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ABSTRACT
Background and aim: One of the most common pathogens responsible for urinary tract
infections, especially in patients undergoing long-term catheterization, is Gram-negative
Proteus mirabilis. It leads to biofilm formation on catheter surface, encrustation and blockage
of urinary catheter and contributes to persistence of catheter-associated urinary tract infections
(CAUTI). This study aims to provide new insights into genetic factors of P. mirabilis relevant
for CAUTI by elaborating importance of ompR, cpxA, arcA and arcB genes, in a dynamic
catheterized bladder model for in vitro mimicking of physicochemical conditions in a
catheterized human bladder.
Methods: For evaluation of ompR, cpxA, arcA and arcB sgenes, we attempted to generate
knockout mutants by using site-specific TargeTron® mutagenesis. Growth characteristics of
successfully generated HI4320arcB mutant were evaluated with separate and co-challenge test.
Relative gene expression of selected genes in wild-type (WT) were monitored by RT-qPCR
using ∆∆Ct method. Additionally, the importance of arcA and arcB in anaerobic conditions and
cpxA and ompR in hight osmolarity environment was elaborated by using P12H3(arcA), P17E5(cpxA), P70C10(ompR), transposon and HI4320arcB knockout mutant in media containing
higher concentrations of urea, NaCl and H2O2.
Results and conclusions: Single strain test revealed that there appears to be no difference
in growth rate (p>0.7) between WT and HI4320arcB mutant. During co-challenge test
competitive index (CI) indicated reduced growth of HI4320arcB in catheter [0.16] and in
bladder [0.12]. Wilcoxon test confirmed these findings (P>0.05). HI4320arcB was
significantly (P<0.05) outcompeted by WT in bladder and on catheter. Evaluation of relative
gene expression reveled that it was elevated for all investigated genes in WT in bladder
(exception was cpxA and ompR) and catheter relatively to pre-culture in different growth
conditions during CAUTI in vitro. Up-regulation for arcA and arcB might demonstrates the
activation of ArcAB system in anerobic conditions. Results suggest that the role of cpxA might
be less important in colonization process and that ompR may function different in bladder and
catheter during P. mirabilis colonization in vitro. Results reveal that P12H3 and HI4320arcB
mutant were equally susceptible to H2O2 as WT. It was demonstrated that the growth of P17E5 and P70C10 towards salt and osmotic stress was different. Overall, our findings provide
new insights and basis for further research into contribution of ompR, cpxA, arcA and arcB
genes to pathogenicity of P. mirabilis during CAUTI in vivo. Poster presentation is presented
on next page.
Keywords: P. mirabilis; biofilms; Catheter-associated urinary tract infection (CAUTI); in
vitro dynamic catheterized bladder model; two-component regulatory pathway system;
TargeTron® mutagenesis.
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RAZŠIRJEN POVZETEK- EXTENDED SUMMARY
Infekcije urinarnega trakta so najpogostejše bakterijske okužbe in predstavljajo vse večjo
obremenitev svetovnih zdravstvenih sistemov. Urogenitalne okužbe nastanejo zaradi vdora
mikroogranizmov, največkrat iz področja prebavnega traku, v sečila, kjer se razmnožijo in
povzročijo vnetje. Pri osebah s stalno vstavljenim uriskim katetrom so urogenitalne okužbe
neizogibne. To so najpogosteje starejše osebe ali bolniki na oddelkih intenzivne nege, ki
imajo zaradi nezmožnosti nadzorovanja iztekanja urina dolgotrajno vstavljen urninski
kateter.
Uropatogeni so v večini gram-negativne bakterije, najbolj značilna je E. coli. Najbolj
pogost vzrok za okužbo urinarnega trakta pri bolnikih s trajnim urinskim katetrom je
oportunistična gram negativna bakterija Proteus mirabilis. Je fakultativni anaerob paličaste
oblike, ki ga uvrščamo v družino Enetrobacteriaceae.
Patogenost P. mirabilis-a povečajo številni virulenčni faktorji, zlasti invazivnost baketerije,
sposobnost kolonizacije novega okolja, sposobnost premikanja in obstanka, ter tvorba
kristaličnega biofilma, ki je povezana z aktivnostjo encima ureaze. P. mirabilis značilno
kolonizira in tvori kristalični biofilm na grobi površini katetra, kar vodi do njegove blokade
ter prispeva k dolgotrajnosti in obstojnosti okužbe.
Namen magistrske naloge je predstaviti nove vidike patogenosti bakterije P. mirabilis med
urogenitalno okužbo pri bolnikih s trajno vstavljenim urinskim katetrom. Zaradi pogostosti
in klinične pomembnosti teh okužb je iskanje potencialnih novih terapevtskih tarč
izrednega pomena. Želimo izboljšati znanje o pomembnosti genetskih dejavnikov za
izbrane gene, ki so vključeni v proces kolonizacije in nastanka biofilma.
V predhodni študiji prof. A. Reisnerja, so s pomočjo uporabe metode ciljane mutagenze
(»signature-tagged mutagenesis«, STM) ustvarili približno 1800 P. mirabilis mutant.
Skupno je bilo ugotovljeno, da je rast 19 od vseh ustvarjenih mutant v modelu urinskega
katetra in vitro (»CAUTI model«) signifikantno slabša v primerjavi z divjim tipom. Te
mutante so imele mutacije za gene ompR, cpxA, arcA in arcB in so nakazovale možno
vlogo teh dvokomponentnih transdukcijisko regulatornih sistemov v patogenezi P.
mirabilis.
Za potrditev pomembnosti teh genov in njihove vključenosti v proces kolonizacije in
nastanka biofilma v pogojih in vitro smo najprej oblikovali mutante s pomočjo sistema
TargeTron® za natančno izbitje gena. Kljub večkratnim ponovitvam smo bili uspešni samo
pri izbitju gena arcB. Pridobljeno mutanto smo označili s HI4320arcB in jo v nadaljevanju
fenotipsko ovrednotili na in vitro modelu mehurja z vstavljenim urinskim katetrom.
Uporabljeni in vitro model je nadgradnja modela, ki ga je razvil David Stickler, zagotavlja
konstantne fizikalno kemijske pogoje in posnema okoljske značilnosti v človeškem
mehurju med urogenitalno okužbo pri bolnikih s trajno vstavljenim urinskim katetrom.
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Med individualnim testom rastnih značilnosti smo ugotovili, da se hitrost rasti med divjim
tipom in HI4320arcB mutanto ne razlikuje. S tem testom smo pokazali, da izbitje gena ne
vpliva na reprodukcijsko sposobnost in hitrost rasti mutante, kadar se rastne zančilnosti
določajo individualno.
Pri določanju rastnih značilnosti pri sočasnem testiranju v modelu urinskega katetra in
vitro smo pokazali, da se po enako-številčnem začetnem vnosu (razmerje med divjim
tipom in testirano mutanto je 1:1) njuno razmerje po 24 urni inkubaciji spremeni v prid
divjemu tipu, in sicer na 8,5:1 v vsebini mehurja in na 4,5:1 na površini vstavljenega
katetra. Rezultati torej kažejo, da je divji tip, v primerjavi s testirano mutanto, izkazoval
večjo zmožnost razmnoževanja in rasti v mehurju (razmerje 0,12) in na površini katetra
(razmerje 0,15). Dodatno smo določili tudi indeks kompeticije (CI) za kateter 0,16 in
vsebino mehurja 0,12 kar dokazuje, da je naša mutanta sposobna preživeti v in vitro
pogojih.
Podani rezultati nakazujejo, da je bila rast, ovrednotena kot številčnost kolonij (»CFU«),
testirane HI4320arcB mutante slabša v primerjavi z divjim tipom, kar smo potrdili tudi z
Wilcoxonovim statističnim testom. Začetna porazdelitev divjega tipa in testirane
HI4320arcB mutante v pred-kulturi ni bila različna (P>0.05, p= 0.686), medtem ko smo v
mehurju in na katetru 24 ur po infekciji dokazali, da je divji tip v rasti signifikantno
premagal HI4320arcB mutanto (P<0.05).
Rezultati nakazujejo, da je rast, vztrajanje, invazivnost in večja zmošnost kolonizacije
signifikantno boljša za divji tip P. mirabilis HI4320. Na podlagi tega, lahko
predpostavimo, da vloga gena arcB ni pomembna pri kolonizaciji mehurja in katetra med
okužbo urinarnega trakta s P. mirabilis pri bolnikih s trajno vstavljenim urinskim katetrom.
V nadaljevanju smo s spomočjo RT-qPCR analizirali relativno gensko ekspresijo genov
ompR, cpxA, arcA in arcB v divjem tipu z uporabo metode ∆∆Ct. Primerjali smo relativno
gensko ekspresijo v umetnem in pravem urinu. V ta namen smo izolirali RNA iz predkulture, vsebine mehurja in površine katetra. Nato smo RNA prepisali v cDNA in jo
ovrednotili z RT-qPCR.
Primerjali smo dva kompleta za prepis RNA v cDNA, SuperScript®II Reverse transcriptase
komplet in DyNAmoTM cDNA Syntheisis (470L) komplet, in ugotovili, da sta enako
uspešna pri prepisu RNA v cDNA ter da so pridobljeni rezultati primerjljivi. Na podlagi
primerljivih rezultatov smo se odločili, da izberemo DyNAmoTM cDNA Syntheisis (470L)
komplet, saj je finančno ugodnejši. Rezultati določanja učinkovitost RT-qPCR so pokazali,
močen linearni odnos med Ct vrednostjo in log koncentracije cDNA. Dobra specifičnost
pomnoževanja za vsako posamezno kombinacijo nukleotidnih začetnikov je bila določena
na podlagi pregleda vrha talilne krivulje.
Pri ovrednotenju genske ekspresije, zaradi majhnega števila vzorcev, rezultatov ni bilo
mogoče statistično ovrednotiti, zato smo opisali le glavne trende. Ugotovili smo, da je bilo
izražanje gena arcA in arcB večje v mehurju in na katetru, kar bi lahko nakazovalo, da je
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aktivacija sistema ArcAB pomembna predvsem, kadar se P. mirabilis nahaja v okolju z
omejeno količino kisika. Rezultati so pokazali tudi, da je vloga cpxA verjetno manj
pomembna pri procesu kolonizacije in da se gen ompR različno izraža v mehurju in na
katetru.
V zadnjem delu eksperimentalnega dela smo ovrednotili vlogo genov arcB in arcA v
anaerobnih pogojih ter genov cpxA in ompR v okoljih z zvišano omsolarnostjo. V ta namen
smo testirali HI4320arcB mutanto ter transponske mutante P12H3 (arcA), P17-E5 (cpxA),
P70C10 (ompR) v rastnih mediji, ki so vsebovali višje koncentracije ureje, NaCl in H2O2.
Ugotovili smo, da sta bili mutanti P12H3 in HI4320arcB enako dovzetni do dodatka H2O2
kot divji tip ter da višja slanost in osmotski stres različno vplivata na rast mutante P17-E5
in P70C10 kot na divji tip.
Z našimi ugotovitvami smo postavili osnovo za nadaljne raziskovanje dvokomponentnih
transdukcijisko regulalatornih sistemov genov ompR, cpxA, arcA in arcB pri P. mirabilis.
Boljše razumevanje genetskih faktorjev, molekularnih mehanizmov in dvokomponentnih
regulatornih sistemov vodi v razvoj potencialnih molekulskih tarč za razvoj zdravil in
cepiv ter učinkovitih terapevtskih strategij za nadzor in preprečevanje okužb urinarnega
trakta pri bolnikih s trajno vstavljenim urinskim katetrom.
Ključne besede: P. mirabilis; biofilm; urinske infekcije; model mehurja z vstavljenim
urinskim katetrom in vitro (“CAUTI model”); dvo-komponento regulatorni sistem;
TargetTron® mutageneza.
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1. INTRODUCTION

1. INTRODUCTION
1.1 Urinary tract infection and catheter associated urinary tract infection
Urinary tract infections (UTI) are caused by microorganism colonization of the renal
system. They represent more than 30% of infections reported by acute care hospitals
making them one of the most frequent types of acute healthcare events. Major risk factors
are higher age, gender, neurological or anatomical abnormalities of the urinary tract and
catheterization (1). Studies show that about 50% of women will experience at least one
episode of UTI during their lifetime. The incidence for UTI is higher among women during
reproductive age because their urethra is shorter, compared to male, which eases pathogen
entry into bladder resulting in more frequent infections (2).
UTIs can be classified in different ways: according to disease duration into acute and
chronic, according to site of inflammation in renal system into infections of the lower and
of the upper urinary tract with disabilities of parenchymal organs and according to
prognosis into complicated or uncomplicated infections related to part that is primary
infected: pyelonephritis for kidney infection and cystitis for bladder infection (2,3).
In healthy individuals, urine is considered to be sterile and germ free. The bacteria ascend
the urinary tract during spontaneous micturition due to turbulent urine flow and reflux into
bladder. They can also enter iatrogenically during endoscopic examination or
catheterization (4,5).
Urinary catheters especially indwelling urinary catheters are among medical devices, such
as different intravascular and urinary catheters, prosthetic joins and transplants, that are
commonly connected to severe infections. They are placed into sterile parts of human body
and provide an abiotic surface for beginning of infections and biofilm formation (6,7). Key
for UTI is adhesion of bacterial cells to epithelium or artificial surface followed by
proliferation, invasion and initiation of inflammatory processes (3).
Uropathogens are usually Gram-negative bacilli originating from gastrointestinal tract. One
of the most common is E. coli, responsible for 80% of uncomplicated lower UTIs. Second
most common urinary pathogen is Staphyloccoccus saprophyticus mostly present in young
women (accounts for 5-10%) and generally related to sexual activity (2,3). Among the
most common Gram-positive bacteria are Staphylococcus saprophyticus, Enterococcus
faecalis, and Streptococcus agalactiae (1). Besides bacteria, infections can also be caused
by fungi, parasites and viruses (5).
In patients with an indwelling urinary catheter, microorganism can travel along the catheter
and infect bladder or kidneys causing catheter-associated urinary tract infection or CAUTI (8).
It is characterized as bacteriuria or funguria with a count of more than 103 CFUs/mL. It
commonly leads to complications such as pyelonephritis, cystitis, prostatitis, epididymitis,
gram-negative bacteremia and less commonly endocarditis, vertebral osteomyelitis, septic
arthritis and meningitis (9).
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Many patients in nursing homes and intensive care units require long term urinary
catheterization, because they are incapable of controlling their own bladder (2,10).
Therefore these types of infections are among the most common infections in healthcare
facilities and represent more than one million annual cases of nosocomial bacteriuria in
USA. They are associated with patient discomfort, prolonged hospitalization, increased
cost of care and high mortality (6,11). One of the most common pathogens of the urinary
tract, especially in patients undergoing long-term catheterization is Gram-negative P.
mirabilis. Signs suggesting this are encrustation and blockage of urinary catheter by
formation of crystalline biofilm structures on catheter surface (12,13).
1.2 Uropathogen Proteus mirabilis as model organism
In long-term care facilities and hospital settings P. mirabilis is an opportunistic pathogen
responsible for urinary tract infections in patients with irregularly functioning urinary
tracts or in patients requiring long-term urethral catheterization (14,15). Infections caused
by P. mirabilis are diagnosed by isolating the organism from lesions or affected organs. It
grows fast on blood agar plates with characteristic swarming pattern (5).
It is a gram-negative polymorphically shaped facultative anaerobe bacilli with peritrichous
flagella (14). The species belongs to the Enterobacteriaceae family and genus Proteus
(scientific classification is presented in Figure 1). The genus Proteus currently contains
five named species (P. mirabilis, P. vulgaris, P. penneri, P. hauseri and P. myxofaciens)
and three unnamed genomospecies (16). It is widely present in environment, most
commonly in polluted water, sewage and soil. It has also been isolated from intestinal tract
of animals and humans.
In aqueous environment the P. mirabilis appears in swimmer state as small rod-like cells,
1-2 µm in length, motile by 8 to 10 flagella. On non-aqueous dry surfaces they convert to
swarmer state (Figure 1), where the whole cell elongates and forms 20 to 80 µm long
highly flagellated filaments (10,17). Colonies can form spiral or radial streams, but most
often they grow in concentrically shaped rings demonstrating the bacteria’s motile
capabilities (18).
Kingdom
Phylum:
Class:
Order:
Genus:
Species:

Bacteria
Proteobacteria
Gamma proteobacteria
Enterobacteriaceae
Proteus
Proteus mirabilis

Figure 1: Scientific classification (19) and swarming phenomenon. P. mirabilis forms concentric ring
colonies on an overnight plate covering the whole surface of solid culture medium.
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Uropathogenic P. mirabilis HI4320 was the first to have a fully determined genome
sequence out of the 75 known strains of human origin defined by one dimensional SDSPAGE of cellular proteins (20). It was isolated from urine of a nursing home patient with
long-term indwelling urinary catheter and became the representative strain for sequencing.
The genome sequence was completed in March 2008 by Melanie M. Pearson (21).
P. mirabilis HI4320 genome is smaller compared to most Enterobacteriaceae including
uropathogenic strains of E. coli. It is 4.063 Mb long with G+C content of 38.88% and
contains 3,685 protein coding sequences (CDS) (21). Not all P. mirabilis carry plasmids
but it was found that strain HI4320 contains one. It is designated as HI4320, contains
36,289 nucleotides and 55 CDSs and is related to R6K plasmid from E. coli and encodes
the π and R6K replication proteins (21,22).
P. mirabilis is sensitive to β-lactams, aminoglycoside, fluoroquinolones, trimethoprim and
sulfamethoxazole antibiotics. It shows increasing resistance to nitrofurantoin and
tetracycline (23,24). Recent studies have shown that resistant strains produce AmpC-type
beta-lactamases, which confers resistance to numerous antibiotics (25).
1.3 Virulence factors and pathogenesis of CAUTI
Pathogen invade and persist when balance between hosts defense abilities and virulence of
a pathogen is destroyed. Therefore they have many virulence factors that help them survive
in host environment and increase their ability to cause disease (1). Processes central to
pathogenicity, such as adherence, evasion, toxicity and motility, are related to these
factors. P. mirabilis expresses virulence factors, such as toxins, enzymes, adhesins,
bacteria surface structures (e.g. flagella, capsule antigens, fimbriae and outer membrane
components), and immune factors (26). They work coordinately, rather than individually,
causing these infections to be very difficult to treat (27). Understanding molecular
mechanisms and virulence genetic factors underlying pathogenicity of CAUTI will
contribute to new options for treatment and prevention of CAUTIs.
Major virulence factors and their contribution to pathogenicity are described below.
o

Colonization and invasiveness

Colonization and invasiveness refer to bacterial ability to spread quickly over new
surfaces. Additionally to urinary tract P. mirabilis can be also found in intestinal
tract which presents a reservoir from where it can be transmitted into urinary tract
(10). In healthy individuals, without inserted catheter, this transmission is
prevented by different host defence mechanisms, such as normal urine flow and
unfriendly environment (pH level, extracytoplasmic stress, osmotic stress). An
indwelling catheter provides a suitable surface for external bacterial transmission to
urinary tract. After catheter insertion, compounds from urine and urogenital tract
accumulate on its surface and create a layer that enables bacterial attachment and
colonization (13,14).
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Bacteria migrate through the mucoid film between the epithelial surface of the
urethra and the catheter (7,28). They can also migrate from contaminated urine in
the drainage bag through the drainage tube and catheter lumen (10).
o Adherence
The ability of bacteria to adhere to surfaces with constant urine rinsing is very
important for pathogenicity and colonization during CAUTI (29). Indwelling
urinary catheters contribute to colonization of P. mirabilis and provide additional
surface for their attachment. P. mirabilis generates different adhesins (cell-surface
components) such as fimbriae and hemagglutinins, including MR/P fimbriae (21),
uroepithelial cell adhesion (UCA/NAF), ambient-temperature fimbriae (ATF), P.
mirabilis fimbriae (PMF) (27) and P. mirabilis P-like pili (PMP) (26) that
contribute to colonization of urinary tract and catheter surface and play an
important role in establishment of CAUTI (30).
Adhesins recognize catheter surface or host cell receptors on extracellular matrix
components on surface of the uroepithelial cells and enable intimate interactions by
overcoming electrostatic repulsion between them (13). New potential binding sites
can be disclosed when inserting or changing catheter by damaging the protective
uroepithelia mucosa. Once P. mirabilis is attached it undergoes phenotypical
changes and start producing of exopolysaccharides that capture and cover bacterial
cells. Attached bacteria cells replicate and form initial colonies that eventually
developed into a biofilm (31).
o Biofilm development
CAUTIs start by biofilm formation on inserted urinary catheter. Biofilm enables
better adaptation of P. mirabilis to conditions in urinary tract and protects bacteria
cells from host immune system and antibiotic treatment (32). Several factors
contribute to formation of crystalline biofilm: enzyme urease, increased level of
ammonia, urinary stone formation, capsular structures and extracellular matrix
(13,33). Established mature biofilm produces migrating biofilm aggregates that
seed other parts of bladder and catheter surface. Biofilm also allows bacteria to
spread their genetic material faster among neighbourhood cells spreading antibiotic
resistance and other characteristics (10,34). Process of biofilm formation on a
urinary catheter during CAUTI is described in more detail in Chapter 1.4.
o Motility
In different environments P. mirabilis expresses three types of movement:
swimming, swarming and twitching. When grown in liquid media the bacteria
display swimming behaviour using up to 10 flagella. Flagella are extensions
through cytoplasm to cell exterior allowing bacteria to swim through urine and
against the urine flow and contribute to ascending of UTI (13,14).
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When P. mirabilis is transferred to solid media it grows in place for a short period
of time, depending on growth conditions, and then undergoes morphogenesis to
swarmer shape which allows it to swarm over the surface of solid media (26,27).
Bacteria sense the solid surface by rotation of flagella which then send information
to transcribe genes that are involved in swarming. During differentiation bacteria
prolong into polyploidy cells between 20-80 µm displaying up to a thousands of
flagella on their surface. The transfer to swarmer shape co-occurs with changes in
lipopolysaccharide, peptidoglycan and membrane fatty acid composition (35).
Swarmer cells move as a population across surfaces, and when grown on agar, form
concentrically shaped rings. Swarming motility is very important for P. mirabilis
pathogenicity during CAUTI as it was shown that the expression of virulence is
elevated in this cell form (36). Swarming shape allows P. mirabilis to migrate and
expand across catheter surface made of silicone or latex. Swarming process allows
bacteria to migrate from site of colonization to the uroepithelial cells of the urinary
tract to new previously unaffected parts, and contributes to development of urinary
tract infection.
Third type of movement showed by P. mirabilis is twitching. Twitching is a
flagella-independent locomotion which is correlated with type IV pili. It allows
bacteria to spread between two solid surfaces of urinary tract (37).
o Enzyme urease
P. mirabilis produces destructive enzymes targeting nutrients, such as urea, located
in urine. Enzyme urease is one of the most important factors in P. mirabilis
pathogenicity (27). It hydrolases urea to ammonia and carbon dioxide causing an
increase in urine pH which facilitates crystalisation and crystalline biofilm
formation, contributing to bacteria adherence during P. mirabilis catheter
colonization (14).
Crystals accumulate as biofilm on bladder epithelia and catheter surface. Extensive
biofilm formation can lead to obstruction and blockade of urinary flow through an
inserted catheter. Formation of stones also provides a protective niche for bacteria
from host immune response and antimicrobial drugs (29). For more details of
urease enzyme role in pathogenicity please see Chapter 1.4.
o Production of toxins:
After successful colonization bacteria must adapt to it’s new environment. To
achieve that P. mirabilis releases destructive enzymes and toxins such as,
hemolysin and auto-transporter toxin Pta, into local environment (13). Intoxication
of host cells with secreted toxin results in pore formation in host cell membrane
causing membrane damage and efflux of ions leading to cell lysis and infection
spreading (38).
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1.4 Crystalline biofilm formation on indwelling urethral catheters
A biofilm is a structured community of microorganisms surrounded by polymeric matrix
and adherent to a surface. It serves as a basic survival strategy developed by bacteria for
colonizing surfaces in a wide range of environmental, industrial, clinical and aquatic
settings (39). The abiotic surface of catheter provides a good base for biofilm formation,
leading to formation of catheter biofilms and long-term CAUTI (6). Regular monitoring
and effective care in patients with urinary catheter are key factors for preventing
complications and lowering risks associated with long term catheterization (40,41).
Urinary catheters are used in patients for shorter or longer terms with nerve-related bladder
dysfunction, retention of urine leading to urinary hesitancy, incontinence, obstruction of
urethra and other medical conditions such as multiple sclerosis or dementia (42,43).
There are two main types. First type is an intermittent catheter which is temporarily
inserted into bladder. Second type is an indwelling catheter, where the catheter remains in
place for a long time period and is held in position by a retention balloon in the bladder
(44). Indwelling urinary catheters provide good incontinence management. They remove
easily from bladder, have a soft tip to prevent bladder trauma, provide good drainage,
conform to the shape of urethra and stay in bladder (40). The most common type of an
indwelling urinary catheter is the Foley catheter presented in Figure 2. It is a flexible, thin,
sterile polymeric tube inserted through urethra into bladder to drain urine.

Figure 2: Close up [A,B] and schematic illustration [C] of the two volume Foley catheter. Relevant parts
are indicated: Cross section of catheter [C, A], lumen for balloon inflation [1], lumen for urine drainage [2] and
retention balloon [3].	
  The tube consists of two separated lumens running down in length. One of the lumens
allows urine to drain out the bladder into attached drainage bag. The second lumen has a valve on the outside
end and an inflatable retention balloon on the other end [B], that anchor the catheter and prevents it from
sliding out of the bladder (45).

Biofilms produced by P. mirabilis can be found on biological surfaces and abiotic surfaces
such as glass, latex, silicone and polystyrene (46,47). P. mirabilis can swarm rapidly over
all-silicon, silicon-coated late hydrogel-coated latex and hydrogen-silver-coated latex
catheters more effectively than any other urinary tract pathogen (17). Process of biofilm
formation is schematically illustrated in Figure 3.
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It begins immediately after initial contact with biological or abiotic surface. P. mirabilis
forms distinctive biofilm structures that protect bacteria from hosts immune system and
antibiotics treatment. Biological, physical and chemical factors contribute to crystalline
biofilms development observed during colonization (47).

Figure 3: Schematic illustration of biofilm formation on a urinary catheter during CAUTI. Interior cells
are protected by biofilm matrix from antibiotics and from host defence. Urease activity results in struvite crystal
growth that leads to catheter encrustation.

Foley catheters have very rough surfaces on catheter rims eyeholes which provides bacteria
with an ideal environment for initial colonization and crystallization (48). Consequently up
to 50% of all patients with long-term indwelling urinary catheterization will experience
catheter encrustation (30) associated with P. mirabilis infection.
Several species including Klebsiella pneumoniae, Pseudomonas aeruginosa,
Staphylococcus aureus, Morganella morganii and Proteus are able to change urine pH by
producing the enzyme urease (47,49). Many of them are are connected with CAUTIs, but it
was shown that only in P. mirabilis it is significantly associated with obstruction of urinary
tract catheters (48,50). Alkaline conditions facilitate precipitation of polyvalent ions
leading to large coffin-shaped crystals of struvite (magnesium ammonium phosphate) and
apatite (calcium phosphate) (51). The urease produced by P. mirabilis is able to hydrolyze
urea several times faster in comparison to other species making it more efficient in biofilm
formation (49). It generates ammonia and carbonic acid through hydrolysis of urea in
human urine in concentration of up to 500 mM leading to an increase of urinary pH (50).
Urease is a 250-kDA multimeric nickel metalloenzyme, produced in cytoplasm and is the
driving force behind crystallization (10) and crystalline biofilm formation (52) (Figure 4).

Figure 4: Urease enzyme activity. Urease hydrolyses urea to generate ammonium and carbonic acid.
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Besides urease polysaccharides from bacterial capsule are also involved (53). Capsules
create a gel that stabilizes crystal grow. The exo-polysaccharides form capsules that bind
magnesium and accelerates struvite formation (30).
Environment created by encrusted and blocked catheter leads to serious risks for patients’
health and quality of life. Crystalline material in urine can cause damage to bladder
mucosa and urethra (7). Obstructed urine flow leads to complications such as incontinence
and painful bladder distension. Massive encrustation on the catheter surface can cause
painful tissue trauma on catheter removal. These conditions lead to vesicoureteral reflux of
infected urine to kidneys, bacteriuria, ascending infection, pyelonephritis and possible
septicemia with shock (12,51). Catheter encrustation and blockage can be best managed by
regular preventive care including examinations regular catheter replacements and urine pH
monitoring (40).
1.5 Assessment of genetic factors during CAUTI
Contribution of genetic factors to catheter colonization and biofilm formation can be
studied in dynamic in vitro models of catheterized bladder. A variety of sophisticated in
vitro biofilm model systems are now commercially available or may be constructed in the
laboratory in order to research the basic mechanisms of microbial biofilm formation.
Different experimental conditions including flow dynamics, nutrient availability and
composition, and other physicochemical properties have been shown to severely affect
microbial biofilm formation (6,54). In vitro models were originally developed by David
Stickler (55) and are extensively used to study catheter encrustation and blockage in vitro.
Animals models for in vivo CAUTI researches have also been developed. They require
surgical insertion of catheter pieces and differ from humans in urine composition, residual
level of urine bladder size and flow of urine through catheter (6,56).
Dynamic catheterized bladder model lacking bladder mucous imitates the physicochemical
and other environmental characteristics in human bladder during CAUTI. It enables
reproducible monitoring of colonization process and biofilm formation on the inserted
indwelling catheter surface during infection in vitro. Results obtained by dynamic
catheterized bladder model can contribute to discovering new potential targets and options
for treatment and prevention of CAUTI. Assembly of model is illustrated in Figure 5.
Detailed description of CAUTI model setup can be found in chapter 3.2.23.
To identify genes that effect and contribute to biofilm formation and catheter colonization
of P. mirabilis in an in vitro dynamic catheterized bladder model system many genetic
techniques can be employed. Signature-tagged mutagenesis (STM) and targeted
mutagenesis (TargeTron®) are routinely used to study gene function in bacteria. TargeTron®
technology has been successfully used in various gram-negative and gram-positive bacteria,
including E. coli (68), Salmonella enterica (57), Lactococcus lactis (59), Staphylococcus aureus
(60), Clostridium perfringens (61), Shigella flexneri (57) and Proteus mirabilis (reference in press).
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Figure 5: Glass bladder model scheme and dimensions [A, B]; Close up of artificial bladder model
after catheter insertion and filling [C] and after cultivation [D]. Relevant parts are indicated: artificial
bladder compartment [1], temperature control compartment [2], connection for inflow [3] and outflow [4]
temperature control water circuit, artificial urethra for catheter insertion [5].

To identify novel virulence determinants of P. mirabilis crucial for colonization of urine
and urethral catheters during CAUTI in a dynamic catheterized bladder model in vitro
signature-tagged mutagenesis (STM) was applied (62). It was found that of ~ 1800
screened STM mutants, 19 mutants were significantly outcompeted by parent strain in the
catheterized bladder model in vitro. These mutants carried insertions in ompR, cpxA, arcA
and arcB genes suggesting a role of theses encoded signal transduction pathways in P.
mirabilis pathogenicity.
1.5.1 OmpR-family of two-component regulator proteins
Bacteria respond to sudden environmental changes via signal transduction systems through
protein phosphorylation. This system consists of a sensor and a response regulator (63).
Sensor protein constantly monitors stimuli from the surroundings and is generally located
in cytoplasmic membrane. Obtained data from sensor proteins are transmitted by His-toAsp phosphor-relay to a response regulator which is located in cytoplasm. Upon signal
transduction the regulator mediates changes in gene expression or locomotion to respond to
the signal. This kind of signal transduction system is known as a two-component system
(64). OmpR-family regulator proteins are involved in bacterial response to environmental
stress (e.g. osmotic, oxidative and acid stress response), virulence, motility, outer
membrane biogenesis and many other processes. Proteins from this family can act both as
activators and repressors (63).
1.5.2 Anoxic redox control two-component system
Aerobic bacteria are regularly exposed to oxidative environment where oxygen and its reactive
derivatives (superoxide, hydrogen peroxide) are present. Therefore they have developed global
regulatory systems (OxyRS, SoxRS, Fnr and ArcAB) to be able to sense, respond and detoxify
these threats (65,66).
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The Arc (anoxic redox control) is a two-component system consisting of a membranebound sensor kinase (ArcB) and a response regulator (ArcA). Gene definition and pathway
scheme are depicted in Figure 6. This signal transduction system in E. coli regulates the
expression of more than 30 operons involved in aerobic/anaerobic expression of genes that
encode respiratory proteins during aerobic/anaerobic cell growth. It also controls the
transition of bacteria from aerobic to anaerobic growth in micro-aerobic conditions (67).

Figure 6: Arc two-component system pathway scheme. Aerobic respiration controls sensor/response
regulatory protein ArcA and aerobic respiration control sensor histidine kinase ArcB.

It is known that anaerobic growth of E. coli is controlled by ArcAB system but its role in
aerobic conditions is not well characterized. Studies demonstrate that both ArcA and ArcB
gene are necessary for resistance to hydrogen peroxide and that ArcAB system is important
for bacterial resistance to ROS in aerobic conditions (65). The system is also involved in
chromosomal replication, stress responses and bacterial aging (68,69).
1.5.3 CpxA sensor histidine kinase
Cpx system has been primarily studied in uropathogenic E. coli due to its role in
expression of P pili organelles that promote bacterial interactions with kidney cells (70,71).
Cpx system of P. mirabilis consists of an inner membrane histidine kinase CpxA and a
cytoplasmic response regulator CpxR. Gen description and pathway scheme are depicted in
Figure 7. Specific signals generated by differently enveloped stresses activate Cpx pathway
causing auto-phosphorylation of CpxA relieving enveloped stress by protein folding,
catalysis and elimination of degrading factors (71).

Figure 7: Sensor histidine kinase CpxA pathway. Two-component system sensor histidine kinase CpxA.

Cpx pathway has the ability to detect many disturbances (e.g. pH changes, overexpression
of envelope proteins and membrane changes) (72). It is also involved in regulation of
biofilm formation, bacterial adherence (73,74), motility and chemotaxis (75,76). During
static biofilm formation and initial adhesion, the expression of Cpx-regulated genes is
activated (95). Low CpxA phosphatase activity leads to CpxR-P accumulation in E. coli
causing alterations in the cell envelope (weak capability to form biofilm, decreased
swarming ability), changes in resistance to many compounds or environmental factors and
metabolic dysfunctions (76). Cpx response activates under conditions with limited nutrient
and is highly elevated at the end of the exponential growth phase via the general stress
response factor. Overexpression of CpxR causes multidrug resistance by increasing
expression of many drug resistance proteins. CpxR can act as a repressor or an activator,
depending on the target genes (79).
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1.5.4 Osmolarity response regulator OmpR
OmpR is member of response regulator family and it is one of the most common
transcriptional regulators. Gen and pathway scheme are depicted in Figure 8.
Osmoregulation involves OmpR and EnvZ regulatory factors. Outside the cell the osmosensor EnvZ senses the external osmolarity and exhibits OmpR-specific kinase and
phosphatase activity. An OmpR dimer activates the ompF and ompC promoters (74).

Figure 8: Two-component response regulator pathway. Osmolarity transcriptional regulator OmpR.

OmpF and OmpC are two general porins found in E. coli. Their production is regulated by
many different environmental conditions including medium osmolarity, carbon source and
temperature. Cellular levels of OmpF and OmpC are constant and synthesis of one results
in repression of other and vice versa. Highly osmolaric media increase the levels of OmpC
and diminish the level of OmpF. OmpF channel can pass larger molecules over the outer
membrane because of its higher cut-off regarding to the OmpC porin. OmpR and EnvZ
proteins together act as positive regulatory factors for transcription of the ompC and ompF
genes. OmpR is a transcriptional activator for both porin structural genes. EnvZ is
osmosensor that adjusts the OmpR protein. Transcription of the ompF gene is activated by
OmpR in low osmolarity media and by OmpC in high osmolarity. Roles of ompR and envZ
products in regulation of OmpC and OmpF protein synthesis are not fully resolved yet
(83,84).
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2. RESEARCH AIMS AND OBJECTIVES
Urinary tract infections are the most commonly occurring bacterial infections. Because of
bad prognosis they raise challenges in medical care and cause a considerable economic
burden (7). One of the most important pathogens involved in CAUTIs in patients
undergoing long-term bladder catheterization is urease-producing Gram-negative P.
mirabilis (51). The main virulence factors of P. mirabilis are biofilm formation and
catheter blockage by encrustation with crystalline deposits (32).
The aim of this study is to provide new insights into the pathogenicity of P. mirabilis
during CAUTI. We hope that by elaborating genetic factors, molecular mechanisms and
signal transduction pathways during infection with P. mirabilis in CAUTI, will contribute
to development of potential new molecular drug targets and effective therapeutic strategies
to control and prevent CAUTIs.
Firstly, we will select up to four genes from previous unpublished research on transposon
mutants of P. mirabilis that show relevance during CAUTI. Then we will create knockout
mutants by using site specific TargeTron® Knockout System. Successfully constructed
mutants will be used for phenotypical analysis. A co-challenge experiment, with wild-type
strain, will be conducted to elaborate the impact missing genes on growth and colonization.
Parallelly we will compare expression levels of selected genes in wild-type strain P.
mirabilis HI4320 by RT-qPCR between test sample (bladder content and catheter tip) and
control sample (pre-culture) in artificial urine and pooled human urine. To elaborate gene
expression, we will use ∆∆Ct method.
In the last part of our experiment we will investigate enrolment of selected signal
transduction pathways in adaption and persistence of P. mirabilis in a catheterized urinary
tract. We will elaborate response of created mutants to elevated osmotic and oxidative
stress. Schematic workflow of conducted experiment is presented in Figure 9.
For research work, we have set several hypotheses:
- TargeTron® knockout system is an optimal tool for generating site specific mutants of
P. mirabilis, our model organism.
- Selected genes are relevant in biofilm formation and efficient colonization of P.
mirabilis under in vitro conditions mimicking CAUTI. Therefore, created knockout P.
mirabilis mutants will have altered capabilities of biofilm formation and colonization
when grown individually or in co-challenge with wild-type in an in vitro CAUTI
model.
- During in vitro CAUTI colonization we expect gene expressions of arcB, arcA, cpxA
and ompR to be different between bladder and catheter for P. mirabilis during
colonization in either artificial urine or pooled human urine, suggesting altered
regulation of these genes and potential importance for colonization during CAUTI.
- We expect changed growth characteristics of arcB, arcA, cpxA and ompR mutants in
stressful environments, because these genes play an important role in bacterial survival
under stressful conditions. Furthermore, the absence of arcA and arcB gene will be
more important in conditions with low oxygen concentrations and cpxA, ompR
absence in environments with high osmolarity.
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Figure 9: Experimental workflow. The scheme represents only general and basic steps. First part marked
with grey colour represents the genetic part and cloning strategy with TargeTron® knockout system. Main part
marked with yellow represents CAUTI model setup and RT-qPCR. In blue is schematic workflow of conducted
experimental work where we elaborated the response of created mutants to elevated osmotic and oxidative
stress.	
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3.1 Materials
The chemicals, solutions, buffers and other media are listed in Table 25 and Table 26 in
Supplement 1. A list of these chemicals is provided by name and manufacturer
information. Enzyme and molecular biology kits are resumed in Table 27 in Supplement 1.
The DNA standard used for agarose gel electrophoresis was Quantitas 200 bp -10 kb
(Biozym, USA). Primers and primer sequences are listed in Table 28 in Supplement 1. All
primers are listed in 5` to 3`. List of microorganisms used in thesis is presented in Table 29
in Supplement 1. Laboratory devices and small laboratory equipment are listed in Table 30
and Table 31 in Supplement 1.
3.2 Methods
3.2.1 Exposure controls and personal protection
Work with the genus Proteus spp. demands special containment requirements. The entire
research was performed in a biosafety level 2 laboratory. All procedures potentially
generating aerosols or involving high concentrations of bacteria were conducted in
biologically safe cabinets. Protective clothing such as lab coats and gloves were
mandatory.
3.2.2 Artificial urine for laboratory testing
Artificial urine was prepared fresh before starting the experiment according to Stickler et.al
(55) with some modifications. Components are listed in Table 1. The required volume of
water was first filled into a glass beaker and placed on a magnetic stirrer. The mixture was
agitated constantly and heated up to 40oC. Components were added separately into the
mixture. Sodium hydroxide pellets (6-12 pellets for 5L) were used to adjust pH to 6.1.
Table 1: Components of artificial urine medium.

Solutions buffers and media
ammonium chloride
calcium chloride
magnesium chloride
monopotassium phosphate
potassium chloride
sodium chloride
sodium sulphate
sodium oxalate
trisodium citrate
urea
dH2O

Components for 1L [g]
1.60
0.65
0.65
0.65
2.80
4.60
2.30
0.02
4.60
25.00
1000

Components for 5L [g]
8.00
3.255
3.255
3.255
14.00
23.00
11.50
0.100
23.00
125.00
5000

The gelatin was added after pH adjustment. Corresponding gelatin weight and volume of
CASO (Casein peptone Soybean flour peptone Broth) medium are listed in Table 2. Urine
was agitated until all components were dissolved, after it was filtering through a
SARTOPRAN Cartridge #143 filter into autoclaved polycarbonate carboy bottle.
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Table 2: Gelatin and CASO (Casein peptone Soybean flour peptone Broth) component.

Component/Volume
gelatin
CASO (g)
CASO (mL)

1L

2L

3L

5L

5g
1g
33.3 mL

10 g
2g
66.6 mL

15 g
3g
100.0 mL

25 g
5g
166.6 mL

3.2.3 Pooled human normal urine for laboratory testing
Urine was collected from healthy individuals with no apparent health problems. It was
saved in refrigerator at 5oC. Pooled urine was filtering through a SARTOPRAN Cartridge
#143 filter into autoclaved 10 L polycarbonate carboy bottle.
3.2.4 Growth media
Bacterial strains were routinely grown in Luria-Bertani (LB) medium (52). Liquid LB medium
and solidified LB-agar or LB-agar with low sodium chloride (referred to as LB-agar2.5 g NaCl/L)
were used. Media components are listed in Table 3. LB medium consists of 1% (w/v) tryptone,
0.5% (w/v) yeast extract and 0.5% (w/v) NaCl in dH2O. Antibiotics where added, where
selection was required. All media were autoclaved prior to use (121°C, 20 min).
Table 3: Components of medium.

Component

LB

dH2O
agar-agar
trypton/pepton ex casein
sodium chloride
yeast extract

LB-agar
1L
/
10 g
5g
5g

1L
15 g
10 g
5g
5g

LB-agar, low NaCl
1L
15 g
10 g
2.5 g
5g

Stocks of bacteria were long term stored at -80oC in cryovials in 10% glycerol (v/v). Agar plate
cultures were stored at 4oC for up to a month wrapped in parafilm. Liquid LB (20 mL) over
night cultures (ONCs) were grown in sterile 50 mL Erlenmeyer flasks in a shaking incubator
(180 rpm) at 37oC unless otherwise stated. All cultures grown on LB-agar plates were
incubated statically at 37oC for a specified time interval. When required antibiotics were added
to the media. All used antibiotics are listed in Table 4. LB-agar plates and broth media (20 mL)
were inoculated using plastic loop from cryovial or directly from selected single colony.
Table 4: Antibiotic stock concentration and solvent.

Antibiotic

Solvent [Stock concentration]

Ampicillin
Chloramphenicol
Kanamycin

water [50 mg/ml]
ethanol [10 mg/ml]
water [10 mg/ml]

Working concentration [µg/mL]
100
10
40

3.2.5 Targetron insertion site selection and primer design
After selection of genes of interest the corresponding coding sequences from the published
genome sequence of P. mirabilis HI4320 were put into the online protocol (86). The program
then identified potential sites for intron insertion and suggests primer sequences to be used to
re-program the intron for proper insertion in the selected gene in bacterial genome. The
potential primers were ranked in order of expected efficiency and the most desired were
ordered at Thermo Scientific.
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3.2.6 PCR for intron retargeting
Intron was retargeted using PCR for intron re-targeting. In PCR reaction setup for our
target site master mix with four specific primers was used as presented in Table 5. For
negative control same mixture without the addition of intron PCR template was used.
Intron was amplified using the cycle parameters presented in Table 6. Successfulness of
PCR amplification was elaborated by agarose gel electrophoresis.
Table 5: Reaction mixture setup and master mix with four specific primers.

Reaction mixture
1 µL - Master mix with four primers
1 µL - Intron PCR template
23 µL - RNase-free H2O
25 µL - JumpStart RED Taq Ready mix
VT = 50 µL
Master mix with four specific primers for our target site:
2 µL - IBS primer (100 µM); for our target site*
2 µL - EBS1d primer (100 µM); for our target site*
2 µL - EBS2 primer (20 µM); for our target site*
2 µL - EBS Universal primer (20 µM)
VT = 20 µL
*arcA, arcB, ompR, cpxA
Table 6: Cycler protocol.

Step
1
2

3
4

Purpose
Initial denaturation
30 cycles:
Denaturation
Annealing
Extension
Final extension
Soak

Temperature
94oC
94oC
55oC
72oC
72oC
4 oC

Time
30 s
15 s
30 s
30 s
120 s
Hold

3.2.7 Plasmid pACD4K-C-loxP
An ONC of plasmid carrying host strain was prepared in 20 mL LB medium with 20 µL
chloramphenicol (25 µg/mL). The culture was incubated in a shaking incubator (180 rpm)
at 37oC overnight. Plasmid DNA was isolated from bacteria using QIAGEN-Plasmid Plus
Purification method using QIAGEN Plasmid Plus Midi Kit. Detailed protocol is described
in Supplement 4.
3.2.8 Double digestion with HindIII and BsrGI
All enzymes in this work were supplied by NEB. The restriction endonucleases were
BsrGI and HindIII. To combine promoters and plasmids both were designed with cohesive
ends by restriction enzyme digestion in a 20 µL reaction volume. Components for the
restriction digestions are listed in Table 7 for the PCR product and Table 8 for the vector.
Cycler protocol is listed in Table 9.
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Table 7: Restriction digestion mixture for purified PCR product restriction.

Reaction mixture
Purified PCR product
10X restriction NEBuffer 2.1
BsrGI (20 U/µL)
HindIII (20 U/µL)
Nuclease-free Water

Volume
x µL (~ 200 ng)
2 µL
1 µL
1 µL
up to total volume (20 µL)

Table 8: Restriction digestion mixture for plasmid restriction.

Reaction mixture
plasmid
10X restriction NEBuffer 2.1
BsrGI (20 U/µL)
HindIII (20 U/µL)
Nuclease-free Water

Volume
x µL (~ 3 µg)
2 µL
1 µL
1 µL
up to total volume (20 µL)

Table 9: Cycler protocol for double digestion with Hind III and BsrG I.

Step
1
2
3

Time
30 min
120 min
10 min

Temperature
37oC
60oC
80oC

The restrictions were carried out with initial 30 min digestion at 37oC, 2 h incubation and
final heating to 80oC for 10 min to inactivate the enzymes. Reaction was stopped by the
Roti Load DNA 6x Buffer.
3.2.9 Agarose gel electrophoresis
Bacterial DNA, plasmid DNA and PCR products, and restriction products were routinely
separated by agarose gel electrophoresis. Gel electrophoresis was performed by running
1% agarose gel on BioRad electrophoresis instrument. The agarose gel was prepared in 50
mL of 1 x TBE Buffer. Mixture was heated in microwave for 2 min at 850 W, while
stirring. Mixture was stirred during heating. After heating 1 drop of PeqGreen solution was
added. Solid gel was submersed into 1 x TBE Buffer. DNA samples were mixed with
DNA loading buffer in a ratio of 4:1 and loaded into the wells. For quantification of DNA
fragment size and quantity Quantitas 200 bp-10 kb DNA ladder was used. After
electrophoresis (30 min at 110 V) a picture of gel was obtained with Alpha Innotech
camera.
3.2.10 DNA extraction from agarose gel
DNA from gel after electrophoresis was extracted using peqGOLD Gel Extraction Kit
from peqlab (Erlangen, Germany) according to manufacturer’s instructions. Detailed
protocol is described Supplement 3.
3.2.11 DNA extraction from PCR product
DNA from PCR product was extracted from gel after electrophoresis using peqlab
extraction Kit from peqlab (Erlangen, Germany) according to manufacturers instructions.
Detailed protocol is described in Supplement 2.
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3.2.12 Concentration and yield determination of nucleic acid
Purity and concentration of DNA or RNA were determined using UV BioTek Take-3
micro plate spectrophotometer. Concentration and purity were elaborated by the ratio of
A260/280 and by agarose gel electrophoresis.
3.2.13 Ligation protocol with T4 DNA Ligase
The ligation was performed by T4 DNA ligase enzyme (Table 10). DNA ligase catalyzes
formation of covalent phosphodiester bonds between restricted vector and fragment DNA,
which permanently joins the nucleotides together. The bacterial cells were transformed
with completed plasmid for propagation. For determine of the amount of cut insert and
vector before ligation online ligation calculator was used (87). The reaction was mixed on
ice before final T4 ligase addition. In control reactions no insert DNA was included in the
reactions. The ligation reaction mixture was incubated for 1 hour at room temperature and
directly for transformation to E. coli competent cells.
Table 10: Ligation reaction mixture for insertion of DNA fragment into plasmid vector.

Reaction total volume 20 µL
Component
10X T4 DNA Ligase Buffer
2 µL
Vector DNA
8.62 µL [200 ng]
Insert DNA
3.66 µL (cpxA), 4.3 µL(arcA), 3.16 µL(arcB), 5.4 µL(ompR) [45.60 ng]
Nuclease-free Water
up to total volume
T4 DNA Ligase
1 µL
Insert DNA length (350 bp)
Vector DNA length (7675 bp)
Vector DNA mass (200 ng)
Required insert DNA mass 45.60 ng (5:1)

3.2.14 High efficiency transformation protocol
Transformation of NEB 5-alpha Competent E. coli C2987H cells was modified from the
manufacture`s protocol as follows. SOC medium was recovered at 37oC and selective
plates were pre-warmed at 37oC for 1 hour. Cells were thawed on ice (about 10 min) and
ligation reaction mixture was added. We used 25 µL of cells per transformation. Cells were
transferred to a chilled micro centrifuge tube. 5 µL of the DNA solution were added to the
tube and the whole mixture was gently mixed by flicking. Mixture was placed on the ice
for 30 minutes and then placed into a heating block at 42oC for 30 seconds. Following 5minute incubation on ice, 500 µL SOC medium at room temperature was added to the
tubes and cells were allowed to recover at 37oC with shaking at 250 rpm for 60 minutes.
Cells were then plated on pre-warmed LB-agar plates with appropriate antibiotic selection
(chloramphenicol 10 µg/mL) we spread 100 µL per plate. Mixture was then centrifuged for
5 minutes at 6000 rpm. Supernatant was removed and precipitate was re-suspended in 100
µL of SOC medium and then spread on plate. Plates were incubated at 37oC overnight.
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3.2.15 Colony PCR
Colonies were screened for insertion of the retargeted portion in the vector pACD4KCloxP using colony PCR. Tested colony was re-suspended in 25 µL of dH2O and 25 µL of
10% Chelex®100. Samples were briefly vortexed and centrifuged for a few seconds before
incubation at 95oC for 12 min. Samples were then briefly vortexed and centrifuged for a
few seconds again to spin down the mixture. Only the supernatant was used for PCR
reaction. Primers binding sites are shown in Figure 10.

Figure 10: Map of expression vector pACD4KC-loxP, with the intron retargeted for gene arcB as an
example. Retargeted portion was cloned into the vector using HindIII and BsrGI restriction sites. The
complete insertion region on the retargeted pACD4KC-loxP was amplified with the primers T7 Promotor and
pACD4KC_2337.

Reaction setup with primers for T7 Promotor, pACD4KC_2337 and description of PCR
cycler protocol available in Table 11. Successful amplification was confirmed by agarose
gel electrophoresis. Expected PCR product was 600 bp.
Table 11: PCR reaction setup and protocol for amplifying the complete insertion region.

Reaction mixture
Taq Reaction Buffer
Primer T7 promotor
Primer pACD4KC_2337
Template DNA (supernatant)
Taq DNA Polymerase
dNTPs
Nuclease-free water
Total volume

Volume
4 µL
1 µL
1 µL
1 µL
0.2 µL
1 µL
11.8 µL
20 µL

Cycler protocol
94oC – 30 s - Initial denaturation
30 cycles:
94oC – 30 s - Denaturation
55oC – 30 s - Annealing
68oC – 60 s - Extension
68oC – 120 s - Final extension
4oC – hold - Soak

3.2.16 Plasmid-DNA extraction
Plasmid DNA was isolated from bacterial cells containing the expression plasmid with retargeted
insert using peqGOLD Plasmid Miniprep Kit I (Peqlab, UK) according to manufacturer’s
instructions with some modifications. A detailed protocol is described in Supplement 4. Isolated
vectors were used for transformation into P. mirabilis [pAR1219] via electroporation.
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3.2.17 DNA sequencing
Sequence analysis was performed by Eurofins Agroscience Services. For SmartSeq
sequencing service all samples were prepared according to service provider`s request.
Results were manually evaluated using standard nucleotide BLAST tool available online
(88).
3.2.18 Preparation of electro-competent cells and electroporation
ONC was prepared in 5 mL of LB medium with 5 µL of Ampicillin (25 µg/mL) to avoid
plasmid loss during growth phase. In the morning 1 mL of ONC was inoculated in fresh 50
mL pre-warmed (37oC) LB medium. The culture was incubated shaking 250 rpm at 37oC
until the optical density (OD) at λ= 600 nm reached 0.3-0.5. After incubation period the
culture was transferred into a new 50 mL falcon tube which was cooled on ice for 12
minutes. All next steps were performed on ice or in cooled (4oC) centrifuges. The culture
was centrifuged 7 min at 4000 x g and the supernatant was discarded. The pellet was resuspended in 40 mL ice cold dH2O and centrifuged at 4000 x g for 10 minutes. Washing
was performed twice. Afterwards the pellet was re-suspended in 1 mL cold 10% glycerin
and incubated for 10 min. Re-suspended cells were then centrifuged for 2 min at 7000 x g.
Supernatant was discarded. Pellet was re-suspended in 100 µL 10% glycerin. Samples
were then transferred to a cryovial and stored at – 80oC. Electroporation was performed
with 40 µL electro-competent cells P. mirabilis HI4320 [pAR1219] and 2 µL of extracted
plasmid in sterile electroporation cuvette (2 mm/400 UI) with voltage of 1.8 kV
electroshock in electroporator. Used plasmids were pACD4K_cpxA, pACD4K_arcaA,
pACD4K_arcB and pACD4K_ompR. The mixture was incubated on ice for 10 min. The
time constant in milliseconds was determined. Electroporated cells were re-suspended and
washed out with 960 mL of LB medium. The suspension was incubated with shaking (250
rpm) at 37oC for 50 minutes. After the incubation period 100 µL of mixture were spread on
LB-agar2.5g NaCl/L, Ch [25 µg/mL], Amp [50 µg/mL]. The remaining suspension was centrifuged for 5
minutes at 6000 rpm. Supernatant was removed and precipitate was re-suspended in 100
µL of LB medium and spread on the plate. Plates were incubated at 37oC overnight.
3.2.19 Induction of the TargeTron® system
For induction of gene disruption, mutated version of P. mirabilis [pAR1219; pACD4KCloxP_arcB] was grown overnight in LB medium with ampicillin (100 µg/mL) and
chloramphenicol (25 µg/mL). Next day 60 µL of the ONC were inoculated in 4 mL prewarmed LB medium with ampicillin (100 µg/mL) and chloramphenicol (25 µg/mL).
Mixture was incubated with shaking at 37oC until it reached an OD (λ= 600 nm) of 0.3.
IPTG was added till final concentration of 0.5 mM. After 20 minutes of further incubation
1 mL of mixture was centrifuged at 10000 g for 1 minute. The pellet was re-suspended in
500 µL LB and incubated for 1 hour with shaking at 37oC before plating 100 µL on
selection LB-agar2.5g NaCl/L, Km [25 µg/mL].
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The remaining suspension was centrifuged for 5 minutes at 6000 rpm. Supernatant was
removed and precipitate was re-suspended in 100 µL of LB medium, spread on the plate,
and incubated at 37oC overnight.
3.2.20 Confirmation of knockouts by PCR
Kanamycin resistant colonies were screened with colony PCR to confirm correct insertion
of the spliced kanamycin cassette into the target gene. Three primer pairs were used to
verify the insertion. The PCR reaction setup is shown in Table 12 and primer pair
combinations are shown in Figure 11. Gene specific primers (Fw, EBS1d) and intron
specific primers (EBS2, Rv) were used to amplify across gene-intron junctions. Gene
specific (Fw, Rv) primers were used to amplify the entire inserted intron. Successful
amplification was confirmed by agarose gel electrophoresis.

Figure 11: Gene specific primers and intron specific primers for arcB gene. (A) Gene specific primers
ArcbB3Fw and ArcB206Rv, (B) entire inserted intron was amplified with ArcB3Fw and EBS Universal primer
pairs, (C) intron specific primers EBS2_1115_1156 and ArcB206Rv.
Table 12: Reaction mixture setup.

Reaction mixture
Taq Reaction Buffer
Primers for target site (see Table 23)
Template DNA
Taq DNA Polymerase
dNTPs
Nuclease-free water
Total volume

Volume [ µL]
4
1
2
0.2
1
0.8
10

The following colony PCR strategy with the knockout HI4320arcB is presented as an
example in Table 13.
Table 13: PCR amplification protocol with selected primers pairs and expected product size.

PCR set up – A
Primers:
ArcB3Fw and
EBS Universal
Product size: 204 bp

PCR set up – B
Primers:
ArcB206Rv and
ArcB_1155_1156s_EBS2
Product size: 2133 bp

Cycler protocol (A and B):
Temperature - time - step
95oC – 30 s - Initial denaturation
30 cycles:
94oC – 30 s - Denaturation
55oC – 30 s - Annealing
68oC – 60 s - Extension
68oC – 120 s - Final extension
4oC – hold - Soak

PCR set up – C
Primers:
ArcB3Fw and
ArcB206Rv
Product size: 2559 bp
Cycler protocol (C):
Temperature - time - step
95oC – 30 sec Initial denaturation
30 cycles:
94oC – 30 s - Denaturation
55oC – 30 s - Annealing
68oC – 60 s - Extension
68oC – 120 s - Final extension
4oC – hold - Soak
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3.2.21 Detection of plasmids loss in P. mirabilis
Colonies with appropriate PCR results were cultured overnight in 5 mL LB medium with
kanamycin (25 µg/mL). ONC was diluted and spread on LB-agar2.5g NaCl/L, Km [25 µg/mL]. To
identify colonies that lost both plasmids the expression plasmid pACD4KC-loxP with
retargeted intron and the helper plasmid pAR1219 colonies were plated on LB-agar2.5g
NaCl/L containing kanamycin (25 µg/mL), ampicillin (100 µg/mL) and chloramphenicol (25
µg/mL), respectively. Kanamycin resistant, ampicillin and chloramphenicol sensitive
colonies were used for phenotypical analysis. Selected mutants were also tested for
plasmid loss by the colony PCR using forward primer (T7 Promoter) and reverse primer
(pACD4KC_2377) pairs.
3.2.22 Growth rates
Growth rates of bacteria strains were monitored to rule out that the observed phenotypes
were only observed due to altered growth rates. 15mL of pre-warmed artificial urine were
inoculated to an OD (λ= 600 nm) 0.001 with selected mutant or wild-type strain. They were
incubated in 100 mL flask during shaking at 37oC. Samples (500 µL) were taken every 90
minutes after starting the incubation. 50 µL were plated on LB-agar2.5g NaCl/L with and
without supplemented kanamycin (12.5 µg/mL) after serial dilution (10-2 to 10-5). Plates
were incubated at 37oC for 24 h.
3.2.23 CAUTI model system setup
The experimental procedure for CAUTI model setup lasts for four days. Bladder model
system and schematic presentation of model setup are presented in Figure 12.
Day 1 – Preparation
Artificial urine (~ 700 mL/day/bladder model) was prepared as described in Chapter 3.2.2.
ONC-s for selected mutant and WT strain with or without antibiotic supplementation were
incubated at 37oC/180 rpm overnight. All bladder models, media bottle, filter cartridge,
tubes and connectors were autoclaved.
Day 2 – Inoculation
OD600nm values of ONC-s were measured after 1:10 dilution in LB medium and used to
inoculate 15 mL of pre-warmed urine in a 100 mL flask to a final OD600nm of 0.001.
Inoculation mixture was incubated at 37oC/180 rpm for 120 min. Meanwhile, the heating
water cycle was installed and tubing for urine supply were connected to the plastic carboy
bottle with sterile urine. Sterile Foley-catheter was inserted in each bladder model and the
retention balloon was inflated with 10 mL of dH2O. Each catheter was connected to the
drainage system and the urine waste bag. Urine supply system was filled to a level just
underneath the eye of the catheter. The bladders were checked to insure that they were not
leaking. Then 200 µL were removed from each 15 mL pre-culture into new
microcentrifuge tube. Serial dilution was made from 10-2 to 10-4. First dilution (10-2) was
prepared by taking 5 µL inoculation mixture out of 200 µL stock and mixed with 495 µL
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of 0.9% NaCl. For next dilution (10-3) 20 µL of previous dilution were transferred to 180
µL of 0.9% NaCl. Serial dilutions in range from 10-3 to 10-4 were spread on plates. 50 µL
were spread on LB-agar2.5g NaCl/L plates with and without supplementation with kanamycin
(12.5 µg/mL). Plates were incubated at 37oC for 24 h before colonies were quantified.
Each model was inoculated with appropriate amount of cells depending on the infection
phase of interest.
A competition approach was used for comparison of fitness of two strains (WT and
mutant). Thus, the same artificial bladder was inoculated with WT and respective mutant
derivative. For inoculation of the dynamic catheterized bladder model an appropriate
aliquot of the ONC representing 5 mL of an OD600nm of 0.001 (~1 x 105 to 1 x 106 CFU)
was added to the urine in the bladder model in 1:1 ratio of mutant and wild-type. All
models were inoculated with 195 µL of WT and with 195 µL of our test mutant. 60 min
after inoculation clamps were removed and urine flow started (~ 30 mL/h, corresponds to
1,7 rpm using Watson-Marlow 205U peristaltic pump using 5 mm silicone tubing)
(6,55,89). Due to high variation of colonization quantification observed with the in vitro
model system probably due to varying efficiency of biofilm disintegration, co-challenge
CAUTI model experiment was replicated in five independent dynamic catheterized bladder
models in vitro.
A modification in inoculation was performed in another experiment. In order to obtain
RNA samples for real time quantitative PCR gene expression determination, dynamic
catheterized bladder models were inoculated only with 195 µL of WT. This experiment
was conducted twice. Each experiment consisted of three individual dynamic bladder
models. Human pooled urine was used in first run and artificial urine in second. 1 mL from
pre-culture, bladder content and catheter were taken for RNA isolation (see Chapter
3.2.24)
Day 3 – Quantification of colonization
After 24 h urine flow was stopped. Bladder content and catheter from each bladder were
harvested. Bladder contents (5 mL) were transferred into sterile 15 mL tube. Collected
samples were then sonificated for 5 min and vortexed for 2 min. Serial dilutions were made
from 10-1 to 10-5. For first dilution (10-1) 20 µL inoculation mixture were taken out off
stock and mixed with 180 µL of 0.9% NaCl. 50 µL were spread on LB-agar2.5g NaCl/L in
serial dilution from 10-4 to 10-5 and LB-agar2.5g NaCl/L, Km [25 µg/mL] in serial dilution from 10-3
to 10-4. Plates were incubated at 37oC for 24 h. Grown colonies were counted next day.
The rest of urine was removed from the bladder. After disconnecting the drainage tubing
the retention balloon was slowly deflated. The catheter was then slowly removed from the
bladder and transferred on a sterile surface. The first part including the eyehole of catheter
was cut off. Outside and inside surface of catheter was washed with 2 mL of 0.9% NaCl.
Catheter was cut in a length of 5 cm and transferred into sterile 15 mL tube containing 5
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mL of 0.9% NaCl. Samples were first sonificated (room temperature, 35 kHz) for 5 min
and then vortexed for 2 min. Serial dilutions to 10-6 for bladder and to 10-5 for catheter were
made in 0.9% NaCl. 50 µL were then spread on LB-agar2.5g NaCl/L and LB-agar2.5g NaCl/L, Km
o
[25 µg/mL]. Plates were incubated at 37 C for 24 h. Grown colonies were counted next day.
Day 4 – Data processing
All colonies were counted manually using Stuart® colony counter SC6+. After all data
processing we got the results that are presented in Chapter 4.
The competitive index (CI) was calculated as ratio between output (bladder suspension or
catheter) ratio (mutant/WT) and input (inoculum) ratio (mutant/WT).

Figure 12: Bladder model system with six bladders (A) and schematic presentation (B). Indicated parts
are: temperature controlee compartment [1], urine reservoir [2], connection for inflow [3] and outflow [4]
temperature control water circuit, artificial urethra for catheter insertion [5], urinary catheter [6], peristaltic
pump [7], silicone connector [8], silicone tubing [9] and drainage bag [10]. (89)

3.2.24 Bacterial RNA extraction and DNase-I treatment
Bacterial RNA was extracted from cells using AllPrep RNeasy® Mini Kit from Qiagen
(Hilden, Germany) according to manufacturers instructions with some modifications. Oncolumn DNase-I digestion was performed with DNase-I reaction mix as described in
peqGOLD Bacterial RNA isolation protocol. The detailed protocol is described in
supplementary information, Supplement 5.
3.2.25 Reverse transcription
We compared two kits for reverse transcription. Isolated RNA from pre-culture and bladder
content was used as template. First we used the reverse transcriptase in DyNAmo cDNA
Synthesis Kit M-MuLV RNase H+ that provides good sensitivity to qRT-PCR. Successful
cDNA synthesis is dependent on the integrity and purity of the template RNA (90). To obtain
complementary DNA from sample RNA reverse transcription was performed in a 20 µL
reaction volume using total RNA as a template. Reaction mixture components are listed in
Table 14. The cycler protocol is listed in Table 15. The amount of RNA inserted into cDNA
synthesis reactions in both kits was ~ 100 ng.
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Table 14: Reaction setup for cDNA synthesis.

Reaction mixture
RT buffer
Random hexamer primer set
Template RNA
RNase-free H2O
Total volume

Stock
2x
300 ng/µL

Volume / reaction
10 µL
1 µL
X (µL); max 1µg
X (µL)
20 µL

Table 15: PCR amplification protocol for reverse transcription.

Step
1
2
3
4

Purpose
Primer extension
cDNA synthesis
Reaction termination
Soak

Temperature
25oC
37oC
85oC
4 oC

Time
10 min
30 min
5 min
Hold

In addition, SuperScrip®II Reverse Transcriptase kit was used. RNA reverse transcription
reaction volume was 12 µL. Reaction mixture and cycler protocol are listed in Table 16. A
minus control contains all reaction components except reverse transcriptase.
Table 16: Reaction setup and cycler protocol for cDNA synthesis.

Reaction mixture (total volume of 12 µL)
Random hexamer primer set (1 µL)
Template RNA (X (µL); max 1 ng-5 µg)
dNTP (1 µL)
RNase-free H2O up to total volume
65oC for 5 min
quick chill on ice
5 X First-Strand Buffer (4 µL)
0.1 M DTT (2 µL)
RNase-free H2O (1 µL)
Mix gently
25oC for 2 min

SuperScript®II reverse transcriptase (1 µL)
25oC for 2 min; primer extension
42oC for 50 min; cDNA synthesis
70oC for 15 min reaction
termination
4oC hold

3.2.26 Quantitative Realtime PCR (qPCR)
For qPCR reactions the Fast SYBR®Green Master Mix was used according to
manufacturer`s instructions. In order to quantify the amplification in real-time, the
fluorescent SYBR®Green dye was used. The reaction composition and the cycler protocol
are listed in Table 17. cDNA samples derived from reverse transcriptase reactions were
used as samples. As negative controls reverse transcriptase negative samples were used.
All qPCR reactions were preferred in triplicates in 10 µL reaction volume. Prior to
performing qPCR reactions in StepOne Real Time PCR System, reaction mixtures were
spinned down for a few seconds in a microcentrifuge to avoid air bubbles. Sample gene
expression changes were analyzed relatively to housekeeping gene rpoD which served as
endogenous control.

25	
  

3. MATERIALS AND METHODS
Table 17: PCR reaction setup and temperature profile of the qPCR.

Volume
5 µL
0.2 µL
0.2 µL
1 µL
3.6 µL
10 µL

Reaction mixture
Fast SYBR®Green Master mix
Forward primer
Reverse primer
cDNA
Nuclease-free water
Total volume

Cycler protocol
Temperature - time - step
95oC – 3 min - Initial denaturation
40 cycles:
95oC – 3 min - Denaturation
60oC – 30 min- Annealing, extension and read
fluorescence
Melting curve (1 cycle):
95oC – 15 min
60oC – 60 min
95oC – 15 min
4oC – hold - Soak

3.2.27 Relative quantification of target gene versus a reference gene
First the efficiency of amplifications was evaluated by performing a dilution series
experiment using target assay. A dilution series was performed from starting concentration
34.04 ng/µL by geometric dilution with a dilution factor of five. After properly setting the
baseline and threshold, the slope of the standard curve was translated into an efficiency
value. Efficiency was calculated by the Equation 1.
Equation 1: Calculation for real-time PCR efficiency, presented as a percentage.

Efficiency = (10

(-1/slope)

-1) x 100%

Second relative gene expression was calculated by Livak method (91) in which the amount of
target RNA is normalized to the housekeeping gene RNA. For each measurement, a threshold
(Ct) was determined. Obtained values were used in Equation 2 which shows the mathematical
model that was used to determine relative expression of target genes in comparison to
reference gene in qPCR based on efficiency and the ∆Ct change of sample against a control.
Equation 2: Calculation for relative gene expression.

∆Ct (target) = Ct (calibrator) - Ct (test)
∆Ct (reference) = Ct (calibrator) - Ct (test)
Relative expression = (Etarget)

∆Ct, target (calibrator - test)

/(Ereference)

∆Ct, reference (calibrator - test)

∆Ct (target): change between calibrator and test Ct value for target gene. *
∆Ct (reference): change between calibrator and test Ct values for reference gene. **
Ct (calibrator): obtained Ct value of target or reference gene for pre-culture sample.
Ct (test): obtained Ct value of target or reference gene for bladder or catheter sample.
Etarget: the calculated RT-qPCR efficiency of target gene (arcA, arcB, cpxA, ompR).
Eref.: the calculated RT-qPCR efficiency of the rpoD reference gene.
* Target gene: cpxA, arcA, arcB and ompR; ** Reference gene: rpoD

3.2.28 Statistical analysis
Most of our generated data in this thesis have normal distribution; in this manner data are
presented as mean ± standard error (SE) of mean if not stated otherwise. To determined
statistically significant differences, we used SPSS software, version 20. A t-Test assuming
unequal variance for two independent samples was used to determine statistical significance in
independent growth experiment. For co-challenge experiment where obtained data did not
show normal distribution, the Wilcoxon signed paired test was used.
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3.2.29 Impact of reactive oxygen stress induced by hydrogen peroxide
Growth rates were determined separately in normal and a medium containing 1.5 mM
hydrogen peroxide. 15mL of pre-warmed artificial urine and LB medium were inoculated
to an OD600nm of 0.001 with an ONC of the investigated mutant or the WT. Inoculated
medium was incubated in 100 mL flask shaking at 37oC. Samples (500 µL) were taken 6 or
8 times every 60 minutes after initial inoculation. 50 µL were plated on LB-agar2.5g NaCl/L
plates with and without supplementation with kanamycin (12.5 µg/mL) in serial dilution
from 10-2 to 10-5. Plates were incubated at 37oC for 24 h.
3.2.30 Impact of high urea and sodium chloride induced osmotic stress on growth
Growth rates were determined separately in normal and medium containing 5X and 10X
higher concentration of urea and sodium chloride. 15mL of pre-warmed artificial urine
were incubated to and OD600nm of 0.001 with an ONC of the investigated mutant or the
WT. Inoculated medium was incubated in 100 mL flask shaking at 37oC. Samples (500
µL) were taken 6 or 7 times every 60 minutes after initial inoculation. Volume of 50 µL
were plated on LB-agar2.5g NaCl/L plates with and without supplementation with kanamycin
(12.5 µg/mL) in serial dilution from 10-2 to 10-6. Plates were incubated at 37oC for 24 h.
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4. RESULTS
The results are divided into six sub-sections related to: mutagenesis, growth
characterization, optimization of analytical methods, relative quantification of expression
of selected genes and elaboration of response to elevated osmotic and oxidative stress.
4.1 Mutagenesis using TargeTron® system
Preliminary data obtained using random transposon insertions in genes PMI3791 (arcA),
PMI3678 (arcB), PMI2891 (ompR) and PMI3198 (cpxA) suggests that these genes are
important for CAUTI pathogenesis. To further investigate this hypothesis, site specific
mutants of these four genes were created. To achieve this the TargeTron® system was used,
because it has been shown to be efficient for this purpose in the laboratory of Andreas
Reisner at University of Applied Sciences Graz, Austria. Due to complexity of the
mutagenesis system the obtained results are presented in individual smaller sub-sections:
target site selection and primer ordering, PCR for intron re-targeting, double digestion with
HindIII and BsrGI, ligation and transformation process, sequence analysis and induction of
gene disruption.
4.1.1 Target site selection and primer ordering
Genomic sequences of P. mirabilis target genes, PMI3791 (arcA), PMI3678 (arcB),
PMI2891 (ompR) and PMI3198 (cpxA) were uploaded to online TargeTrone® algorithm.
Obtained results were specific sites optimal for intron insertion, ranked in order of
expected highest efficiency. Chosen target sites are presented in Table 18. Unique EBS2,
EBS1d and IBS primer sets for re-targeting intron into these specific site between
nucleotide positions 51-52s [arcA], 1155-1156s [arcB], 1335-1336s [ompR] and 928-929s
[cpxA] were also elaborated. The proposed target sequences were elaborated using E and S
values. Target sites with an E-value lower than 0.5 are predicted to be efficient introns and
sites with the highest S-value are expected to represent the most efficient target sites for
insertion (86,92). Primer sets listed in Chapter 3.1 in Table 28 corresponding to chosen
design options were ordered.
Table 18: Finalized insertion location for intron.
Gene

Location

Score

E-value

Gene 5` exon-intron-Gene 3`-exon

arcA

51-52s

6.47

0.324

AACCGCTTTTATTACTG-Intron-ATATTCACCATGCTT

arcB
ompR
cpxA

1155-1156s
1335-1336s
928-929s

9.89
10.57
8.41

0.024
0.012
0.080

AAGTAGTTACTCGTAAT-Intron-ACCCTGAAAAGCATA
AGGCTAGGGTTAATCCG-Intron-CTTCTCATTACTGTT
ATGATTTACGTCTACGT-Intron-TCACTATTAGAGCGC

4.1.2 PCR for intron re-targeting
First step in laboratory work was PCR amplification for intron-retargeting. Unique primer
pairs (IBS, EBS2, EBS1d and EBS Universal primer) specific for each gene were mixed
and used as four-primer master mix in PCR amplification using group II intron as template.
Detailed PCR amplification protocol is described in Chapter 3.2.6.
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For positive reaction the expected length of the PCR products was 350 bp. Success of retargeting PCR was elaborated by agarose gel electrophoresis as shown in Figure 13. Retargeted PCR products of 350 bp were determined for each selected gene confirming
successfulness of our PCR for intron re-targeting.

Figure 13: Electrophoresis of PCR products after intron retargeting. Success of retargeting PCR
amplification for gene cpxA, arcA, arcB and ompR lane [1-4] was elaborated by determining their size.
Separation at 110 V for 30 min. DNA ladder was Quantitas DNA Marker (200 bp -10 kb).

4.1.3 Double digestion with HindIII and BsrGI
Sufficiency of enzyme digestion was elaborated by exemplary digesting pACD4KCloxP_pmi2099 vector with the restriction enzymes HindIII and BsrGI. For this purpose,
individual and double digestion reactions were performed. In each reaction, the
pACD4KC-loxP_pmi2099 vector was digested for 120 min and products were compared
to uncut plasmid DNA. Digestions were analyzed on 1% agarose gel (Figure 14).
Successful individual digestion of plasmid DNA with BsrGI and HindIII was expected to
generate a singular fragment with 7745 bp. Successful double digestion was expected to
result in two fragments with 7407 bp and 338 bp.

Figure 14: Double digestion of the pACD4KC-loxP_pmi2099 vector with restriction enzymes HindIII
and BsrGI and scheme of enzyme restriction sites (A). Linearization of expression vector pACD4K-CloxP (B). (A) Lane [1] uncut plasmid DNA as negative control, lane [2] restriction with BsrGI, lane [3]
restriction with HindIII and lane [4] double digestion with HindIII and BsrGI. (B) Lane [1] uncut expression
vector as a negative control, lane [2] linearized vector after digestion reaction with HindIII and BsrGI.
Separation at 110 V for 30 min. DNA ladder was Quantitats DNA Marker (200 bp -10 kb).
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Figure 14-A shows the results from 120 min digestion of plasmid DNA. Vector appeared
almost completely cut after individual and double digestion with HindIII and BsrGI. Since
the generated fragments visible after gel electrophoresis had the desired size, concluded
that HindIII and BsrGI restriction enzymes were efficient. Therefore, we were able to
exclude enzyme inactivity and other possible mistakes during double restriction process.
After the exemplary digestion we tried digesting the vector pACD4k-c-loxP (7745 bp) the
TargeTron® expression vector. The expression vector was isolated from ONC (see
Chapter.3.2.7). Re-targeted PCR products and expression vector pACD4k-c-loxP were
digested separately with HindIII and BsrGI restriction enzymes, detailed protocol is
described in Chapter 3.2.8.
The success of expression vector linearization was elaborated by agarose electrophoresis as
shown in Figure 15-B. After double digestion the vector shows DNA bands of the expected
size indicating that the double digestion reaction with HindIII and BsrGI was successful.
Desired bands of re-targeted PCR products and expression vector were cut out (Figure 15)
and DNA was extracted and purified (see Chapter 3.2.10 and Chapter 3.2.11). The yield
and purity of extracted DNA was elaborated by agarose gel electrophoresis (Figure 16) and
spectrophotometrically.

Figure 15: Example of extracting PCR products from agarose gel after double digestion. Retargeting
PCR intron (350 bp) arcB lane [1-3] and ompR lane [4-6.] Agarose gel determination before (A) and after (B)
gel excision. Separation at 110 V for 30 min. DNA ladder was Quantitats DNA Marker (200 bp -10 kb).

Figure 16: Determination of concentration of finalised PCR products before ligation. Lane [1] linearized
vector pACD4K-C-loxP DNA, lane [2] unrestricted vector pACD4K-C-loxP DNA as a negative control. In lane
[1] cpxA, [2] arcA, [3] arcB and lane [4] ompR, double digested re-target PCR products all at 350 bp.
Separation 110 V for 30 min, amount of uploaded sample 2µL. DNA ladder was Quantitats DNA Marker (200
bp -10 kb).
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Both mentioned methods were used to obtain a better and more accurate assessment of our
isolated DNA. Concentration and yield were determined by comparing the intensity of
sample DNA to DNA quantitation standard. Results of agarose gel electrophoresis show
fragments of appropriate size and integrity of absorption. Determination by
spectrophotometer gave us purity and concentration of our DNA sample based on the
A260/280 ratio (see Table 19). All measurements for our DNA samples confirmed that we
had enough and adequately pure DNA to proceed.
Table 19: DNA concentration of restricted plasmid and re-target PCR products.
Concentration [ng/𝝁L]

Product
Restricted vector:
Re-target PCR product:

A260/280

paCD4K-C-loxP

23.19

1.87

cpxA

12.46

2.02

arcA

14.41

1.95

arcB

10.52

2.04

ompR

8.43

1.30

4.1.4 Ligation and transformation
The PCR products, treated with HindIII and BsrGI restriction enzymes, were ligated into
linearized expression vector pACD4K-C-loxP, digested with the same enzymes, and then
transformed into competent E. coli C2987H cells. After ligation and transformation, the
cells were plated on agar plates containing chloramphenicol (10 µg/mL) and incubated
over night. Detailed ligation protocol and transformation process can be found in Chapter
3.2.13 and Chapter 3.2.14
Next day colonies were selected randomly and screened for presence of retargeted inserts
in vector pACD4K-C-loxP. The complete insertion region was amplified with colony PCR
using T7 promoter (forward) and pACD4KC_2337 (reverse) primer pair (Figure 17). The
colony PCR protocol is described in Chapter 3.2.15. The expected PCR product was 600
bp.

Figure 17: Forward primer (T7 Promoter) and reverse primer (pACD4KC_2337) position in plasmid.
Section of plasmid presented primer position [blue] and enzyme restriction sites [grey]. The PCR product size
is 600 bp.

Results show that digested retargeted PCR products and expression vector pACD4K-CloxP were ligated correctly and that transformation to competent NEB 5 E. coli C2987H
cells was successful (Figure 18). The colony PCR amplification was elaborated by gel
electrophoresis for all selected colonies.
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Figure 18: Colony based PCR verification of successful ligation of retargeted PCR products for arcA
and arcB into expression vector. (A) Lane [1] strain HI4320pmi2099 DNA as a positive control (600 bp),
lane [2-5] chosen colonies of E. coli [pACD4K-C-loxP-arcA]. (B) Lane [1] restricted pACD4K-C-loxP as
negative control, lane [2] strain HI4320pmi2099 DNA as a positive control (600 bp) and lane [3-5] chosen
colonies of E. coli [pACD4K-C-loxP-arcB]. Separation at 110 V for 30 min. Sizes of the DNA ladder bands
(Quantitas DNA Marker 200 bp -10 kb) are indicated.

Positive controls in Figure 18A (lane 1) and 18B (lane 2) reveal the size of the DNA
fragment of the expected size. Bands in Figure 18-A (lane 2-4) and B (lane 4-5) for our
samples are the same size as the positive control meaning that ligation and expression was
successful. Band in figure 18-A (lane 5) and 18-B (lane 3) shows the PCR products of
incorrect ligation and transformation meaning that this observed colony did not contain an
expression plasmid with the retargeted insert. Plasmids in these colonies will not produce
successful knockouts and therefore all screened colonies that gave such results were
excluded. Obtained results of colony PCR showed that retargeted introns cpxA and ompR
were also ligated correctly and that transformation to competent cells was successful
(Figure 19).

Figure 19: Colony PCR based verification of successful ligation of retargeted PCR products for cpxA
and ompR into expression vector. (A) Lane [1-3] chosen colonies of E. coli [pACD4K-C-loxP-cpxA] and (B)
lane [1] restricted pACD4k-C-loxP as negative control, lane [2] unrestricted pACD4k-C-loxP as negative
control and lane [3-4] chosen colonies of E. coli [pACD4K-C-koxP-ompR]. Separation at 110 V for 30 min.
Size of the DNA ladder Quantitats DNA Marker (200 bp -10 kb).
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Confirmed colonies were grown overnight in LB medium with ampicillin (100 µg/mL) and
chloramphenicol (25 µg/mL). Next day ONCs were tested again with the same PCR
primers as in previous step to exclude potential errors. As shown in Figure 20 all 4 ONCs
of selected colonies (lane 1-4) had the expected size of 600 bp. Gel electrophoresis yields a
single strong band of correct size (600 bp) for each plasmid as determined by comparison
with positive control (lane 6) and DNA length standard run on the same gel. The negative
NTC (lane 7) showed no visible bands, therefore any potential contaminations can be
excluded.

Figure 20: ONCs PCR confirmation of proper retarget insert. Before plasmid extraction and purification
control PCR was performed with primer pair for T7 Promotor and pACD4KC_2337. Lane [1] cpxA, lane [2]
arcA, lane [3] arcB and lane [4] ompR. As positive control strain HI4320pmi2099 DNA was used in lane [5-6].
The water control as non template control (NTC) is shown in lane [7]. Separation at 110 V for 30 min. Sizes of
the DNA ladder bands (Quantitas DNA Marker 200 bp -10 kb) are indicated.

Plasmid DNA was extracted from bacterial cells containing the expression plasmid with
retargeted insert (see Chapter 3.2.16) and its purity and concentration were elaborated
spectrophotometrically and by agarose gel electrophoresis (Figure 21).
Results show that visible bands of extracted plasmid DNA are appropriate size (600 bp)
and integrity. Obtained plasmids were designated as pACD4K_cpxA, pACD4K_arcA,
pACD4K_arcB and pACD4K_ompR.

Figure 21: Concentration of purified plasmids. Lane [1] plasmid pACD4K_cpxA, lane [2] plasmid
pACD4K_arcA, lane [3] plasmid pACD4K_arcB and lane [4] plasmid pACD4K_ompR. Separation at 110 V for
30 min, amount of uploaded sample 2 µL. Sizes of the DNA ladder bands (Quantitas DNA Marker 200 bp -10
kb) are indicated.
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4.1.5 Sequence analysis
Extracted and purified plasmids DNA were verified by determining their sequence.
Constructed vectors of pACD4K_cpxA, pACD4K_arcA, pACD4K_arcB and
pACD4K_ompR were sequenced by Eurofins gene analytic system, using T7 promoter
forward primer. Obtained results were manually evaluated by using nucleotide BLAST
tool. Sequence analysis confirmed that all expression vectors contained the correct
retargeted introns (Supplement 10, Figure 41).
4.1.6 Induction of gene disruption
The constructed plasmids containing the correct retargeted introns were introduced in P.
mirabilis HI4320 [pAR1219] by electroporation. Knockout of selected genes by targeted
intron mutation was induced with IPTG. Induction of gene disruption is described in
chapter 3.2.19. If the process of plasmid introduction and consequent genome mutation
was successful, the bacteria were expected to grow on selection plates supplemented with
25 µg/mL kanamycin. This was only achieved for targeted gene arcB. Detection of
insertion was carried out using PCR with three primer pairs to confirm the correct position
and direction of mutation. Detailed reaction setup and PCR protocol can be found in
Chapter 3.2.20. Kanamycin resistant colonies were randomly selected for colony PCR to
detect appropriate intron insertion. ArcB3Fw and ArcB206Rv primer pair were used to
detect entire inserted intron (Figure 22-A). Two primer pairs were used for PCR
amplification across gene-intron junctions (Figure 22-B, C). First gene specific primer pair
(ArcB3Fw, EBS Universal) and second intron specific primer pair (EBS2_115_1156,
AcrB206Rv) were used for confirmation.

Figure 22: Scheme of knockout confirmation. Knockout mutants were confirmed by colony PCR with
different primer pair combination [A-C] and map of intron insertion site with primer pair positions [D].
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Success of amplification was elaborated by agarose gel electrophoresis (Figure 23). Results
of PCR product show that screened colonies of gene arcB had the correct orientation of
inserted kanamycin cassette.

Figure 23: Confirmation of HI4320arcB knockout. PCR products confirmed correct insertion in arcB gene.
Lane [1] PCR products from mutant with ArcB3Fw and EBS Universal primers (204 bp), lane [2] PCR products
from mutant with EBS2 and ArcB206Rv primers (2133 bp) and lane [3] PCR products from mutant with
ArcB3Fw and ArcB206Rv primers (2559 bp). Separation at 110 V for 30 min. Sizes of the DNA ladder bands
(Quantitas DNA Marker 200 bp -10 kb) are indicated.

Colonies with the correct PCR products were cultivated overnight. Mutants were tested for
loss of both the helper plasmid pAR1219 and expression plasmid. Additionally, we
confirmed loss of plasmids using colony PCR with T7 promoter (forward) and
pACD4KC_2337 (reverse) primer pair (Figure 24).

Figure 24: PCR detection of plasmid loss. The water control as NTC is shown in lane [1]. Colony resistant
to kanamycin lane [1-5], wild-type DNA as negative control, positive control lane [7] and helper plasmid DNA
as second positive control in lane [8]. Separation at 110 V for 30 min. Sizes of the DNA ladder bands
(Quantitas DNA Marker 200 bp -10 kb) are indicated.

No band visible in lane 1 confirmed that possible exclusion of contamination of our
reaction setup. As negative control wild-type DNA was used in lane 6. First positive
control was a mutant that still enclosed helper plasmid (lane 7) and second helper plasmid
pAR1219 DNA (lane 8). No visible bands were visible in lanes 2-5 meaning that all tested
colonies lost both plasmids (lane 2-6). Obtained results from agar growth test showed that
correct mutants were kanamycin resistant, ampicillin and chloramphenicol sensitive.
Confirmed mutants were then used for phenotypical analysis. Obtained mutant was
designated as HI4320arcB.
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4.2 Changes in growth rate of wild-type and HI4320arcB mutant over time
To exclude result irregularities due to growth defects, growth rates for wild-type P.
mirabilis HI4320 and HI4320arcB were determined (Figure 25). Bacteria were cultured
separately using artificial urine as growth media in Erlenmeyer flasks shaking at 37oC. For
statistical purposes, each strain was cultivated in triplicates. Viable cell counts (CFU/mL)
were performed at time intervals ranging from 0 to 6 hours.

Figure 25: Growth of P. mirabilis HI4320 and HI4320arcB mutant between 0 and 6 hours. Results are
shown as average of three independent replicates with error bars indicating standard deviation (A) and growth
rate of wild-type and HI4320arcB mutant (B). Data set for the growth rates are listed in Table 20.

The exponential growth phase was used to determine the specific growth rate.
Experimental data were chosen by visual examination of a semilog plot of data based on
linearity (Figure 25-A). Examination of curves shows that the exponential phase when
cells are dividing at a constant rate is approximately between 1.5 and 4.5 hours. Obtained
growth curves are characteristic of general biological populations. The growth pattern of
mutant was similar to that of the wild-type. Growth rate [µ] for each sample was calculated
using linear regression (Figure 25-B, Table 20).
Table 20: Growth kinetics for wild-type HI4320 and HI4320arcB in artificial urine. Symbols: [µ] growth
2
rate, [R ] coefficient of determination, [ln N0] natural logarithm of bacterial initial concentration, [tg] generation
time.
-1

2

Test

µ [h ]

R

ln N0

tg [h]

µ / µwt

WT HI4320

0.894

0.980

14.206

0.780

101%

HI4320arcB

0.868

0.991

14.114

0.802

98%

A t-Test assuming unequal variance for two independent samples was used to determine
statistical significance. Results show that that there appears to be no difference in growth
rate µ (p>0.7) between WT and HI4320arcB mutant. Additionally, during exponential
phase, the generation time [tg] of wild-type and HI4320arcB mutant was found to be
almost equal. This shows that the generated mutation for arcB gene by TargeTron®
knockout system plays no role in reproduction and growth of HI4320arcB mutant when
grown independently.

36	
  

4. RESULTS

4.3 Competitive testing between HI4320arcB mutant and wild-type
Co-challenge experiment with HI4320arcB mutant and P. mirabilis HI4320 wild-type was
performed to determine the impact of co-cultivation on growth. Our hypothesis was that if
ArcB plays an important role in growth and biofilm formation, HI4320arcB would be
significantly outcompeted by the wild-type strain. To test this, the ONC-s were diluted to
an initial OD600 of 0.001 in 15 mL artificial urine and the artificial bladder models were
infected by inoculation of a 1:1 mixture of P. mirabilis HI4320 wild-type and the
HI4320arcB mutant following a pre-cultivation for two hours. This experiment was
replicated in five independent dynamic catheterized bladder models in vitro. In all five
models, bacteria were harvested from pre-culture, bladder content and the catheter tip after
24 h of urine flow (Figure 26). The viable CFU-s from each sampling were calculated by
plating on LB-agar2.5g NaCl/L and LB-agar2.5g NaCl/L, Km [25 µg/mL] to enable quantification of
both strains after overnight incubation. The HI4320arcB mutant showed no growth defect
in vitro compared to the P. mirabilis HI4320 wild-type when grown independently in
artificial urine as previously described in Chapter 4.2.

Figure 26: Results of co-challenge experiment for mutant HI4320arcB and P. mirabilis HI4320 wild-type
during CAUTI in vitro. Following co-challenge of HI4320arcB mutant and the HI4320 wild-type strain in the
dynamic catheterized bladder model for 24 h, the population distribution in inoculum, the bladder suspension
[A] and on the biofilm formed on the internal surface of the Foley catheter [B] was quantified. Stacked bars
represent population structure in inoculum, bladder and catheter [%], average number of CFU/mL are
indicated next to the bars. Data are represented as mean [%] ± SE (n=3).

In co-challenge experiment the bacteria population distribution of inoculum shows that all
five artificial bladder models were equally infected in 1:1 ratio by HI4320arcB mutant and
P. mirabilis HI4320 wild-type. The bar chart in Figure 26 shows population distributions
in pre-culture, bladder content and surface of all-silicon Foley catheter after competitive
co-challenge experiment. The population distribution changes from 1:1 ratio at inoculation
to approximately 8.5:1 in bladder and approximately 5.5:1 in catheter in favor of P.
mirabilis HI4320 wild-type.
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Complementary to data shown in Figure 26, the ratio between HI4320arcB mutant and P.
mirabilis HI4320 wild-type was calculated by dividing the number of mutant colonies by
the number of wild-type colonies in inoculum, bladder content and catheter.
Ratio of 1 indicates that HI4320arcB mutant and P. mirabilis HI4320 wild-type proliferate
equally, ratio lower than 1 indicates better bacterial growth and proliferation of P.
mirabilis HI4320 and ratio higher than 1 indicates better proliferation of HI4320arcB
mutant compared to P. mirabilis HI4320 wild-type. As can be seen from Figure 27 ratio
values for bladder and catheter are far below 1. This indicates that proliferation and growth
of the P. mirabilis HI4320 wild-type in bladder and catheter is much better than
HI4320arcB mutant.

Figure 27: Ratios between HI4320arcB mutant and P. mirabilis HI4320 wild-type in different CAUTI
model compartments. The dash line indicates ratio =1 where proliferations and growth of mutant and wildtype is equal. Data are mean ± SE (n=5).

Furthermore, competitive indexes (CI) during infection with HI4320arcB mutant and P.
mirabilis HI4320 wild-type was calculated. These values indicate differences in CFU
between strains in output (bladder suspension or catheter) and in the input (inoculum). CI
was calculated as ratio between output ratio (mutant /WT) and input ratio (mutant /WT).
Competitive index of 1 indicates that the HI4320arcB mutant colonized the artificial
bladder model and catheter to a similar level as P. mirabilis HI4320 wild-type. Values
lower than 1 indicate that the HI4320arcB mutant is outcompeted by parent strain P.
mirabilis HI4320. Values higher than 1 indicate that P. mirabilis HI4320 wild-type is
outcompeted by HI4320arcB mutant. A graphical summary of our results is shown in
Figure 28. Data are listed in Table 55 in Supplement 10.
The competitive indexes are 0.16 for the catheter and 0.12 for the bladder content. This
indicates that the HI4320arcB mutant is able to persist in vitro. The lack of arcB is
associated with significantly reduced fitness of mutant during bladder and catheter
colonization. HI4320arcB mutant was significantly outcompeted by wild-type in bladder
content and on catheter surface. Calculated competitive index between catheter and bladder
content is 1.36 indicating that the HI4320arcB mutant is slightly more fit on catheter
surface than in bladder.
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Statistical evaluation of these differences was performed by using Wilcoxon signed paired
test in SPSS (P value <0.05). We used this test to better understand, whether there is any
significant difference in population distributions between HI4320arcB mutant and wildtype in each segment (inoculum, bladder content and catheter) based on CFU. Initially we
assumed that the populations were equal in all environments. A Wilcoxon test shows that
for inoculum null hypothesis is retained, meaning that wild-type and mutant counts are not
different (P>0.05, p= 0.686). However, the test shows that for bladder and catheter content
null hypothesis is rejected thus confirming the alternative, that the mutant and wild-type
counts are significantly different (P<0.05, p= 0.043). Therefore, we can conclude that the
tested HI4320arcB mutant is significantly outcompeted (P<0.05) and less fit then P.
mirabilis HI4320 wild-type.

Figure 28: Competitive index analysis of the HI4320arcB mutant and P. mirabilis HI4320 wild-type. The
dash line indicates CI=1. Symbols: [◊] represent CI values obtained in individual experiments, [–] indicate the
geometric mean of five CI values. Obtained data used for this figure are listed in Supplement 10 in Table 55.

4.4 Real-time quantitative PCR gene expression
Real time quantitative PCR (RT-qPCR) is one of the most commonly used methods in
modern molecular biology and research medicine for quantifying gene expression and
regulation (93,94). In this study we were interested in determining relative gene expression
levels of four potential virulence genes in test samples (bladder content and catheter)
relative to a control sample (pre-culture). A summary of workflow to determine gene
expression levels using RT-qPCR is shown in Figure 29. For more details, see protocol
description in Methods. Briefly, wild-type cells were harvested from pre-culture, bladder
content and catheter surface, RNA was isolated and reverse transcription to cDNA was
performed. Generated cDNA was used as template in qPCR reaction for relative gene
expression analysis.

Figure 29: Workflow of RT-qPCR gene expression analysis.
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4.4.1 Evaluating concentration and purity of RNA
Bacterial RNA was extracted from cells according to manufacturer’s instructions with
some modifications. Detailed protocol is described in Chapter 3.2.24. During RNA
isolation we treated our samples with DNase-I to removed any existing genomic DNA.
DNase efficiency was elaborated by agarose gel electrophoresis. The expectation was that
successful plasmid DNA treatment with DNase-I will result in complete removal of DNA
present in reaction. Results of DNase treatment are presented in Figure 30.

Figure 30: Plasmid DNA digestion by DNase-I treatment. Lane [1] plasmid DNA treated with DNase-I, lane
[2] DNase-I control, lane [3] plasmid DNA. Separation at 110 V for 30 min. DNA ladder was Quantitats DNA
Marker (200 bp -10 kb).

All reactions were carried out at room temperature for 15 min. Plasmid DNA (100 ng) was
used as control in reaction mixture without DNase (lane 3). If DNase-I treatment did not
work, bands comparable to those in lane 3 were expected. Reaction in lane 1 shows that
DNase-I has efficiently removed plasmid DNA. The reaction lacking plasmid DNA in lane
2 was used as control for confirming that other components in reaction were not
contaminated with DNA.
Isolated RNA concentration and purity was elaborated by spectrophotometry. RNA
concentration was determined by measuring absorbance at 260 nm. The ratio of
absorbance A260/A280 was used to assess the purity of RNA.
Results are presented in Table 21. They show RNA yield and purity in pre-culture, bladder
content and catheter surface for each model and environment. Obtained results show
similarities between models in the same environment. Low RNA concentrations were
observed in pre-culture and catheter sample. Low RNA concentrations obtained in preculture and in catheter are due to low bacterial concentrations. Reason for difference in
RNA yield and purity between artificial and human pooled urine are likely due to
difference in urine composition.
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Table 21: Isolated RNA concentration and purity.

Model
3

Model
2

Model
1

Sample
Pre-culture
Bladder content
Catheter
Pre-culture
Bladder content
Catheter
Pre-culture
Bladder content
Catheter

Pooled human urine
RNA conc. [ ng/µL]
A260/280
14.03
2.26
92.83
2.28
20.62
2.19
11.47
2.27
97.28
2.15
33.72
2.08
8.13
2.12
90.20
2.01
10.30
1.75

Artificial urine
RNA conc. [ ng/µL]
A260/280
10.74
2.02
6.42
1.99
16.24
2.14
5.16
1.86
13.78
2.12
3.44
1.79
7.18
2.23
14.66
2.19
5.07
2.22

4.4.2 Comparison of two kits for reverse-transcription
Reverse transcriptase is an enzyme that transcribes single-stranded RNA into cDNA. We
compared two kits for reverse transcription to achieve better cDNA yield. First kit was
SuperScript®II Reverse Transcriptase and second kit was DyNAmoTM cDNA Synthesis
(F470L) Kit for qRT-PCR. Technical details are listed in Table 22. Detailed reaction set up
and cycling protocol can be found in Chapter 3.2.25.
Both kits include all the necessary reagents for synthesizing cDNA. SuperScript® II reverse
transcriptase has reduced RNase H activity which prevents degradation of RNA molecules
during cDNA synthesis. This domain is not inactivated in reverse transcriptase M-MuLV
H+ in Kit-2 (95,96). Random hexamers were used in Kit-1 and Kit-2 reaction set up as
primers. Both evaluated kits give adequate and comparable results (Table 23). Therefore,
we decided that we would use Kit-2 because it is less expensive and has shorter protocol
time. The amounts of RNA samples inserted into cDNA synthesis reactions are listed in
Supplement 7. A minus control contained all reaction components (total reaction volume
was reduced to 10µL) except reverse transcriptase.
Table 22: Product information (95,96).

Categories
Kit name
Reverse Transcriptase
Final product size
Template amount
Time
Sensitivity
Reaction volume

KIT-1
SuperScript®II reverse transcriptase
SuperScript®II
12,4 Kb or less
Max 1 ng-5 µg of RNA
82 min
medium
12 µL

KIT-2
DyNAmoTM cDNA synthesisi kit
M-MuLV RNase H+
50-250 bp
Max 1 µg of RNA
45 min
good
20 µL

Table 23: RT-qPCR data (Ct) for pre-culture and bladder content samples.

Data for:
Primer pair for gene:
NTC-1
NTC-2
Pre-culture
Bladder
Pre-culture (-RT)
Bladder (-RT)

Kit [1]
arcB
Undetectable
Undetectable
30.20
26.09
35.92
32.82

Kit [2]
arcB
Undetectable
Undetectable
26.42
24.23
35.88
32.70
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Kit [1]
rpoD
Undetectable
Undetectable
25.22
26.67
35.45
34.08

Kit [2]
rpoD
Undetectable
Undetectable
26.27
23.69
36.97
33.00
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4.4.3 Calculation of RT-qPCR Efficiency
To determine the efficiency of RT-qPCR for each primer pair a standard curve was
generated by using a 5 -fold dilution series of cDNA with known concentration. In Figure
31 an amplification plot of five different serially diluted samples with ArcA-72Fw and
ArcA122Rv primer pair for arcA gen is presented as an example. Standard dilutions cover
the range of expected gene expression. The amplification plot is viewed on y-axis log scale
(Figure 31-B), that provides a visual expansion of amplification’s log phase and presents it
as a linear portion of the amplification plot. Curves show the connection between amount
of cDNA template and cycle threshold (Ct) value. The leftmost curve represents the
amplification for the assay with the highest template concentration and the rightmost curve
that with the lowest. Threshold was set in log view at 4000 (Figure 31-A).

Figure 31: Amplification plots. Amplification curves of the 5-fold serial dilution in range from stock
concentration [1], 1:5 dilution [2], 1:25 dilution [3], 1:125 dilution [4], to 1:625 dilution [5], and no template
control NTC-1 [6] and NTC-2 [7] in linear view (A) and log view (B). The threshold was set where all
amplification curves in the log view were parallel.

The standard curves were constructed by plotting the log of quantity of template cDNA
against cycle threshold (Ct) value obtained during amplification for each dilution (Figure
32). To evaluate whether the relationship between Ct and amount of cDNA is linear
coefficient of linear correlation, R2 was determined. All data points are on the line and
obtained R2 values indicating strong linear relation between Ct and log of the cDNA
concentration (Table 24). Therefore, we can be confident that Ct values on y-axis
accurately predict the DNA concentration on x-axis. The R2 value of 0.99 also indicates
good precision and is proof of stable and consistent reactions.
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Figure 32: Determination of RT-qPCR efficiencies for reference gene (rpoD), and target genes (arcA,
arcB, ompR and cpxA). Standard curve (5 times-serial diluted cDNA) with Ct plotted against the log of the
initial amount of cDNA for each dilution, x-axis: log of initial amount of cDNA (ng), y-axis: Ct values. The
2
corresponding RT-qPCR amplification efficiency, the R value and the equation for the regression line are
shown in Table 24.
Table 24: Calculation of RT-qPCR efficiency.

arcA (Ct)

arcB (Ct)

ompR (Ct)

cpxA (Ct)

y=-3,7908x+27,6

y=-3,1936x+27,1

y=-2,9972x+26,9

y=-4,1773x+27,7

y=-4,1472x+28,9

0.9903
-3.7908
1.84
83.5%

0.9944
-3.1936
2.06
105.63%

0.9944
-2.9972
2.16
115.61%

0.9909
-4.1773
1.74
73.54%

0.9896
-4.1472
1.74
74.23%

rpoD (Ct)
y = mx + b
2
R
Slope
Efficiency
%E

The amplification efficiency [E] is dependent on sample quality, primers, master mix and
the assay. The amplification efficiency was calculated from the slope of the standard curve
using Equation 1 as described in Chapter 3.3.27. Efficiency is converted to percentage
representing proportion of template that is amplified in each cycle. Efficiencies are shown
in Figure 33. Theoretical optimum efficiency is 100% [E= 2] meaning that the amount of
PCR product doubles in each cycle of exponential amplification (93,94). Obtained
efficiencies are in range from 73% [E= 1.74] to115% [E= 2.16]. Obtained efficiency
values were used for calculation of relative gene expression levels.

Figure 33: Amplification efficiency of primer pairs used in the RT-qPCR experiment. The housekeeping
gene is highlighted grey. The dash line indicates the theoretical optimum efficiency which is 100%.
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Specificity was determined by analyzing the melting curve peak (data not shown). Only a
single well-defined peak with similar Tm was obtained for each primer pair, indicating a
single specific product that indicates good specificity.
4.4.4 Relative Quantification
Relative quantification determines the changes in RNA levels of a target gene relatively to
the levels of a reference housekeeping gene. The relative expression of arcA, arcB, cpxA
and ompR with rpoD as the endogenous reference gene, was determined using ∆∆Ct
method as previously described in Chapter 3.2.27 which is based on the Ct values and
amplification efficiencies of the target and reference gene. This study focused on
comparing the expression of genes in different growth conditions (artificial and pooled
human urine). Equation 2 in Chapter 3.2.27 shows the mathematical model used to
determine relative expression of target genes in comparison to reference gene in RT-qPCR
based on efficiency and the ∆Ct change of sample against a control. The equation compares
the expression of target and reference gene in sample and control environment. If the value
is equal to one, relative expression or its change is equal for the two compared genes in
both compared conditions. If calculated value is more than 1, the change in expression for
target gene is greater than the change for reference gene when moved from one
environment to the other. The opposite is true if the calculated value is less than 1.
Different expression in different environments would suggest altered regulation of genes
and a potential importance for colonization during CAUTI.
Dynamic catheterized bladder models were inoculated with equal amounts of P. mirabilis
HI4320 wild type (see Chapter 3.2.23). The experiment with in vitro dynamic catheterized
bladder models was conducted twice. Each experiment consisted of three individual
artificial bladder models. Experiment 1 indicates relative gene expression levels during
growth in human pooled urine. Experiment 2 indicates relative gene expression levels
during growth in artificial urine. Samples for RNA isolation were taken from pre-cultures,
bladder content and catheter. To determine the expression of the selected genes and the
reference gene, all RNA samples were written to cDNA and assessed in a two-step RTqPCR. Obtained Ct values were used in ∆∆Ct method to calculate relative gene expression
for each model (see Supplement 8). Final value of relative expression was calculated as
mean of three models, together with standard deviation (STDEV) and standard error (SE).
Any significant statistic tests were not performed due to small sample size (n= 3), therefore
our main focus was on the major trends and not significant statistical differences. Results
are shown in Figure 34 and Figure 35.
Final quantification of cDNA level may differ because of differences in the amount of
starting material, enzyme efficiency and overall transcriptional activity between samples.
To minimize these effects, a reference gene as internal standard was applied and all
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experiments were performed in multiple runs. The rpoD reference gene encodes the
principal RNA polymerase sigma factor. It binds the RNA polymerase and initiates
transcription (97). The rpoD was used because of its stabile expression compared to
investigated genes under different conditions as previously demonstrated (97). For relative
quantification, target gene expression was normalized to expression of rpoD housekeeping
genes to compensate inter-PCR variations and variations in cDNA synthesis efficiencies
between samples.
To eliminate possible contaminations, several negative controls were included in the
experimental process. Duplicates with no template control (NTC) containing only water
and reaction mix were included to eliminate possible contamination from reagents.
Obtained data shows that all NTCs are negative meaning that the reagents do not
contaminate the samples (see Supplement 8). Some samples show a late amplification was
present, this can be attributed to primer dimers that can occur when using SYBR® Green
assay (94). This amplification is at least 8 Ct after our specific signal avoiding dangers in
false positive interpretation.
To evaluate levels of any present genomic DNA in our RNA samples, reactions without
reverse transcriptase (no-RT) were performed. Difference in Ct values lower than 10 cycles
were considered suspicious and likely contaminated with genomic DNA (Supplement 9).
This amount was chosen because it corresponds to approximately 0.1% contamination with
genomic DNA, which is lower than method variability. Most of our samples correspond to
these criteria. There are some samples where the differences between Ct values of cDNA
samples and no-RT control were smaller than 10 suggesting these samples have higher
amounts of genomic DNA present (Supplement 8). This result can also be attributed to
several other factors. Lower concentration of RNA leads to lower quantities of cDNA
resulting in smaller Ct differences. This is caused by lower yield of RNA from isolation
and purification, degradation of RNA during storage or by RNase present in the
environment. The concentration of cDNA can also be affected by limited efficacy of
reverse transcriptase or by contamination with DNase from genomic DNA digestion step
during isolation. It is also possible that the column based DNase-I is not sufficient enough
and that the genomic DNA is part of the purified sample for PCR. To avoid contamination
with DNA precautionary steps were taken during whole experiment: all procedures were
carried out in a workspace that reduce possibilities for DNA contamination and an oncolumn DNase-I digestion step was performed during bacterial RNA isolation protocol.
Figure 34 shows the relative gene expression levels of arcA, arcB, cpxA and ompR genes
of P. mirabilis HI4320 compared to rpoD in bladder content relative to pre-culture. Data
sets are listed in Supplement 10 in Table 56. The bar chart shows elevated relative gene
expression of arcA and arcB gene in bladder content during CAUTI in both growth
conditions (artificial and pooled human urine). Different trends can be seen for genes
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ompR and cpxA. Change in expression of ompR gene is approximately equal to the change
of relative expression of the reference gene in both growth conditions. Although a small
difference can be observed in artificial urine where the relative gene expression seems to
be slightly decreased. On the other hand, gene expression of cpxA remained decreased in
both growth conditions.

Figure 34: Relative expression levels of arcA, arcB, cpxA and ompR genes of P. mirabilis HI4320 in
bladder content relative to pre-culture. cDNAs were synthesized from RNA extracted from bacteria cells.
Real-time PCRs were performed with each sample of cDNA. Gene expression is quantified using RT-qPCR
and the ∆∆Ct method. Same experiment was carried out with pooled human urine [blue] and artificial urine
[gray]. Vertical bars indicate data as means ± SE (n= 3; artificial bladder models). The dash line indicates
value of 1 where the expression of target and reference gene in sample and control environment is equal.

The bar chart in Figure 35 shows the relative gene expression levels of arcA, arcB, cpxA
and ompR genes of P. mirabilis HI4320 in catheter relative to pre-culture. Data are shown
in Supplement 10 in Table 57. On the contrary to the bladder all investigated genes were
found to be constitutively expressed in catheter compared to the pre-culture but at different
levels in both growth conditions (Figure 35). Gene arcA was the most expressed in both
growth conditions. Gene arcB was the least expressed in both growth conditions. The
charts for cpxA and ompR relative gene expression show that the genes are elevated in
pooled human urine and decreased in artificial urine, where the relative expression of cpxA
and ompR is almost equal to the change of relative expression of reference gene. Results
for certain analysis must be taken cautiously because of the big standard error recorded.
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Figure 35: Relative expression levels of arcA, arcB, cpxA and ompR genes of P. mirabilis HI4320 in
catheter relative to pre-culture. Gene expression is quantified using RT-qPCR and the ∆∆Ct method. Same
experiment was carried out with pooled human urine [blue] and artificial urine [gray]. Vertical bars indicate
data as means ± SE (n= 3; artificial bladder models). The dash line indicates value of 1 where the expression
of target and reference gene in sample and control environment is equal.

4.5 Response of HI4320arcB and P12H3 mutants to reactive oxidative stress
Bacteria during CAUTI must adapt to different conditions and changes in environment.
Through the growth P. mirabilis must be able to sense and respond to elevated ROS. High
level of ROS is cytotoxic and can lead to bacterial death (65,98) . Bacteria respond to such
signals through different regulatory and signal-transduction systems. Important role in
adaptation play two-component signal-transduction system ArcAB. The global regulatory
system ArcAB has extensive role and control in anaerobic growth of E. coli in
environments with elevated ROS. Its role in P. mirabilis during CAUTI is not well
characterized (65,99,100). To better understand the role of ArcAB global regulatory
system we investigated survival of P. mirabilis under ROS conditions.
This was elaborated by comparing growth kinetics of arcA transposon mutant designated
as P12H3 and knockout mutant HI4320arcB to growth of P. mirabilis HI4320 wild-type in
the presence of 1.5 mM hydrogen peroxide (H2O2).
The growth characteristics of knockout mutant and transposon mutant were compared to wildtype using LB or artificial urine as growth media (Figure 36-A). Strains were grown separately
in Erlenmeyer flasks without or with 1.5 mM of H2O2 shaking at 37oC. Viable cell counts
(CFU/mL) were performed at time intervals ranging from 0 to 6 hours and 10-fold dilutions
were used for plating to yield countable colonies on LB-agar2.5g NaCl/L. The growth rates µ[h-1]
for P. mirabilis HI4320, HI4320arcB and transposon mutant P12H3 were determined from
growth curves by using linear regression on population sizes during bacterial exponential
growth. The analysis of growth kinetic of P. mirabilis HI4320 and HI4320arcB are presented
in Table 58 in Supplement 10. The experiment with wild-type and HI4320arcB mutant strain
grown in artificial urine was performed twice and growth curves are shown as mean value. The
experiment using LB-medium was performed only once.
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Figure 36: Resistance of the HI4320arcB mutant to hydrogen-peroxide. Growth and survival of wild-type
P. mirabilis HI4320 and HI4320arcB mutant (A); growth rate and survival of bacteria was determined by
determination of CFU. Growth medium: artificial urine [blue curves] and LB medium [yellow curves] alone or
with 1.5 mM H2O2 [*]. Designations: P. mirabilis H4320 [triangle], HI4320arcB [cross]. The data set for the
growth rates are listed in Supplement 10 in Table 58.

It was found that the behavior and growth of the two strains was not different depending on
the type of the medium used (artificial urine or LB-medium). Both the mutant and the
wild-type strain displayed similar survival profiles during cultivation in normal media
indicating that arcB gen is not essential for normal growth of P. mirabilis. Growth of P.
mirabilis HI4320 wild-type and HI4320arcB mutant is equally affected by 1.5 mM H2O2
and bacterial survival is comparable.
The same analysis was carried out for arcA gen with comparing growth rates and survival
of P12H3 transposon mutant and P. mirabilis HI4320 wild-type after exposure to 1.5 mM
hydrogen peroxide.
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Figure 37: Resistance of the P12H3 transposon mutant to hydrogen peroxide. Growth and survival of P.
mirabilis HI4320 [triangle] and P12H3 transposon mutant [cross] in artificial urine alone or with 1.5 mM H2O2
[*] (A); growth rate and survival of bacteria was determined by plating (B). The data set for the growth rates
are listed in Supplement 10 in Table 59.

P12H3 mutant is showing the same growth characteristics in normal artificial urine as P.
mirabilis HI4320 (Figure 37). Mutant and wild-type P. mirabilis HI4320 grew equally well
without difference indicating that arcA is not obligatory for P. mirabilis growth in normal
artificial urine. In Figure 37-A it can be seen that the P12H3 mutant is showing the same
affected phenotype to 1.5 mM hydrogen-peroxide as the wild-type. During CAUTI
development process, it is important for the P. mirabilsi to tolerate the stressful
environment of the urinary tract. It was demonstrated that the mechanism of ROS
resistance mediated by arcA and arcB is likely to be similar in P. mirabilis, since both
showed comparable growth characteristic with wild-type. Obtained preliminary results
suggest that arcA and arcB gen are not crucial in resistance of P. mirabilis HI4320 to
reactive oxidative stresses since the growth rates and survival of mutants was equal to
wild-type.
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4.6 Response of P17-E5 and P70C10 transposon mutants to osmotic stress
In colonization process and biofilm formation during CAUTI bacteria experience many
different stresses including osmotic stress (83). In order to survive they have to adapt to the
stressful environment. Therefore, they have developed response regulator pathways among
which we investigated osmolarity transcriptional regulator OmpR and two-component
system sensor histidine kinase CpxA. The response of cpxA transposon mutant designated
as P17-E5 and ompR transposon mutant designated as P70C10 to increased osmolarity was
elaborated. Each mutant growth characteristic was compared to P. mirabilis HI4320 wildtype (Figure 38). To imitate an environment with increased osmolarity cells were
cultivated in artificial urine with higher concentrations of sodium chloride and urea.
Bacteria were cultured separately in Erlenmeyer flask with artificial urine containing
normal, 5x higher and 10x higher concentration of urea or NaCl. Bacterial concentration
was determined by plating serial dilutions and plotted against the indicated incubation time
period. The growth rates µ[h-1] for P. mirabilis HI4320, transposon mutant P17-E5 and
P70C10 were determined from growth curves by using liner regression on population sizes
during bacterial exponential growth. Growth kinetic analysis of P. mirabilis HI4320, P17E5 and P70C10 under salt stress are presented in Table 60 in Supplement 10.
To study the effect of higher salinity on growth, cells were first grown in artificial urine
supplemented with normal concentration of NaCl. All three species grew equally well
indicating that tested genes are not obligatory for bacterial growth under normal
conditions.
Next, the NaCl concentration was increased five-fold and growth characteristic under these
conditions was determined for each strain. Growth of the parent strain P. mirabilis HI4320
only slightly decreases at 5x and 10x NaCl. Growth of the P17-E5 mutant is not affected
but a slight decrease in growth rate is observed. Our results demonstrate that growth of
P70C10 mutant is normal when compared with parent strain and there is no difference in
growth rate between them. However, the growth is reduced in artificial urine supplemented
with 10x NaCl. The data presented demonstrate that higher inhibitory effect on growth rate
is observed for P16-E7 transposon mutant under high salt stress while parent strain shows
normal growth with slightly decreased growth rate. The condition is found to be different
in the case of P60C10 mutant where the growth was the same as growth of P. mirabilis
HI4320. From these results we can assume that role of P70C10 is not obligatory for P.
mirabilis to resist higher salt stress caused by NaCl but P16-E7 has a role in survival of P.
mirabilis in environment with higher salinity. The results also show, that during small
increase of salinity its role might be replaceable with other pathways but in high salinity its
absence becomes essential for bacterial survival.
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Figure 38: Growth of P17-E5 and P70C10 transposon mutant of increased salinity in artificial urine.
Growth and growth rates of P17-E5 transposon mutant (A, B) and transposon mutant P70C10 (C, D)
compared with the parent strain P. mirabilis HI4320 under increased salinity in artificial urine. Mutant
designation: P17-E5, gene cpxA; P70C10, gene ompR. Symbols: ☐, normal growth medium; △, growth
medium with 5x NaCl; ✕, growth medium with 10x NaCl. PMI HI4320 [grey line]; P17-E5 and P70C10 mutant
[green line].
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Growth characteristic of transposon mutant P17-E5 and P70C10 were also tested under
osmotic stress caused by higher concentration of present urea in artificial urine. Results
show that there is no difference in growth characteristics between strains when artificial
urine containing normal concentration of urea indicating that disrupted genes are not
necessary for growth under normal conditions (Figure 39).

Figure 39: Survival assays. Bacteria population (A) and the growth rates (B) of the P16-E17 and P70C10
transposon mutant compared with the parent strain P. mirabilis HI4320 under a high osmolarity challenge.
Mutant designation: P16-E7, gene PMI3198; P70C10, gene PMI2891. Symbols: △, normal growth medium;
☐, growth medium with 5x urea; ✕, growth medium with 10x urea. (A) PMI HI4320 [grey line]; P16-E7 [green
line] and P70C10 [yellow line]. The data set for the growth rates are listed in Supplement 10 in Table 61.

Next, the urea concentration was increased five-times and growth rate slightly decreased.
During the first three hours of cultivation cells were adapting to the new environment and
higher osmotic stress. After first three hours of cultivation it can be observed that
maximum growth is decreased but survival is stationary for all three strains when
compared to normal conditions.
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At 10x urea we observed drastic decline in bacterial survival of transposon mutants and
wild-type and differences in behavior of the P17-E5 and P70C10 strains towards osmotic
stress induced by 10x urea. Results show that growth for P17-E5 transposon mutant was
the most affected when higher concentration of urea was present in growth medium. After
first two hours of growth, bacteria population rapidly reduced and after 4 hours of
cultivation reached the point where no viable cells were determined. Growth of P70C10
mutant in the same medium was less inhibited.
From obtained results we can conclude that elevated osmotic stress caused by increasing
concentration of urea in growth medium effects the growth of tested strains. Observed
growth is reduced by all strains. Results suggest that CpxA pathway system is important
for P. mirabilis HI4320 to resist environmental stresses and that ompR gene is less
important for survival of P. mirabilis HI4320 under similar conditions or that this pathway
might be successfully replaced by some other genes that have similar role in environment
with high osmotic stress.
The effect of higher salinity caused by increasing concentration NaCl and the osmotic
stress effect of increasing concentration urea on the growth of mutants is different. In
general, high concentration of NaCl have smaller effect on bacterial growth than urea.
Results show that inhibitory effect on growth and decline of growth rate by P17-E5 mutant
is bigger than P70C10 mutant when grown under same conditions. From these preliminary
results we can assume that the role of cpxA gene is more important than gene ompR in
survival of P. mirabilis under increased osmotic stress or salinity.
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5. DISCUSSION
Gram-negative bacteria P. mirabilis is a common cause of CAUTI in patients with an
indwelling catheter. It’s pathogenicity is enhanced with many different virulence factors,
that play important roles in different phases of the disease.
In a previous study by A. Reisner it has been shown, that transposon mutants carrying
insertions in arcA, arcB, cpxA and ompR genes have significantly reduced growth
compared to wild-type strain in an in vitro catheterized bladder model mimicking CAUTI.
We aimed to provide new insights into the pathogenicity of P. mirabilis during CAUTI by
elaborating the importance of these genes in colonization process and biofilm formation.
The discussion of the results is organized according to the raised hypothesis of this study:
TargeTron® knockout system is optimal tool for generating site specific mutants of
P. mirabilis, our model organism.

To evaluate contribution of arcA, arcB, cpxA and ompR to colonization and biofilm
formation of P. mirabilis during CAUTI, knockout mutants for these genes were
generated. To construct knockout mutants TargeTron® system was used. This system was
selected, because previous studies carried out in the Laboratory of Andreas Reisner at
University of Applied Sciences showed it is efficient and successful for this purpose.
Therefore, we believed that TargeTron® knockout mutagenesis would be useful tool to
introducing mutations for these genes in P. mirabilis.
TargeTron® system uses mobile group II introns, also known as targetrons, to specifically
disrupt genes in prokaryotic organisms. They are known as as retro-elements as well as
genetic elements found in tRNA, mRNA and rRNA of organelles in plants, fungi and
bacteria (92,101). Group II introns contain 6 domains (Domain I to Domain VI) (see
Figure 40). Domains I, V and VI are involved in splicing, domains II and III in structure
stabilization, and Domain IV in catalytic activity. Among them Domain I is the largest and
contains the sequence of exon-binding sites 1 and 2 (EBS1, EBS2) for specific
connectivity to intron-binding sites (IBS1, IBS2) (102).
Group II introns insert themselves into specific target site in double-stranded DNA via a
mechanism called retrohoming (92). They are released as a lariat loop which allows
efficient integration into intronless alleles of selected gen. Retrohoming reactions are
carried out by ribonucleoproteins (RNP), consisting of multifunctional intron-encoded
protein (IEP) which has reverse transcriptase activity, and highly structured catalytic intron
RNA (86,103).
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Figure 40: Secondary structure of group II intron RNA (A) and the TargeTron vector (B). Secondary
structure of intron consists of six double-helical domains I-VI. The ORF encoding the IEP is located in domain
IV (104). Vector pACD4K-C-loxP is a 7745 bp large E. coli expression vector used in conjugation with
®
TargeTron gene knockout system. Vector has loxP sites flanking each end of the kanamycin ORF (86).

For site specific mutagenesis TargeTron® system targets the RNA intron component via an
appropriate PCR primer. For successful disruption of target genes a simplified computer
algorithm available online helps identify target sites in genes of interest (105). Resulting PCR
fragment is ligated into a linearized expression vector containing the remaining intron
components (Figure 41-B). The resulting vector is then transformed into host cells, where the
re-target intron is expressed and adopted into the RNP complex. Activation of mutagenesis is
induced by IPTG as the group II intron is under control of T7lac promoter.
After activation retargeted RNP complex scans host’s genomic DNA for the specific insertion
site, which is followed by RNA intron insertion and reverse transcription creating an
irreversible disrupted double-strand DNA of our constructed mutant (103).
Kanamycin resistance is used to select mutants containing genes disrupted by group II intron.
The kanamycin resistance cassette is located within the group II intron in expression vector
and is interrupted by a group I intron. After successful transcription and splicing of the group II
intron the group I intron is excised and kanamycin resistance cassette is activated. After
induction with IPTG and successful insertion, the mutants are kanamycin resistant (86,106).
Results for TargeTron® knockout mutagenesis process showed that retargeted PCR products
were successfully ligated into expression vector pACD4K-C-loxP and then successfully
transformed to competent NEB 5 E. coli C2987H cells (see Chapter 4.1.4 and 4.1.5). This step
was determined by colony PCR amplification (see Figure 18 and 19) and verified by
determining plasmid DNA sequence. Constructed vectors of pACD4K_cpxA, pACD4K_arcA,
pACD4K_arcB and pACD4K_ompR contained correct retargeted introns (see Figure 23).
Temporary pores in bacterial cell membranes, through which constructed plasmids with correct
retargeted introns were introduced in P. mirabilis HI4320_[pAR1219], were created by
electrical pulses. Bacteria cells grew on selection plates supplemented with 25 𝜇g/mL
kanamycin, meaning that the process of plasmid introduction and consequent genome mutation
was successful.
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Potential mistakes in steps made before electroporation and induction were excluded by
sequence analysis. By sequencing we confirmed that our plasmids were correctly oriented
and properly re-targeted. Despite several repetitions of TargeTron® knockout mutagenesis
process for all target genes, kanamycin resistant colonies were successfully achieved only
for arcB gene (see Figure 23). This result could have occurred due to difficult entry of
plasmid into host organism, because of insufficient disruption of the bacterial wall during
electroporation step. Another reason for negative results might be low retrohoming
efficiency. After unsuccessful transcription and splicing of group II intron, group I intron
was not excised and kanamycin resistance cassette was not activated.
Negative results might also suggest that arcA, cpxA and ompR genes can be critical
elements in important mechanism and are essential to bacterial cellular function.
Probability for this is low because mutations created by signature tagged mutagenesis
survived, thus showing that the mutation is not lethal.
Main difference between the two methods is in induction mechanism of mutation. STM
achieves this by random insertional mutation resulting in transcription and translation of
mutated proteins which carry little to know activity. On the other hand, TargeTron® system
is highly selective site specific intron based mutagenesis tool which result in no protein
synthesis. Therefore, it is possible that the mutated proteins carry enough biological
activity to sustain bacterial life but absolute absence of this protein results in cell death.
Future research should focus on redoing the mutagenesis and choose another TargeTron®
design for those genes. It would be important to use other available techniques for
generating knockout mutants for these genes and compare results that might reveal if these
genes are potentially essential for P. mirabilis.
All in all, we can conclude that in our experiment only one successfully generated mutant
designated as HI4320arcB and further used for phenotypical analysis suggests that
TargeTron® knockout mutagenesis was not the optimal tool for creating site specific
mutants of selected genes in P. mirabilis.
Selected genes are relevant in biofilm formation and efficient colonization of P.
mirabilis under in vitro conditions mimicking CAUTI. Therefore, created knockout
mutants will have altered capabilities of biofilm formation and colonization when
grown individually or in co-challenge with wild-type in an in vitro CAUTI model.

We hypothesized that created knockout HI4320arcB mutant will have altered capabilities
of biofilm formation and colonization when grown in co-challenge with wild-type in an in
vitro CAUTI model. To evaluate the effect of knocked out gene arcB on overall survival
colonization capabilities of HI4320arcB mutant, we elaborated its growth potential through
a single strain growth test performed in an Erlenmeyer flasks and through a co-challenge
experiment that was performed in in vitro dynamic catheterized bladder model.
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Assembly of this model is illustrated in Figure 5 and detailed description of system setup
can be found in Chapter 3.2.23.
In single strain growth experiment growth rates of mutant and wild-type were determined
to exclude result irregularities due to growth defects. Obtained results show that when
cultured individually in artificial urine both knockout mutant and wild-type maintain the
same growth rate for a similar length of time (see Figure 25). Therefore, there is no
difference in bacterial growth rate (p<0.7), so the generated mutation for arcB gene does
not appear to be important for survival, reproduction and growth of P. mirabilis (see
Chapter 4.2).
During the co-challenge experiment we applied a dynamic catheterized bladder model to
investigate the contribution of arcB gene to colonization and biofilm formation. To
elaborate this artificial urine was co-infected with the parent strain and HI4320arcB mutant
in equal amounts in the same in vitro model (see Chapter 3.2.23 and Chapter 4.3).
Ratios between concentrations HI4320arcB mutant and wild-type in inoculum, bladder
content and catheter surface were determined (see Figure 26 and 27). The population
distribution changes from 1:1 (1.06) ratio at inoculation to approximately 8.5:1 (0.12) in
bladder content and approximately 5.5:1 (0.15) in catheter surface in favor of wild-type.
These results indicate that as much as the HI4320arcB mutant grows normally in a single
strains test and is able to persist in the dynamic catheterized bladder, wild-type clearly
outcompetes it in both bladder and catheter when co-challenged.
We also calculated the competitive index (CI) as the proportion of mutant to wild-type
recovered from each bladder or catheter divided by the proportion of mutant and wild-type
that was recovered in the inoculum (see Figure 28 and Supplement 10; Table 55).
Calculated CI was 0.16 for catheter and 0.12 the bladder. This indicates that while
HI4320arcB mutant is able to persist in vitro, bacterial growth is reduced compared to that
of P. mirabilis HI4320 wild-type. Our results demonstrate that HI4320arcB mutant was
outcompeted and its ability to colonize was limited by P. mirabilis HI4320 wild-type in
bladder and on catheter.
These results were also statistically assessed using the Wilcoxon signed-rank test. It was
demonstrated, that the counts of P. mirabilis HI4320 wild-type and HI4320arcB mutant were
not different in inoculum (P>0.05, p= 0,686), however HI4320arcB mutant was significantly
outcompeted by P. mirabilis HI4320 wild-type (P<0.05) in the bladder and catheter 24 h post
inoculation (see Figure 28). Obtained results show significantly greater ability of colonization,
persistence and invasiveness for P. mirabilis HI4320 wild-type under the tested conditions,
suggesting that the role of arcB might be insignificant for P. mirabilis colonization during
CAUTI. Based on these results we were able to reject our hypothesis as arcB apparently does
not play a central role and it might not be needed to facilitate colonization and persistence of P.
mirabilis in bladder and on catheter during CAUTI.
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ArcB functions as two-component signal system responsible for change in
aerobic/anaerobic growth conditions. Shown unimportance might indicate that response to
anaerobic conditions is not important for bladder colonization or that conditions in our
model were not significantly anaerobic to show its importance.
However, our experiments do not rule out the possibility that arcB might play a role in
other essential mechanisms and virulence factors such as adhesion, motility and urease
activity in pathogenic process of P. mirabilis during CAUTI.
This can be considered in future studies where attachment of HI4320arcB to abiotic
surfaces should be elaborated by static biofilm assay. Examination of HI4320arcB motility
should be elaborated by observing swarming and swimming phenotype. Furthermore,
monitoring migration of HI4320arcB mutant over catheter surface should be elaborated in
in vitro models of catheter migration. Because bacteria can migrate over different surfaces
and materials it is important to provide new insights in the mechanisms underlying catheter
surface migration. To elaborate that, different in vitro models can be used to observe
vertical migration and migration of created mutant across catheter sections.
Additionally, microscopic analysis should be provided to attempt visualization of biofilm
formation on catheter surface by microscopy. By providing information of structures
formed by wild-type and mutant on the catheter surface we would be able to provide novel
information about the contribution of genetic factors to biofilm formation on catheter
surface.
During in vitro CAUTI colonization we expect gene expression of arcB, arcA, cpxA
and ompR to be different between bladder and catheter for P. mirabilis during
colonization in either artificial urine or pooled human urine suggesting altered
regulation of these genes and potential importance for colonization during CAUTI.

In many bacteria regulation and expression of certain genes is controlled by twocomponent systems (64). Genes arcA, arcB, cpxA and ompR belong to OmpR-family of
two-component regulator proteins which help P. mirabilis respond to unexpected changes
in environment. The system is made of a sensor kinase which senses stimuli from
environment and transmits information to response regulator, a DNA-binding protein, that
regulates changes in gene expression (63,107). It was found that P. mirabilis has 16
potential two-component regulatory systems. Among them are cpxA and ompR genes
which have been shown to play a role in extracytoplasmic and osmotic stress response and
arcA and arcB genes which are involved in control of aerobic respiration (21). During
CAUTI these regulator proteins play many different roles in processes such as stress
tolerance, virulence, motility and others (107).
Based on this information, we hypothesized that arcA, arcB, cpxA and ompR genes might
be important for the ability of P. mirabilis to colonize and form biofilm during in vitro
CAUTI simulation. Our aim was to monitor their expression levels in parent strain P.
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mirabilis HI4320 during colonization and biofilm formation in dynamic catheterized
bladder model in vitro. It was expected to be different between bladder and catheter and
between artificial or pooled human urine. Different expression in different environments
would suggest altered regulatory mechanisms for these genes and their potential
importance for bacterial survival in these conditions.
Relative gene expression rates of selected genes between test and control sample in
different growth conditions were compared using ∆∆Ct method (see Chapter 3.2.27).
Results illustrated in Figure 34 and Figure 35 must be taken cautiously due to big recorded
standard error. In order to obtain more reproducible and statistically useful results the
experiments should be performed in more repetitions. Therefore, main focus in
interpretation is on major trends. Obtained results of conducted experiments can serve as a
good starting point for further research of selected genes and provide new insights into
pathogenicity of P. mirabilis during CAUTI.
Observed changes in relative gene expression levels in artificial and pooled urine might be
due to differences in composition as certain components can only be found in human
pooled urine.
Expressions of all investigated genes were altered in P. mirabilis HI4320 during
colonization and biofilm formation in bladder content and catheter relatively to pre-culture
in different growth conditions (artificial and pooled human urine) during CAUTI in vitro.
For ArcAB two-component signal system studies show, that it regulates gene expression in
response to the redox conditions and controls the transition from aerobic to anaerobic
growth in E. coli (65).
In a dynamic catheterized bladder model the chamber of bladder has reduced and the
catheter has limited oxygen supply. Therefore, we predicted that the expression of arcA
and arcB gene will be altered. Results of relative gene expression analysis (see Figure 34
and Figure 35) show that the expression of arcA and arcB was elevated during bladder and
catheter colonization relatively to pre-culture and higher in bladder. This suggests the
activation of ArcAB two-component signal system during CAUTI in vitro as we have
predicted.
Studies of the Cpx system in uropathogenic E. coli show that this two-component pathway is
extensive and enables bacteria to deal with difficult environments and in the process of biofilm
formation (71,72). As the role of Cpx system in P. mirabilis is not well known, our results
provide new insights about importance and regulation of cpxA gene in colonization process
during CAUTI in vitro. Results illustrated in Figure 34 and Figure 35 show down-regulation of
cpxA gene in bladder and catheter. This suggests that cpxA is probably less involved and plays
a minor role in processes during colonization in vitro. The finding that cpxA is not expressed in
bladder and catheter does not rule out the possibility that cpxA plays a role in repairing and
degrading processes of misfolded periplasmic proteins during colonization.
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The last examined gene was ompR. It is a sensor protein located in the cytoplasmic
membrane. It is known that OmpR mediates changes in gene expression and regulates the
expression of porine genes in response to given signals in E. coli (81), however the role of
OmpR in P. mirabilis is not well characterized. Osmoregulation occurs through two
regulatory factors EnvZ osmo-sensor and OmpR-specific kinase. Together they act as
positive regulatory factors for transcription of ompC gene in media of high osmolarity and
ompF gene in media of low osmolarity (63,80). Studies in E. coli show that ompC is more
expressed in high salinity and high temperature growth conditions (108). Therefore, it is
more important for pathogens during colonization of environment with high concentration
of available nutrients such as intestinal tract. On other hand the role of the ompF is shown
to be important during growth in external environment where nutrients are limited and
where pathogens are exposed to lower temperature and low salinity (63,81).
Relative gene expression analysis revealed that change in expression of ompR gene during
bladder colonization was nearly equal or slightly higher than change for reference gene in
pooled human urine, and decreased in artificial urine. Results illustrated in Figure 34
indicate that function of ompR gene is less important for P. mirabilis bladder colonization
during CAUTI in vitro. Contrary to expression levels in bladder ompR was elevated in
catheter.
Results indicate that ompR may function differently in bladder and catheter environment
during P. mirabilis colonization in vitro. Based on high expression of ompR on catheter we can
assume that P. mirabilis is trying to adjust to the new growth conditions and that expression of
this gene is more important for this environment. To assess whether catheter environment is
more or less challenging for the P. mirabilis than bladder it would be necessary to additionally
determine the role of ompF and ompC under same growth conditions. Based on E. coli studies
we might assume that the regulation of ompC and ompF are expect to be similar in P. mirabilis
during CAUTI.
Based on the presented results we were able to confirm this hypothesis. Gene expression was
altered for all four genes in both growth environments. Expression of arcA and arcB was upregulated indicating that the activation of ArcAB system might play a role in P. mirabilis
HI4320 arcA and arcB gene regulation in conditions with limited oxygen conditions during
CAUTI in vitro. Expression of cpxA was down regulated in bladder and catheter indicating that
role of cpxA may play less important role and might not be involved during colonization
process in vivo. Expression of ompR was unchanged in bladder and slightly up-regulated in
catheter indicating that ompR might be more important in catheter colonization during CAUTI
in vitro.
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We expect changed growth characteristics of arcB, arcA, cpxA and ompR mutants
in stressful environments, because these genes play an important role in bacterial
survival under stressful conditions. Furthermore, the absence of arcA and arcB
gene will be more important in conditions with low oxygen concentrations and
cpxA, ompR absence in environments with high osmolarity.

For successful colonization of urinary tract and biofilm formation in CAUTI, P. mirabilis
must overcome different challenging conditions including the generation of reactive
oxygen species (ROS) (109). During respiration and metabolism aerobic bacteria generate
many by-products including highly reactive oxygen species ROS (65,98), which include
free radicals such as, superoxide (O2·−), hydroxyl radicals (HO·) and lipid hydroperoxides,
and reactive non-radical compounds like singlet oxygen (1O2), hydrogen peroxide (H2O2),
hypochloric acid (HOCl), chloramines (RNHCl), and ozone (O3) (109). Elevated oxidative
stress is toxic to the bacterial cell and can lead to bacterial death (110). Therefore, it is very
important for bacteria to sense and respond to it. For this reason, bacteria have developed
different responses through signal-transduction systems, that help them survive and persist
in these environments. One of these systems is the two-component signal-transduction
system ArcAB.
To obtain new insights into the ArcAB global regulatory system in P. mirabilis we
investigated survival of arcA transposon mutant and knockout mutant HI4320arcB under
elevated oxidative stress by growing them in artificial urine and LB containing different
concentrations of hydrogen peroxide.
Firstly we demonstrated that the difference in media composition (artificial urine and LBmedium) does not affect growth characteristics of tested mutants. Any differences in
bacterial growth were observed only due to elevated oxidative stress caused by hydrogen
peroxide. It was found that wild-type and mutants of ArcA and ArcB were equally
susceptible to H2O2, suggesting that ArcA and ArcB are not crucial in resistance of P.
mirabilis to oxidative stresses. This further indicates wider roles of ArcAB system in the
physiology and metabolism of P. mirabilis in conditions with low oxygen concentration.
Further studies are necessary to determined other molecular mechanisms that might impact
control of ROS resistance and mediated separately to the ArcAB two component system.
Another factor that affects growth and virulence of P. mirabilis is osmolarity. In different
environmental conditions bacteria must sustain their own physicochemical properties. The
process is known as homeostasis. To better understand bacterial physiology and process of
homeostasis different variables can be observed in vitro by measuring bacterial growth and
survival in different conditions .
During colonization and biofilm formation in CAUTI P. mirabilis must adapt to variations
in osmolarity of urine (80,83). During osmotic up-shift the environment becomes more
concentrated causing water to flow out of cells. Bacteria respond by adapting permeability
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of their membranes by inducing osmoregulatory genes that code for enzymes and
transporters that helps bacteria to control homeostasis (111).
With osmolarity challenge experiment we aimed to investigate the role of cpxA (transposon
mutant P17-E5) and ompR (transposon mutant P70C10) gene in environment with elevated
osmotic stress by growing them in artificial urine containing normal, 5x higher or 10x
higher concentrations of sodium chloride and urea respectively.
It was found that growth of the two strains towards increased salinity and osmotic stress
was different depending on the concentration of sodium chloride and urea. In general,
elevated salinity by sodium chloride showed smaller effect on bacterial growth than
elevated osmolarity caused by urea. Inhibitory effect on growth and decline of growth rate
was bigger for P17-E5 mutant than P70C10 mutant when grown under same conditions.
This suggests that the role of cpxA gene might be more important than role of ompR gene
in survival of P. mirabilis in these environments.
Based on these results we can conclude that wild-type and mutants of ArcA and ArcB were
equally susceptible to H2O2, suggesting that ArcA and ArcB might not be crucial in
resistance of P. mirabilis to oxidative stresses. It was demonstrated that growth of P17-E5
and P70C10 towards salt stress caused by NaCl and osmotic stress caused by urea was
different. Based on our findings we were able to partially confirm this hypothesis.
Although reproducibility was not shown and further investigation is needed, this
experiment represents a good basis for further research of ArcAB global regulatory system
in survival of P. mirabilis under oxidative condition and role of CpxA and OmpR
regulation during increased osmolarity.
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6. CONCLUSION
Knowledge about P. mirabilis genetic processes involved in bladder and catheter
colonization during CAUTI is limited. In this thesis we aimed to provide new insights into
pathogenicity of P. mirabilis during CAUTI by elaborating the importance of ompR, cpxA,
arcA and arcB genes for catheter colonization and biofilm formation. To further
investigate the role of these genes, site specific TargeTron® mutagenesis was used to
construct knockout mutants. We successfully constructed an arcB gene mutant, designated
as HI4320arcB and used for phenotypical analysis.
With single strain growth test we demonstrated that the knocked out gene arcB appears to
not effect normal bacterial growth rate. In co-challenge experiment the ratio between
HI4320arcB mutant and wild-type in inoculum was 1.06, in bladder 0.12 and on catheter
0.16 indicating equal proliferation and growth in inoculum and better growth of wild-type
in bladder and catheter.
Furthermore, we monitored expression levels in dynamic model by RT-qPCR using ∆∆Ct
method of ompR, cpxA, arcA and arcB genes in wild-type during colonization and biofilm
formation in bladder and catheter relatively to pre-culture in different growth conditions
(artificial and pooled human urine). We demonstrated that arcA and arcB were up
regulated in bladder and catheter environment suggesting that activation of ArcAB system
might play a role in conditions with low oxygen supplies. Results for cpxA and ompR
suggest that cpxA might be less important in colonization process and that ompR may
function different in bladder and catheter environment during P. mirabilis colonization in
vitro.
In the last part, we elaborated response of mutants to elevated osmotic and oxidative stress.
The results reveal that transposon mutant P12H3 (arcA) and HI4320arcB knockout mutant
were equally susceptible to H2O2 than wild-type. That the growth of P17-E5 (cpxA) and
P70C10 (ompR) towards salt stress caused by NaCl and osmotic stress caused by urea was
different.
That will contribute to development of new potential molecular drug targets and effective
therapeutic strategies to control and prevent CAUTIs. This study constitutes the basis for
further research directions in molecular biological processes of two-component regulatory
signal transduction pathways of ompR, cpxA, arcA and arcB genes.
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8. SUPPLEMENTARY INFORMATION
Supplement 1: Materials
Table 25: An overview of used chemicals.

Chemical

Manufacturer

Agar-Agar, KobeI
Ammonium Chloride
Calcium Chloride
Chelex®100 Molecular Biology Grade Resin
Chloroform
CASO Bouillon
Deoxynucleotide Triphosphates (dNTPs)
Ethanol absolute for analysis
Ethanol 96% denatured
Glycerol 85% for analysis
Glycogen
Magnesium Chloride Hexahydrate
Methanol 99.9% UltraGrade
Potassium Chloride
Potassium Dihydrogene Phospahte
Sodium acetate trihydrate
Sodium Chloride ≥ 99,5% p.a. ACS, ISO
Sodium Sulphate
tri-Sodium Citrate Dihydrate
Trypton/Pepton ex casein
Urea
Yeast Extract

Carl Rothe, Germany
Carl Rothe, Germany
Carl Rothe, Germany
Bio-Rad, USA
Merck, Germany
Carl Rothe, Germany
Invitrogen, Germany
AustrAlco, Austria
Carl Rothe, Germany
Merck, Germany
Ambion®Life TechnologiesTM, USA
Carl Rothe, Germany
Carl Rothe, Germany
Carl Rothe, Germany
Carl Rothe, Germany
Carl Rothe, Germany
Carl Rothe, Germany
Carl Rothe, Germany
Carl Rothe, Germany
Carl Rothe, Germany
Carl Rothe, Germany
Carl Rothe, Germany

Table 26: An overview of solutions, buffers, media and DNA standard.

Solutions, buffers, media and DNA standard

Manufacturer

Aqua bidest
Buffer 10 X for T4 DNA Ligase with 10 mM ATP
KAPA SYBR FAST Universal
NEBuffer 2.1 (10 X Concentrate)
One Taq® Stand. Reac.Buffer (5 X Concentrate)
RNase free water
Rotiphorese® 10 X TBE Buffer
Roti® Load DNA 6x (with glycerol)
SOC Outgrowth Medium
Sodium Chloride 0,9% solution

Fresenius, Austria
New England BioLabs®Inc, USA
Peqlab, United Kingdom
New England BioLabs®Inc, USA
New England BioLabs®Inc, USA
Qiagen, Germany
Carl Rothe, Germany
Carl Rothe, Germany
New England BioLabs®Inc, USA
B. Braun, USA

Table 27: An overview of used enzymes and molecular biology kits.

Kit/enzyme

Manufacturer

BsrGI 10.000 U/mL
HindIII 20.000 U/mL
OneTaq® Hot Start DNA Polymerase 5.000 U/mL
peqGOLD Gel Extraction Kit
Plasmid DNA Purification QiaSpin Miniprep Kit
T4 DNA Ligase 400.000 U/mL
TargeTron® Gene Knockout System
QIAGEN Plasmid Plus Midi Kit (25)
DyNAmoTM cDNA Synthesis Kit

New England BioLabs®Inc, USA
New England BioLabs®Inc, USA
New England BioLabs®Inc, USA
Peqlab, United Kingdom
Qiagen, Germany
New England BioLabs®Inc, USA
Sigma-Aldrich, Germany
Qiagen, Germany
Thermo Fisher Scientific, USA
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Table 28: Primers.

Primer name

Sequence [5`- 3`]

CpxA_928_929s_IBS

AAAAAAGCTTATAATTATCCTTACTTTTCTTACTGGTGCGCCC
AGATAGGGTG
CAGATTGTACAAATGTGGTGATAACAGATAAGTCTTACTGAT
TAACTTACCTTTCTTTGT
TGAACGCAAGTTTCTAATTTCGGTTAAAAGTCGATAGAGGAA
AGTGTCT
AAAAAAGCTTATAATTATCCTTAGTTACCCGTAATGTGCGCC
CAGATAGGGTG
CAGATTGTACAAATGTGGTGATAACAGATAAGTCCGTAATAC
TAACTTACCTTTCTTTGT
TGAACGCAAGTTTCTAATTTCGATTGTAACTCGATAGAGGAA
AGTGTCT
AAAAAAGCTTATAATTATCCTTAAGGGTCAATCCGGTGCGCC
CAGATAGGGTG
CAGATTGTACAAATGTGGTGATAACAGATAAGTCAATCCGCT
TAACTTACCTTTCTTTGT
TGAACGCAAGTTTCTAATTTCGATTACCCTTCGATAGAGGAA
AGTGTCT
AAAAAAGCTTATAATTATCCTTATTACGCCTACGTGTGCGCC
CAGATAGGGTG
CAGATTGTACAAATGTGGTGATAACAGATAAGTCCTACGTTC
TAACTTACCTTTCTTTGT
TGAACGCAAGTTTCTAATTTCGGTTCGTAATCGATAGAGGAA
AGTGTCT
CATCAAGTAGCCCGCAATCT
GGTTTCCAGTTCAGGGTGAG
CACACACCTTGCACACACAG
TTATGCATCTCGTTGCCATC
GAAATTGCTCAAAGGGCTTG
GCCCAAGGGGTAATAATCAAA
CGGGAGCTTAAAGATGCAAG
ATCTTCGCCAGGAAGCATTA
TAATACGACTCACTATAGGG
CGAAATTAGAAACTTGCGTTCAGTAAAC
ATGTAAAGGGCGTTACC

CpxA_928_929s_EBS1d
CpxA_928_929s_EBS2
ArcA_51_52s_IBS
ArcA_51_52s_EBS1d
ArcA_51_52s_EBS2
ArcB_1155_1156s_IBS
ArcB_1155_1156s_EBS1d
ArcB_1155_1156s_EBS2
OmpR_1335_1336s_IBS
OmpR_1335_1336s_EBS1d
OmpR_1335_1336s_EBS2
CpxA643Fw
CpxA839Rv
ArcA-72Fw
ArcA122Rv
ArcB3Fw
ArcB206Rv
OmpR-13Fw
OmpR186Rv
T7 promoter
EBS Universal
pACD4KC_2337C

Table 29: An overview of bacterial strains.

Bacterial strain

Reference

NEB 5-alpha High Efficiency E. coli
P. mirabilis HI4320
PMI HI4320arcB mutant
P12H3 Transposon mutant
P17E5 Transposon mutant
P70C10 Transposon mutant

NEW ENGLAND BioLabs®Inc, USA
Pearson et al, 2008
Reisner A. and Rošker P. (personal communication)
Reisner A. (personal communication)
Reisner A. (personal communication)
Reisner A. (personal communication)
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Table 30: Laboratory devices.

Device

Manufacturer

Alpha Innotech, FluorChem FC2
Analytical balance xP56
Autoclave VX-65
Balance KERN 6
Centrifuge 5430R
Centrifuge 5417R
Certoclave, Multi control
Epoch
Electroporator 2510
Ice Flaker AF80
Incubator for microbiology
Incubator for microbiology
Magnetic Stirrer, VMS C10
Magnetic Stirrer, Hei Standard
Microcentrifuge 1
Microcentrifuge 2
Microcentrifuge 3
Microwave
Master safety class 2
MRHei-Standarda
Power Pac Basic, electrophoresis
Peristaltic pump-205U
peqSTAR PCR
Peristaltic pump ecoline series IDEX
REAX control
Refrigerator Liebherr Comfort (-20 oC)
Refrigerator Liebherr Premium NoFrost (-20 oC)
Refrigerator Liebherr Comfort ( 4 oC)
Stuart® colony counter SC6+
Spectrophotometer, Gensys 6
Schuett phoenix gas burner
StepOne Plus Real Time PCR
Thermomixer comfort
Thermal bath Julabo ED
Thermal bath LAUDA E100
Thermomixer comfort
Ultraviolet Instrument
Ultra-Low Temperature Freezer MDF-V700VX-PE
Unimax 1010 incubator
UV Crosslinker UVC500
Vortex REAX Control
Vortex Digital Mixer
WAVEDOM microwave
pH-meter

Biozym, Germany
Mettler Toledo, USA
Systec, Germany
Kern & Sohn, Germany
Eppendorf, Germany
Eppendorf, Germany
Certoclave, Austria
BioTek, USA
Eppendorf, Germany
Scotsman, USA
Binder, Germany
Memmert, Germany
VWR, India
Heidolph, Germany
Biozym, Germany
Labnet International, USA
Carl Rothe, Germany
Wave Dome, LG, South Korea
Applied Biosystems, USA
Heidolph, Germany
BioRad, Germany
Watson Marlow, USA
Peqlab, United Kingdom
Ismatech, Germany
Heidolph, Germany
Liebherr, Switzerland
Liebherr, Switzerland
Liebherr, Switzerland
Biocote, United Kingdom
Thermo Scientific, USA
Biotec, Germany
Applied Biosystems, USA
Eppendorf, Germany
Julabo, Germany
Brinkmann, USA
Eppendorf, Germany
Vilber Lourmat, Germany
Panasonic, Japan
Heidolph, germany
Hoefer, USA
Heidolph, Germany
VWR, India
LG, Korea
Metler Toledo, United Kingdom
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Table 31: Tools and small equipment.

Tools and small equipment

Manufacturer

All Silicon (100%) Foley Catheter (4.7 mm)
Al-foil
CryoPure Tube 1.6 mL white
Disposable cuvettes, UV semimicro
Electroporation Cuvettes 2 mm gap, 400 µL
Indicator stick pH 0-14
Indicator stick pH fix 4.5-10.0
Inject 20 mL
Membrane filters 0.025 µm
Multipipette 8x (30 µL-300 µL)
Parafilm
PP reaction tubes 1.5 mL
PP Tube 15 mL
PP Centrifuge Tube 50 mL
PCR 8er Cap Strips
PCR SoftTubes 0.2 mL
Petri Dish
Pipetman® neo pipette P2 (0.2 µL-2 µL
Pipetman® neo pipette P10 (1 µL-10 µL)
Pipetman® neo pipette P20N (2 µL-20 µL)
Pipetman® neo pipette P100N (20 µL-100 µL)
Pipetman® neo pipette P200N (20 µL-200 µL)
Pipetman® neo pipette P1000N (100 µL-1000 µL)
ROTA Filler 3000TM automatic pipette
Sartobran filter P 0.2 µm
Safe Seal Tips professional 10 µL
Safe Seal Tips professional 20 µL
Safe Seal Tips professional 100 µL
Safe Seal Tips professional 200 µL
Safe Seal Tips professional 300 µL
Sartobran P 0,2 µm filter
Serological pipette 5 mL
Serological pipette 10 mL
Serological pipette 20 mL
SteanIndicator tape

Bard, USA
Roth, Germany
Sarstedt, Germany
Brand, Germany
Eppendorf, Germany
Merck, Germany
Macherey-nagel, Germany
BBrun, Germany
Millipore, Ireland
Eppendorf, Germany
Pechineg, USA
Greinerbio-one, Germany
Greinerbio-one, Germany
Greinerbio-one, Germany
Biozym, Germany
Biozym, Germany
Greinerbio-one, Germany
Gilson®, USA
Gilson®, USA
Gilson®, USA
Gilson®, USA
Gilson®, USA
Gilson®, USA
Heathrow Scientific®LLC, UK
Biotech, USA
Biozym
Biozym
Biozym
Biozym
Biozym
Sartorius, Germany
Sarstedt, France
Sarstedt, France
Sarstedt, France
Comply, USA
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Supplement 2: Extraction of DNA from PCR reaction
Table 32: Protocol for extraction of DNA from PCR reaction.

Before extraction:
gel electrophoresis was performed to verify success of the PCR reaction.
Sample:
PCR reaction mix was transferred to a clean 1.5 mL micro-centrifuge tube. Equivalent volume
of Binding Buffer was added and mixture was mixed thoroughly.
Loading and binding:
sample was applied to an PerfectBind DNA Column assembled in a clean 2 mL Collection Tube
and centrifuged at 10,000 x g for 1 min. Liquid was discarded.
Washing:
column was washed at 10,000 x g for 1 min with 750 µL of GC Wash Buffer diluted with
ethanol. Before centrifugation column was incubated for 2 min. Liquid was discarded. Wash
step was performed twice. After washing column matrix was dried at 10,000 x g for 1 min.
Elution:
column was placed into new fresh 1.5 mL micro-centrifuge tube. 50 µL of Elution Buffer was
added directly to the binding matrix in the column. Elution Buffer was preheated up to 60oC.
Incubation before centrifugation was introduced for 2 min. Column was centrifuged for 1 min at
5000 x g to elute DNA. Eluent was re-loaded back to the column and second elution was
performed for 1 min at 5000 x g to elute DNA.
Storage:
short-term storage: - 20oC
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Supplement 3: Extraction of DNA from agarose Gel
Table 33: Protocol for extraction of DNA from agarose gel.

Extraction:
DNA fragment was carefully excised after electrophoresis under a UV light box. Gel slice was
transferred to a fresh 1.5 mL micro-centrifuge tube.
Volume determination:
The approximate volume of the gel slice was determined by weighing it in 1,5 mL tube.
Assuming a density of 1 g/mL of gel, the volume of gel was derived as follows: a gel slice of
mass 0.1 g will correspond to a volume of 0.2 mL.
Loading, pH adjustment and binding:
After weighing the corresponded volume of Binding Buffer was added to gel slice. The mixture
was incubated at 60oC for 7 min or until the gel has completely melted. During incubation the
sample was mixed for several times. After the gel was completely dissolved the pH value of the
mixture was determined. If the color was red or orange, we added 5 µL or 10 µL of 3 M sodium
acetate (pH 5.2) to bring the pH down. After pH adjustment the color of mixture was light
yellow similar to Binding Buffer color. PerfectBind DNA Column was placed into in a 2 mL
Collection Tube and our mixture (top volume per one column is 750 µL) was added. It was
centrifuged for 1 min at 10,000 x g. Flow through was discarded.
Washing:
300 µL Binding Buffer was added on Collection Tube and column was centrifuged for 1 min at
10,000 x g. Flow-through was discarded. The next wash step was performed. Column was twice
washed with 750 µL of CG Wash Buffer. Flow-through was discarded. Column was centrifuged
for 1 min at 10,000 x g.
Elution:
The PerfectBind DNA Column was placed into a fresh 1.5 mL micro-centrifuge tube. 50 µL of
Elution Buffer was added directly to the binding matrix in the PerfectBind DNA Column and
centrifuged for 1 min at 5,000 x g to elute DNA. Eluent was applied back to the PerfectBind
DNA Column and centrifuged for 1 min at 5,000 x g.
Storage:
short-term storage: - 20oC
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Supplement 4: Plasmid-DNA isolation
Table 34: Protocol for plasmid-DNA isolation.

Kit: peqGOLD Plasmid Miniprep Kit I.
Sample:
ONC was prepared in 5 mL LB medium containing the appropriate antibiotic. ONC was then
transferred into new 5 mL falcon tube and centrifuged at 10,000 x g for 10 min. Supernatant was
discarded.
Cell digestion and lysis:
Lysis of bacteria was performed with adding 250 µL Solution I to the pellet. The pellet was
completely re-suspended by vortex. We added 250 µL of Solution II and gently mixed by
inverting and rotating tube 6 – 10 times to obtained a cleared lysate. Mixture was then incubated
at room temperature for 2 min. Lysate was neutralized with 350 µL of Solution III. Mixture was
gently mixed by inverting the tube 6 – 10 times until a flocculent white precipitate was
performed. Mixture was then centrifuged at 10,000 x g for 10 min at room temperature.
Loading and washing steps:
Clear supernatant was transferred to a fresh PerfecBind DNA Column in a 2 mL Collection
Tube. The column was centrifuged for 1 min at 10,000 x g at room temperature. The column
was first washed with 500 µL of PW Plasmid Buffer and centrifuged for 1 min at 10,000 x g.
Flow-through was discarded. Second wash was performed with 750 µL of DNA Wash Buffer
completed with ethanol. Column was centrifuged for 1 min at 10,000 x g. Flow-through was
discarded. Second wash step was repeated. Column was then dried by centrifugation at 10,000 x
g for 2 min.
Elution:
PerfectBind DNA Column was placed into a fresh 1.5 mL micro-centrifuge tube. Elution was
performed with 80 µL of Elution Buffer and centrifugation for 1 min at 5,000 x g. Eluent was
then re-used and the elution step was re-taken one more time. Before saving eluent we determine
yield and quality od isolated DNA with EPOH instrument. Quantity was additional determined
by agarose gel electrophoresis.
Storage:
Short-term storage: - 20oC, long-term storage: - 80oC
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Supplement 5: Bacterial RNA isolation using AllPrep RNeasy® Mini Kit
Table 35: Protocol for Bacterial RNA isololation.

Kit: AllPrep RNeasy® Mini Kit from Qiagen (Hilden, Germany)
Sample:
1 mL of bacteria culture, prepared with 2 mL of RNA-protect Bacteria reagent. For catheter
sample we cut 5 cm of Foley catheter and then we cut it into smaller parts. Catheter parts were
then poured into 1 mL 0.9% solution of sodium chloride and 2 mL of of RNAprotect Bacteria
Reagent.
Cell digestion and lysis:
Sonification for 5 min and vortex for 2 min were applied. Before centrifugation parts of Foley
catheter were removed. Samples were then centrifuged at 5,000 x g for 10 min. Supernatant was
discarded. Residual supernatant was gently removed with dabbing the inverted tube onto a paper
towel.
Loading and washing steps:
15 µL QIAGEN Proteinase K was added to the appropriate volume of TE buffer containing 15
mg/mL lysozyme. Mixture was added to the pellet. Pellet was carefully re-suspended by
pipetting up and down several times. Re-suspended mixture was vortex for 10 s and then
incubated at RT for 10 min. Mixture was vortex every 2 min. Appropriate volume (100 µL) of
Buffer RLT was added and mixture was vortex vigorously. Appropriate volume (250 µL) of 96
– 100% Et-OH was added and mixture was mixed well by pipetting. 700 µL of sample was then
transferred to an Rneasy Mini spin column placed in a 2 mL collection tube. Lid was closed and
column was centrifuged for 15 s at 8,000 x g. Flow-through was discarded. The rest of sample
was applied on column and column was centrifuged again.
DNase-I digestion:
DNase-I digestion was performed »On-column DNase digestion« as described in peqGOLD
Bacterial RNA isolation protocol. DNase-I digestion reaction mix was prepared with 73.5 µL of
DNase-I Digestion Buffer and 1.5 µL RNase-free DNase-I (Kunitz units/µL). Total volume 75
µL was directly applied onto the surface of column. It was important that the DNase I digestion
mixture was applied directly onto membrane. Column was incubated at RT for 15 min. Column
was centrifuge at 10,000 x g for 5 min.
Washing II:
Column was washed with 700 µL Buffer RW1. Column was centrifuged for 15 s at 8,000 x g.
Flow-through was discarded. 500 µL of Buffer RPE was added to the column and centrifuged
for 15 s at 8,000 x g. Flow-through was discarded. Step with Buffer RPE was performed twice.
RNeasy spin column was placed in a new 2 mL collection tube and centrifuged at full speed to
dry the membrane. RNasy spin column was placed in a new 1.5 mL collection tube.
Elution:
50 µL RNase-free water was added directly to the spin column membrane. Column was
centrifuged for 1 min at 8,000 x g. Eluat was re-loaded in column and whole step was and repeat
Storage: short-term storage: - 20oC, long-term storage: - 80oC
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Supplement 6: Plasmid Plus Purification QIAGEN Plasmid Plus Midi Kit
Table 36: Protocol for plasmid purification.

Kit: Plasmid Plus Purification QIAGEN Plasmid Plus Midi Kit
Sample:
ONC of TargeTron® E. coli expression vector pACD4K-C-loxP was prepared in 20 mL of LB
medium with appropriate antibiotic (chloramphenicol 10 µg/mL).
Re-suspend pellet:
Next day ONC was centrifuged for 6 min at 5000 x g. Pellet was re-suspended in 2 mL of Buffer
P1. Mixture was vortex. Buffer P2 (2 mL) was added and mixture was shaken with hands and
incubated at room temperature for 3 min. Buffer S3 was added and mixture was mixed by
inverting tube for 6 times. Lysate was transferred to the QIA filter cartridge. Incubation step was
performed for 10 min. Filter cartridge was centrifuged for 5 min at 4500 x g.
Vacuum:
Vacuum manifold and QIAGEN Plasmid Plus Midi Spin columns were used. Filtration was
performed into new Eppendorf tube. Buffer BB (2 mL) was applied and mixture was mixed by
inverting tube for 6 times. Lysate was transferred to QIAGEN Plasmid Mini spin column
extender attached on the QIAvac24plus. Vacuum filtration was performed and column was
washed with 0.7 mL of buffer ETR and after with 0.7 mL of buffer PE. Column was centrifuged
for 1 min at 10,000 g. Column was placed in new sterile epi-tube.
Elution:
200 µL of water was applied on column and column was standing for 1min or more. Column
was centrifuged for 1 min at 10,000 x g and plasmid DNA was eluted.
Storage:
Short-term storage: - 20oC
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Supplement 7: The amount of RNA used for cDNA synthesis reaction
The amount of RNA used for cDNA reversed transcriptase reaction. After of RNA
concentration determination in all samples we calculated the amount of RNA for each
reaction. A maximum capacity of 7 µL of RNA template can be inserted into the reverse
transcriptase reaction. The corresponding amount of RNA sample was used in reverse
transcriptase reaction to obtain cDNA.
Growth media: Artificial urine
Table 37: The amount of RNA used for cDNA synthesis reaction, model 1.
Model: 1

RNA [ng]

V [µL] of RNA

V [µL] of H2O

Pre-culture

75.21

7

0

Bladder

44.94

7

0

Catheter

113.67

7

0

Table 38: The amount of RNA used for cDNA synthesis reaction, model 2.
Model: 2

Amount of RNA [ng]

Volume of RNA [µL]

Volume of H2O [µL]

Pre-culture

46.10

7

0

Bladder

96.50

7

0

Catheter

24.11

7

0

Table 39: The amount of RNA used for cDNA synthesis reaction, model 3.
Model: 3

Amount of RNA [ng]

Volume of RNA [µL]

Volume of H2O [µL]

Pre-culture

50.23

7

0

Bladder

102.62

7

0

Catheter

35.51

7

0

Growth media: Pooled human urine
Table 40: The amount of RNA used for cDNA synthesis reaction, model 1.
Model: 1

Amount of RNA [ng]

Volume of RNA [µL]

Volume of H2O [µL]

Pre-culture

98.18

7

0

Bladder

500.36

5.39

1.61

Catheter

100.02

4.85

2.15

Table 41: The amount of RNA used for cDNA synthesis reaction, model 2.
Model: 2
Amount of RNA [ng]
Volume of RNA [µL]
Volume of H2O [µL]
Pre-culture
Bladder

80.35
500.02

7
5.14

0
1.86

Catheter

99.80

2.96

4.04

Table 42: The amount of RNA used for cDNA synthesis reaction, model 3.
Model: 3

Amount of RNA [ng]

Volume of RNA [µL]

Volume of H2O [µL]

Pre-culture

56.88

7

0

Bladder

499.71

5.54

1.46

Catheter

72.11

7

0
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Supplement 8: Raw Data of all RT-qPCR measurements for all samples
All samples were RNA samples written to cDNA from the artificial bladder model. As
negative controls reverse transcriptase negative samples were amplified (marked as –RT).
Table 43: Raw data of RT-qPCR measurements in model 1, artificial urine.
Raw data:

Artificial bladder model No. 1, artificial urine
rpoD

cpxA

arcA

arcB

ompR

NTC-1

u

35.06

u

33.81

u

NTC-2

u

33.61

u

38.73

u

Pre-culture

21.69

23.12

32.94

21.88

21.42

Pre-culture (-RT)

31.75

30.28

0

32.69

0

Bladder

25.38

27.30

33.77

27.48

18.72

bladder (-RT)

32.52

32.83

0

34.44

0

Catheter

21.46

22.55

0

21.83

29.17

Catheter (-RT)

30.29

30.96

0

31.62

0

Table 44: Raw data of RT-qPCR measurements in model 2, artificial urine.
Raw data:

Artificial bladder model No. 2, artificial urine
rpoD
NTC-1

cpxA
u

NTC-2

arcA
u

u

arcB

35.01

u

ompR
u

37.25

u

u

u

Pre-culture

15.65

30.96

20.15

20.64

19.24

Pre-culture (-RT)

34.46

0

37.65

0

0

Bladder

8.19

13.28

17.60

14.49

16.68

bladder (-RT)

35.72

0

31.34

0

33.56

Catheter

17.19

32.16

18.87

20.34

18.89

Catheter (-RT)

31.91

0

0

32.21

32.74

Table 45: Raw data of RT-qPCR measurements in model 3, artificial urine.
Raw data:

Artificial bladder model No. 3, artificial urine
rpoD
NTC-1
NTC-2

cpxA
u

arcA
u

arcB
u

ompR
u

u

u

u

u

u

u

Pre-culture

19.09

32.52

21.69

21.42

20.02

Pre-culture (-RT)

35.11

0

0

0

0

Bladder

17.62

31.75

18.80

18.72

18.57

bladder (-RT)

33.11

0

35.86

0

34.47

Catheter

28.65

0

29.90

29.17

29.43

0

0

35.18

0

0

Catheter (-RT)
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Table 46: Raw data of RT-qPCR measurements in model 1, pooled human urine.
Raw data:

Artificial bladder model No. 1, pooled human urine
rpoD

cpxA

arcA

arcB

ompR

NTC-1

u

u

u

u

u

NTC-2

u

u

33.97

u

u

Pre-culture

18.22

29.84

20.51

22,23

19.60

Pre-culture (-RT)

34.71

0

34.65

0

0

Bladder

17.07

30.15

18.69

19,74

17.21

bladder (-RT)

33.43

0

33.54

34,38

32.42

Catheter

19.92

32.28

20.99

23,14

21.12

Catheter (-RT)

32.82

0

33.63

37,72

0

Table 47: Raw data of RT-qPCR measurements in model 2, pooled human urine.
Raw data:

Artificial bladder model No. 2, pooled human urine
rpoD

cpxA

arcA

arcB

ompR

NTC-1

u

u

u

u

u

NTC-2

u

u

34.28

u

34.14

Pre-culture

19.86

31.02

22.91

23.66

21.22

Pre-culture (-RT)

33.61

0

33.73

34.84

0

Bladder

18.74

30.68

21.11

21.74

20.17

bladder (-RT)

32.00

0

0

0

35.82

Catheter

30.23

0

32.98

32.26

30.19

0

0

36.99

0

0

Catheter (-RT)

Table 48: Raw data of RT-qPCR measurements in model 3, pooled human urine.
Raw data:

Artificial bladder model No. 3, pooled human urine
rpoD

cpxA

arcA

arcB

ompR

NTC-1

u

u

34.16

33.53

u

NTC-2

u

u

35.44

35.71

36.42

17.31

29.64

20.47

20.42

18.87

0

0

35.15

0

0

Bladder

16.36

28.92

17.88

18.54

17.69

bladder (-RT)

30.88

0

32.28

31.52

33.65

Catheter

23.45

32.63

23.00

23.70

22.64

Catheter (-RT)

31.47

0

30.62

34.21

33.08

Pre-culture
Pre-culture (-RT)

*u= undetermined
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Supplement 9: Difference between cDNA samples and no-RT controls (Ct)
The sample material was verifiable for potential pollution with genomic DNA. Differences
smaller than 10 cycle were seen as suspicious.
Table 49: Difference between cDNA samples and no-RT controls (Ct) for model 1, artificial urine.
Difference:

Artificial bladder model No. 1, artificial urine
rpoD

cpxA

arcA

arcB

ompR

Pre-culture

-16.49

29.84

-14.14

22.23

19.60

Bladder

-16.36

30.15

-14.85

-14.64

-15.21

Catheter

-12.90

32.28

-12.64

-14.58

21.12

Table 50: Difference between cDNA samples and no-RT controls (Ct) for model 2, artificial urine.
Difference:

Artificial bladder model No. 2, artificial urine
arcA

arcB

Pre-culture

rpoD
-13.75

cpxA
31.02

-10.82

-11.18

ompR
21.21

Bladder

-13.26

30.68

21.11

21.74

-15.65

Catheter

30.23

No data

-4.01

32.26

30.19

Table 51: Difference between cDNA samples and no-RT controls (Ct) for model 3, artificial urine.
Difference:

Artificial bladder model No. 3, artificial urine
rpoD

Pre-culture

cpxA

arcA

arcB

ompR

17.31

29.64

-14.68

20.42

18.87

Bladder

-14.52

28.92

-14.40

-12.98

-15.96

Catheter

-8.02

32.63

-7.62

-10.51

-10.44

Table 52: Difference between cDNA samples and no-RT controls (Ct) for model 1, pooled human urine.
Difference:

Artificial bladder model No. 1, pooled human urine
rpoD

Pre-culture

cpxA

arcA

arcB

ompR

-10.06

-7.16

32.94

-10.81

21.42

Bladder

-7.14

-5.53

33.77

-6.96

18.72

Catheter

-8.83

-8.41

No data*

-9.79

29.17

Table 53: Difference between cDNA samples and no-RT controls (Ct) for model 1, pooled human urine.
Difference:

Artificial bladder model No. 2, pooled human urine
rpoD

cpxA

arcA

Pre-culture

-18.81

30.96

-17.50

Bladder

-27.53

13.28

Catheter

-14.72

32.16

arcB

ompR

20.64

19.24

-13.74

14.49

-16.88

18.87

-11.87

-13.85

Table 54: Difference between cDNA samples and no-RT controls (Ct) for model 1, pooled human urine.
Difference:

Artificial bladder model No. 3, pooled human urine
rpoD

cpxA

arcA

arcB

ompR

Pre-culture

-16.02

32.52

21.69

21.42

20.02

Bladder

-15.49

31.75

-17.06

18.72

-15.90

Catheter
28.65 No data*
-5.28
29.17
29.43
*No data: no amplification curve obtained for sample and no-RT control.
**Yellow highlight: samples where the differences between Ct values of cDNA samples and no-RT control are smaller
than 10 cycles suggesting these samples have higher amounts of genomic DNA present.
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Supplement 10: Results - data

Figure 41: DNA sequencing results of [a] pacD4K_arcA, [b] pacD4K_arcB, [c] pacD4K_ompR and [d]
pacD4K_cpxA. Corresponding primer set for retargeting the intron: EBS [green], EBS2 [brown], and EBS1d
[blue].
Table 55: Competitive index (CI) for HI4320arcB mutant tested in CAUTI model in direct competition
with P. mirabilis HI4320 wild-type. The ratio of mutant to wild-type recovered from each artificial bladder was
determined and expressed as competitive index.
HI4320arcB / WT HI4320 ratio
Competitive index [CI]
Model
1
2
3
4
5

Inoculum
1.22
0.64
0.95
1.15
1.36

𝑥

1.06

Bladder
0.12
0.11
0.10
0.16
0.11
0.12

Catheter
0.20
0.19
0.05
0.19
0.19

Catheter/Inoculum

Bladder/Inoculum

Catheter/bladder

0.16
0.29
0.05
0.17
0.14

0.10
0.18
0.10
0.14
0.08

1.73
1.62
0.50
1.19
1.75

0.16

0.16

0.12

1.36

Artificial
urine

Pooled
urine

Table 56: Data sets of relative expression levels of arcA, arcB, cpxA and ompR in bladder relative to
pre-culture. The rpoD gene was used as a reference gene. Relative expression level is calculated as the
average of three models (n= 3) together with standard deviation (STDEV) and standard error (SE).
Gen

Model 1

Model 2

Model 3

Avg. expression

STDEV

SE

arcA
arcB
cpxA
ompR
arcA
arcB
cpxA
ompR

1.848
3.375
0.418
1.864
5.208
0.127
0.937
No data

1.855
2.216
0.610
0.899
0067
1.206
No data
0.044

3.642
2.383
0.835
1.077
3.295
3.264
0.625
0.911

2.45
2.66
0.62
1.28
2.86
1.53
0.78
0.48

1.03
0.63
0.21
0.51
2.60
1.59
0.22
0.61

0.60
0.36
0.12
0.30
1.50
0.92
0.13
0.35
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Model 1

Model 2

Model 3

Average

STDEV

SE

Pooled
urine

arcA
arcB
cpxA
ompR

1.993
1.399
0.730
1.215

0.385
0.741
No data
3.855

6.790
3.380
8.068
5.237

3.06
1.84
4.40
3.44

3.33
1,37
5.19
2.04

1.92
0.79
3.00
1.18

Artificial
urine

Table 57: Data sets of relative expression levels of arcA, arcB, cpxA and ompR in cathete relative to
pre-culture. The rpoD gene was used as a reference gene. Relative expression level is calculated as the
average of three models (n= 3) together with standard deviation (STDEV) and standard error (SE).
Gen

arcA
arcB
cpxA
ompR

No data
0.903
1.192
0.012

6.450
3.222
1.316
3.105

0.901
0.870
No data
1.854

3.68
1.67
1.25
1.66

3.92
1.35
0.09
1.56

2.27
0.78
0.05
0.90

Table 58: Kinetic analysis of growth of PMI HI4320 and HI4320arcB mutant.
-1
2
Charts
Medium
Strain [* 1.5 mM H2O2]
µ [h ]
R
ln N0

tg [h]

µ / µwt

Artificial
urine

PMI HI4320
HI4320arcB
* PMI HI4320
* HI4320arcB

0.813
0.837
-0.464
-0.538

0.949
0.962
0.968
0.983

14.236
14.075
15.283
15.143

0.59
0.72
-1.50
-1.29

100%
103%
100%
116%

LB

PMI HI4320
HI4320arcB
* PMI HI4320
* HI4320arcB

1.578
1.377
-0.557
-0.597

0.986
0.991
0.981
0.982

12.165
12.555
15.278
14.884

0.44
0.50
-1.25
-1.16

100%
87.3%
100%
107.2%

A-B

Table 59: Analysis of growth kinetic of P. mirabilis HI4320 and P12H3 transposon mutant.
-1
2
Charts
Strain [* 1.5 mM H2O2]
µ [h ]
R
ln N0
tg [h]

A-B

µ / µwt

PMI HI4320

1.247

0.999

15.095

0.57

100%

P12H3
* PMI HI4320

1.123
-0.312

0.966
0.883

14.850
15.527

0.62
-2.20

90%
100%

* P12H3

-0.370

0.900

15.807

-1.87

118.6%

Table 60: Kinetic analysis of growth of P. mirabilis HI4320, P16-E7 and P70C10 transposon mutant.
-1
2
Charts
Strain [con. of NaCl]
µ [h ]
R
ln N0
tg [h]
µ / µwt

A-B

C-D

PMI HI4320 [1x]
P17-E5 [1x]

0.920
0.715

0.999
0.998

15.792
15.678

0.75
0.97

100%
77.8%

PMI HI4320 [5x]
P17-E5 [5x]

0.786
0.524

0.998
0.998

15.346
15.758

0.88
1.32

100%
66.7%

PMI HI4320 [10x]
P17-E5 [10x]

0.781
0.395

0.973
0.938

15.495
15.401

0.88
1.75

100%
50.6%

PMI HI4320 [1x]
P70C10 [1x]

0.920
0.907

0.999
0.999

15.792
15.362

0.75
0.76

100%
98.7%

PMI HI4320 [5x]
P70C10 [5x]

0.786
0.744

0.998
1.000

15.346
15.412

0.88
0.93

100%
94.7%

PMI HI4320 [10x]
P70C10[10x]

0.781
0.594

0.973
0.982

15.495
15.411

0.88
1.17

100%
76.1%
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Table 61: Kinetic analysis of growth of P. mirabilis HI4320, P17-E5 and P70C10 transposon mutant.
-1
2
Charts Strain [conc. of urea]
µ [h ]
R
ln N0
tg [h]
µ / µwt

A-B

PMI HI4320 [1x]
P17-E5 [1x]
P70C10 [1x]
PMI HI4320 [5x]
P17-E5 [5x]
P70C10 [5x]
PMI HI4320 [10x]
P17-E5 [10x]
P70C10 [10x]

0.492
0.907
0.718
0.488
0.181
0.262
-0.287
-1.343
-0.695

0.999
0.996
0.987
0.759
0.955
1.000
0.728
0.859
0.973
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16.677
15.309
15.288
15.342
15.028
14.939
15.609
16.381
14.845

1.41
0.76
0.97
1.42
3.83
2.64
-2.42
-0.52
-1.00

100%
184.4%
145.9%
100%
37.1%
53.7%
100%
467.9%
242.2%

