit (MAKO77, Sigmaldkich, USA), urea assay Kit
(MAKOQO06, Sigma-Aldrich, USA), citric acid assay K{MAKO057, Sigma-Aldrich,
USA) and creatinine assay Kit (MAK080, Sigma-AldiridJSA).

5.2.7 Fitness and Malthusian parameters calculation
W andm parameteres were determined as previously dedcitbequations 2.1 and
2.2 of sub-section 2.2.9 (Chapter 2). When theevatilV is 1, it means that both

bacteria are equally fit.

5.2.8 Statistical analysis

For each parameter, the average and standard idewetre calculated. Results
were compared using ANOVA by applying Levene's tdshomogeneity of variance
and the Tukey multiple-comparisons test, using3R&S software. Statistical tests were

carried out at a significance level of 0.05.

5.3 Results and discussion

Microbial infections in catheterized patients arsually composed by a
dominant pathogenic bacterium (ek. col) which might interact and coexist with
other pathogens (e.§. aeruginosak. faecalisandP. mirabili9® ** ** or even, with
uncommon bacteria with a poorly understood rolehsagD. tsuruhatensis Hence, a
polymicrobial community is established on the stefeof an urinary catheter, in
particular when the urinary catheter remains inptiigent for several weeks or months

® Similarly to the observations of Chapters 2 andlapeset al®* *® have studied the
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role of some uncommon bacteria in clinical infee@nd have highlighted their role in
shaping the overall behavior of the microbial brofi

In this work, the physiology oft. coli and the uncommon bacteria.
tsuruhatensisunder dynamic conditions similar to those founccatheterized urinary
tract was evaluated, both in terms of the microlmabwth and the nutritional
requirements, in order to better understand hoveethieacteria might persist in a
microbial community and start disclosing the patdnble of uncommon bacteria d&h
coli. In fact, despite uncommon bacteria appear atedesgtent in CAUTIs, the
microbial interactions between uncommon bacteréa@athogenic bacteria are likely to

occur.

5.3.1 Characterization of E. coli and D. tsuruhatensisngjle-species biofilm

growth under dynamic conditions

First, the development &. coliandD. tsuruhatensisingle-species biofilm was
assessed. AE£. coli is one of the most frequently detected microorgasi in
CAUTIs*” ® it would be expectable th&t coli presents a higher ability to grow under
dynamic conditions in AUM. However, this was nosebved in terms of cultivable cell
counts (Figure 5.2-a). Single-species biofilms séwhat up to 48 h the cultivable cell
counts significantly increased for both specjes 0.05) with a notorious higher growth
for D. tsuruhatensisiofiims. In fact, the assessment of the bactagrawth rate in
AUM (without yeast extract and peptone) showed attsuruhatensiggrew faster
(0.4879 H') when compared t&. coli (0.2831 H'). After 48 h, both species stabilized
with similar cultivable cell values (Log 6.24 CFth@ for E. coli and Log 6.31
CFU.cm? for D. tsuruhatensisp > 0.05). These growth profiles were similar tosto
obtained in results presented in Chapter 4 wheslbs of both bacteria were formed
in silicone coupons in AUM under static conditiolonetheless, the highni values
for single-species biofilms grown under static dtods indicated that, in these

conditions, bacteria form more biofilm than undgnamic conditions (Figure 5.2-b).
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Figure 5.2 - Formation ofE. coli andD. tsuruhatensisingle-species biofilms. (a) Cultivable
cell values for biofilms in silicone coupons undiynamic conditions; (b) Comparison of
Malthusian parameter values fiar coli andD. tsuruhatensisingle-species biofilms grown in
silicone coupons under dynamic and under statiditons (results of static conditions were
from Chapter 4). The Malthusian parameter was deted between time 0 and 48 h, before the

biofilm stabilization. Error bars represent stamddeviations.

Indeed, the assessment of the spatial distributibmiofilm populations by
LNA/2"OMe-FISH in combination with CLSM revealedathsingle-species biofilms in
static conditions presented higher thickness vaBgéqum forE. coliand 17 pum foD.
tsuruhatensisSupplemental material - Figure S4.1) compareslrigle-species biofilms
formed under dynamic conditions (6 um for both eaat Supplemental material -
Figure S5.1). These data suggested that the abségeast extract and peptone and the
hydrodynamic conditions that biofilms are subjectedwhen cultured in dynamic
conditions, affect negatively the cell concentnatitm fact, it is well established that the
hydrodynamic conditions and the nutrients availgbihave a crucial impact in the

adhesion process of the microorganisms, structnniebahavior of microbial biofilnT&
44

5.3.2 How uncommon bacterium might impact on E. coli pdation under
dynamic conditions

To understand the potential role Bf tsuruhatension E. coli physiology, the
fitness ofE. coliandD. tsuruhatensisvas determined and the spatial localization of the
biofilm populations inE. coli / D. tsuruhatensidual-species biofilm was analyzed
(Figure 5.3).

142



An in vitro model of CAUTIs to investigate the role of unconmimacteria on th¢ Chapter 5
E. colimicrobial consortiu

It was speculated th&t. tsuruhatensisvould dominate the microbial consortium
since it grows faster compared with coli. However, the data only showed this
behavior at 72 h with cultivable cell values reachiog 5.27 CFU.cqf for E. coliand
Log 6.27 CFU.crit for D. tsuruhatensigp < 0.05) (Figure 5.3-a). On the other hand,
W .o results showed théi. coli presented a higher advantage up to 1&/h £,;; > 1
and Wy, ssurunatensis < 1, with ap < 0.05). Then, th&V; .,; decreasedWy .o < 1)
andD. tsuruhatensigjained fitness advantage¥{ ;surunatensis > 1). However, for 48
h there are no statistically significant differesdeetweeriWg .o andWy ;curunatensis
(p > 0.05). Part of these data might be corroboratiia the previous study performed
in silicone coupons under static conditions (Chag)e where an advantage fér coli
when co-cultured with uncommon species was reppdsplecially for the early stages
of biofilm development.

The assessment of the spatial distribution of hiofipopulations by
LNA/2"OMe-FISH in combination with CLSM revealed ath E. coli and D.
tsuruhatensiscoexist and tend to co-aggregate over time (FiguBec). This spatial
organization is also similar to a study performedstatic conditions (Chapter 4). This
suggests that the presence of flow and absenceast yextract and peptone did not
influence the spatial distribution of biofilm poptibns. This only affected the thickness
of biofilms which was lower under dynamic condit$o{6.38 um at 72 h under dynamic
conditions [Figure 5.3-clll] and 14 um at 48 h [kiig 4.5-1] and 192 h [Figure 4.1-cl]
under static conditions).

Despite a slight decrease ofg\W,;i values for the last time points, this spatial
organization typically means that both species alpée to cooperate or interact
synergistically®, as discussed in Chapter 4. In fact,Eascoli and D. tsuruhatensis
might co-inhabit the same urinary cathétér would be expectable that both species

might cooperate and benefit from the presence df ether.
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Figure 5.3 - Single- and dual-species biofilm growth in silicongaterial under dynamic
conditions. (a) Cultivable cell values of each bdacm overtime; (b) Representation of the
relative fithess ok. coliandD. tsuruhatensisThe dashed line represents a relative fitheds of
which means that the species are equally fit withiofilms. Error bars represent standard
deviations; (c) Images of LNA/2"OMe-FISH in combima with CLSM, showing the spatial
organization of thé. coli/ D. tsuruhatensislual-species biofilm at (1) 16 h, (II) 48 h andl)(l
72 h. The bottom and side images represent thevease planes. Green cells correspon.to

coli and red cells correspond o tsuruhatensis

Two of the previous studies included in this thg€fapters 2 and 4) have
suggested that the uncommon bacteria have a positipact onkE. coli fithess and
under adverse conditions these bacteria seem ¢o afprotective effect ovdt. coli,
increasing the tolerance of the overall microbi@ingortia to antibiotic agents.
Nonetheless, there are no studies reporting howtsatb uptake is affected when both
bacteria are present simultaneously. Thus, anatysistritional requirements d. coli
and D. tsuruhatensisvhen growing under dynamic conditions might explaihy E.

coli coexists with uncommon bacteria rather than alone.
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5.3.3 Substrate uptake by E. coli and D. tsuruhatensis simgle- and dual-
species biofilms

The concentration profiles of lactic acid, uric dicicitric acid, urea and
creatinine concentrations. coli, D. tsuruhatensisand E. coli / D. tsuruhatensisare
presented in Figure 5.4. Both bacteria had preteréor organic acids like lactic acid,
uric acid E. coliandD. tsuruhatensisand citric acidD. tsuruhatensis

A higher uptake of lactic acid was observed up 6ohlby E. coli and D.
tsuruhatensigvhich means that this substrate was clearly tivagry carbon source for
both bacteria when grown individually (Figure 5Y4-Bhen, as the amount of lactic acid
decreased substantialll, coli started to uptake uric acid gradually until 720m the
other handD. tsuruhatensi€onsumed a higher amount of uric acid up to 4Bigufe
5.4-b). At this pointE. coliwas not able to uptake other substrate; butsuruhatensis
was able to uptake the citric acid (Figure 5.4When in consortiumE. coli andD.

tsuruhatensig€onsumed more rapidly lactic acid and citric abiat, not uric acid.
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5.4 Conclusions

The flow cell system allowed studying hoW. tsuruhatensisnfluences the
physiology ofE. coliin conditions similar to those found in CAUTIsopiding data
about the growth kinetics and the carbon sourcas dhe preferentially consumed by
each bacterium individually and in consortium. Untlew conditions,E. coli andD.
tsuruhatensisare able to persist and survive within biofilm eomity. Concerning
their ability to consume urine substratEscoli andD. tsuruhatensiseem to cooperate
in order to obtain the maximum nutritional bendfideedD. tsuruhatensigo-cultured
with E. coli preferred the consumption of citric acid inste&diic acid, leaving more
uric acid available to be used By coli. This hints at a cooperative interaction between
E. coliand uncommon bacteria when these species shasartige environment in order

to guarantee their persistence and survival withicrobial community.
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5.6 Supplemental material

Table S5.1 -Specifications of the flow cell reactor.

Length of the column 42 cm
Height of the column 2cm

Depth of the column lcm

Total surface area of the Flow Cell 252°cm
Total volume of the Flow Cell 84 mi

Total surface area of tubes 709.64cm
Total volume of tubes 177.41 mi

Total surface area of the Flow Cell reactor 9651624

Total volume of the Flow Cell reactor 261.41 ml
E. coli single-species biofilm D. tsuruhatensis single-species biofilm
L  EES——

=
aL
e
¥

Figure S5.1 -CLSM images oE. coli(l) andD. tsuruhatensigll) single-species biofilms.
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Chapter 6

Concluding remarks and Future perspectives

This chapter summarizes the major conclusions éthin the thesis. Proposals for

future work are also addressed.
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6.1 Concluding remarks

The ultimate goal of this thesis was to understduodv the presence of
uncommon bacteria affects the development, strecimd functions of polymicrobial
biofilms in urinary catheters. While most polymibral biofilms involved in CAUTIs
are dominated by pathogenic bacteria (&g.coli, K. pneumoniagP. aeruginoss
uncommon bacteria (e.d. tsuruhatensisA. xylosoxidans can also co-inhabit the
same urinary catheter. Little was known about ttfiecethat uncommon bacteria have
on the ability ofE. colito adhere and grow, as well as on the overalilbdbrmation
and resistance. AS. coli and uncommon bacteria are able to occupy the saimary
catheter, microbial interactions among these bacimre likely to occur. This might
mean that both types of bacteria prefer to cooperather than compete, and,
consequently bacteria may benefit from joining palyrobial biofilms. Hence, a
pressing need existed for research directed towadkrstanding dynamics of such
communities and which forces drive the coexistarfcEé. coli and uncommon bacteria
in biofilm communities formed on the surface ofnamy catheters.

The first results of this work, presented in Chagtded to conclude that despite
the probable non-pathogenic natureDoftsuruhatensiandA. xylosoxidansthey were
good biofilm producers on abiotic surfaces. Whestalbured withE. coli, their ability
to form a biofilm appeared to be hampered by tlesgmce oE. coli. In addition, a pre-
colonization with uncommon bacteria seemed to ptenamlhesion oE. coli. These
results proved thaE. coli and uncommon bacteria are able to coexist withial-d
species biofilm structures. However, it is impottemnote that for more mature stages
of biofilm formation, competition might take pladedeed, a higher fithess &. coli
was evident in later stages of biofilm formatiom.part, this might be explained by the
higher growth rate oE. coli in AUM associated with higher levels of siderophor
production. However, the uncommon bacteria werecoatpletely eliminated, and the
coexistence seems to be preferred. To explain émeftis ofE. coli and uncommon
bacteria coexistence under conditions mimicking @AdJtwo different scenarios were
hypothesized: (1) the maintenance of uncommon bagcven at low densities, might
be beneficial forE. coli if any environmentally challenging condition ocguand (2)
uncommon bacteria might be able to degrade cec@imponents of plastics, and, the

resulting products might be used Bycoli
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Another important part of the present thesis haslired thein silico design,
development, optimization and validation of a npléik FISH technique using
LNA/2"OMe probes (LNA/2"OMe-FISH) (Chapter 3). Wheombined with CLSM,
this new approach provides a clear 3D image ofbib&lm organization, allowing a
better understanding of biofilm dynamics and ecgloghis spatial information
provides some insights on the type of microbiatriattions present in the biofilm. For
instance, when microorganisms are in separate oulonies or arranged in layers, this
suggests that they may interact antagonistically; tbe other hand, synergetic
interactions are commonly associated with a coeggjion organization or a layered-
biofilm structure.

To perform LNA/2"OMe-FISH, a set of probes wereigesd and developed
specifically for each bacterium. The probes worlkadl in a multiplex experiment and
showed a good correlation between LNA/2"OMe-FISId total cells and cultivability
counts. These results confirmed that LNA/2"OMe-FIiSH robust technique, able to
discriminate and locate the bacteria in conditionisnicking the CAUTIs without
disturbing the biofilm structure. Taking advantagd.NA/2"OMe-FISH, the next stage
consisted to evaluate the two hypothesis propobesieato better understand how the
bacteria behave and interact with each other wheolymicrobial consortia formed in
silicone coupons.

To know if a polymicrobial consortium has influerme the overall resistance of
biofilm population, single- and dual-species bioil were exposed to different
antibiotic agents (Chapter 4). If a synergisti@rattion mode is present, it might result
in an increased antibiotic resistance. In factultesshowed that dual-species biofilms
involving E. coli and uncommon bacteria were highly resistant tdbiic agents
typically used in the treatment of CAUTIs (ciprofiin, gentamycin, ampicillin and
amoxicillin/clavulanic acid). An exception was obssl for ciprofloxacin, where dual-
species biofilms involvinde. coli andD. tsuruhatensisvere highly susceptible to this
antibiotic agent. Also, the microbial relative comspiion revealed that, as expected, for
gentamycin treatment, the most resistance badi@neommon bacteria) predominated
within the consortia. For ciprofloxacin-exposed ldsecies biofilms, the microbial
composition was balanced. Surprisingly, for amprciand amoxicillin/clavulanic acid
treatment,E. coli (sensitive bacteria) was able to dominate withimsortia. These

results suggested that uncommon bacteria coulcegirdheE. coli population, even
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when its initial inoculum concentration was lowerdal fact, the function of bacteria
within biofilm community is not related with its abdance.

Another import observation was the maintenance lé to-aggregation
distribution of the dual-species biofilm after &mbtic treatmenti(e, the bacteria remain
closely associated). All these data seemed to dstmrade thate. coli and uncommon
bacteria adjust their cell concentration in orderfdrm well-organized and resistant
biofilm structures. Here, a residual concentrabbnncommon bacteria was found to be
enough to contribute foE. coli survival. The specific mechanism of this shared
protection is currently unknown; however, threeotines were proposed: (1) transfer of
genetic material from the uncommon bacterigEtocoli; (2) induction of a different
physiological state in the susceptible speciesaiedguantibiotic uptake; (3) degradation
of the antibiotic in the biofilm matrix, throughedhaction of the enzymes produced by
uncommon bacteria. In this case, the cell concgotraof uncommon bacteria might
decrease because they have their metabolism dirextbe secretion of, for instange,
lactamases. On the other hakdcoli (the susceptible cells) would benefit, without any
energy cost, from the action of those enzymesemtitrobial consortium.

In parallel to all these studies, considering tiidrbdynamic shear forces inside
of urinary catheters, it was also relevant to usiderd if the behavior of uncommon
bacteria ancE. coli is maintained under dynamic conditions (ChapterTsle other
studies (Chapters 2 and 4), reported in this thesse performed in 96-well plates and
silicone coupons inserted in 6- or 24-well platbecause these platforms allowed
studying several condition simultaneously. Howewshen studying the microbial
physiology of E. coli and D. tsuruhatensis especially concerning nutritional
requirements, a dynamic biofilm system mimicking ttydrodynamic conditions based
on the shear strain rate found inside of urinatheter (15 €) was considered more
suitable. For single-species biofilms the resultsraborated the ones obtained in
silicone coupons under static conditions (Chap}ebdt with lower values of cultivable
cells and biofilm thickness. On the other hand,dhal-species biofilm behaved slightly
differently. In fact, under dynamic conditiong. coli only outnumberedD.
tsuruhatensisip to 16 h. In addition, the dual-species biofiitkness was also lower.
However, as demonstrated under static conditidres spatial distribution revealed that
both bacteria might maintain synergistic interatsioThe findings in Chapter 5 led to
conclude that, under dynamic and static conditigsc¢oli and uncommon bacteria,

when occupying the same environment, tend to cedpedn terms of nutritional
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requirementsD. tsuruhatensiseemed opt to use citric acid instead uric aaidbably
leaving uric acid available in the medium to bedulsgE. coli

In conclusion, the observation presented in thesithsuggested that the surface
of urinary catheter and urine is a favorable haligapolymicrobial biofilms involving
E. coli and uncommon bacteria. In these conditidascoli and uncommon bacteria,
with a previous unrecognized role, appear to be &blpersist and survive, adjusting
their cell concentrations and metabolism to getimam benefits from living together.
The presence of uncommon bacteria showed to hgvetective impact on the whole
community. For instance, this could be crucial iy astress condition (e.g. use of
antibiotic agents) occurs. Hence, this work alloweddentify possible contributions of

uncommon bacteria to the development of CAUTIs{Fed5.1).

Ability to form stable biofilm communities

(. Cooperate metabolically with pathogenic bacteria
in vitro

. . . . - Uncommon bacteria opt to uptake nutrients that are not
- The microbial composition stabilized after 48 h consumed by E. coli*;
with high values of cultivable cells*;

= - The metabolic product of one species could be used as

- The bacteria form a dynamic consortium able to change 888 | |, /(ritional source for the other species.

the species balance to adapt to environmental conditions™®.

,,,,,,

Increase the antibiotic resistance of overall

biofilm community Offer protection to pathogenic bacteria

I . 1% ;
- Repositioning of the populations balance that can benefit =& - If any stress condition occur, uncommon bacteria might
the sensitive strain, as the metabolic efforts of the resistant directed their metabolism to produce “public goods™ that

5 e ‘119 ) ithiotie®- - o # " = ~
oneare focus on the antibiotic™; could be a potential trait that drive the formation of a stable

- Uncommon bacteria can: transfer genetic material, and resistant structure.

excrete antibiotic degrading enzymes or induce a different

metabolic state in the pathogenic strains.
Figure 6.1 - Potential contribution of uncommon bacteria to arenstable polymicrobial
biofilms development in CAUTIs. The hypothesis neatkvith asterisk (*) were observed in the

present thesis.

Understanding how polymicrobial biofilm communitidsehave and how
uncommon bacteria interact with conventional baateright have further implications
in the control and treatment of CAUTIs, since baateébehavior cannot be predicted
from studies of single-species biofilms. In additi@t is also important to note that the
role of uncommon bacteria is underestimated prgbahle to the absence of
commercial media and kits to detect these bactertzospitals. However, the present
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study shows that there are new lessons in polymiarinfections that should be taken
into consideration. In this way, if the cliniciaksow the biofilm composition, a more
adequate therapy might be selected for an effectxevention or treatment of

infections.

6.2 Future perspectives

Being the bacterium most commonly isolated fronmeyrit is not surprising that
E. coli virulence and fitness factors are much more charaed than those of
uncommon bacteria. Fimbrial adhesins, autotranspgototeins, capsular structures,
flagella, exopolysaccharides, hemolysin or cytatmecrotizing factor 1, are all factors
with reported influence of. coli adhesion and biofilm formation/persistatieFor
uncommon bacteria, there is a lack of informatioat theeds to be filled. In this way,
the assessment of gene expression pattern for unoarbacteria biofilms would be the
first step towards this knowledge. Simultaneousig, co-culture withe. coli, or other
pathogenic bacteria, could help to identify pot@ntiirulence factors that drive the
development of more resistant biofilm communities.

While the knowledge on uncommon bacteria is esaifati this field evolve, the
fact is that anyn vitro behavior should be validatedim vivo to assure that host factor
will not change the biological response. If the mgoal is to establish some type of
guideline on interactions/biofilms compositions d@hdir potential clinical outcomen
vivo testing would be mandatory. This would be the bdse a new approach that
would use urine/catheter microbiome to establistsqealized clinical practices. For
instance: should an asymptomatic infection be éxats this consortium indicative of a
potential harmful biofilm? Which antibiotic shouloe prescribed for this particular
consortium? A rat model of CAUTI, in which urinacgtheter is inserted in the bladder,
was validated to reproduce the host environmentraimdic the host immune systém
The use of such a model could be the first stephia attempt to validate those
biological responses. The ability of the cathetpiation to trigger an inflammatory
reaction in the host or the time to blockage of théheters (especially for consortia

forming crystalline biofilms), would be importargects to evaluate on this model.
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For instance, crystalline biofilms formation is duently responsible for the
blockage of the urine flow inside of urinary ca#lret since there are no effective
procedures available for its control and preveritforience, it would also be interesting
to investigate if uncommon bacteria are able talpce crystalline biofilms or if they
are able to interact with bacteria that are respta$or the crystalline biofilms such as
P. mirabili$ °. In fact, until the moment, only one study hasoregd the effect of other
bacteria P. aeruginosaE. coli, K. pneumoniaeM. morganij E. cloaca¢ on the rate at
which P. mirabilis encrusts urinary cathetéts Again, anin vivo model would be
important to provide evidences in whether a speaddinsortium would be effective on
block/delay crystalline biofilm formation, or insté would promote that biofilm.

Other important factors that can model the biofibonsortium are urine
properties (such as pH or glucose concentratiod)exiposure to antibiotic agents. For
instance, it is well know that patients with diasethave a risk factor for the
development of UTIs/CAUTIS™® Hence, simulating the urine of a diabetic patient
would give additional information about the behavamd role of uncommon bacteria
when a diabetic patient is subject to a urinanhetr. Similarly, as shown in this
thesis, the biofilm population can adjust its cosipon to the presence of antibiotics.
For that reason, the study presented in Chaptkodld be expanded to other antibiotics
prescribed in the treatment of CAUTIS/UTIs (e.gvoi#oxacin, nitrofurantoin,
norfloxacint® or combination of antibiotics (e.g. clarithromycplus vancomycin,
roxithromycin  plus imipenem, trimethoprim plus suifethoxazole), natural
antimicrobial compounds or even combination ofl@atics and natural compounds. In
fact, the antibiotic combination has revealed théitg to eradicate the biofilms formed
in vitro andin vivo conditiond® *® Alternatively to antibiotics, some natural substs
from plants and marine species have showed angifiacproperties 2 Several plant
derived antimicrobials have been also tested inttbatment and control of patients
with UTIs" 2 Also, natural compounds used in combination wWihs effective
antibiotics have also demonstratédher efficiency on biofilm inhibitioft %3

Another important study still to be done, and pgdhthe most important, would
involve the characterization of more complex cotigokVhile in here consortia of two
species have been studied, those conditions dira stiep away from the real natural
composition of CAUTI biofilms. Hola and colleagubave shown that most of the
catheters are infected by three or more microosgasi (only 12.5% showed

monomicrobial infectiorff. In that sense, it would be also interesting tpaex this
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study into other combinations of pathogenic baatdhat are frequently found in
catheterized patients (el§. pneumoniagP. aeruginosaE. faecalisandP. mirabilis®).
Other uncommon bacteria (Figure 1.2 - Chapter fi)atso be studied in this context in
order to start understanding the real role of oth@roorganisms over pathogenesis of
CAUTIs.

The use of clinically relevant species combinatidoand in catheterized
patients would improve the potential impact of thsults obtained; but it is important
to bear in mind that traditional culture techniqeas underestimate the diversity of the

populationg® #’

and, thus, culture-independent approaches areriengdo accurately
study biofilms diversity. Metagenomic approachessdal on 16S sequencing, could be
applied to real clinical biofilms to better chaertze natural consortia. Then, those
compositions could be simulat@dvitro andin vitro to evaluate the clinical significant
of each combination. For an accurate evaluatior, tevelopment of expedite
alternative technique allowing am situ visualization and a culture—independent
multiplex approach, would be essential. A combinatdabeling methodology based
on FISH has been developed to allow the discrimonadf up to 15 microorganisms
simultaneously, using a combination of 6 fluoroches®. While this technology is still
taking the first steps, the number of fluorochronem be easily increased to
discrimination even a higher number of microorgavicharacteristics. Its application to
biofilms would certainly revolutionize microbial @ogy studies.

All this information together highlights the needr:f (1) in vivo models
reproducing the consortia and conditions found AUCTI to validate the data obtained;
(2) additional studies with more complex consoatna conditions; (3) characterization
techniques that can accurately estimate the miakolorersity. Altogether, these studies
could constitute the basis for a new strategy éncibntrol and treatment of CAUTIs that
uses the knowledge on the microbiome of each gafmna personalized therapy

selection.
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