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Summary

Gastrointestinal infections account for high morbidity and mortality in humans every year
across the globe. The increasing emergence of antibiotic resistance among the gastrointestinal
pathogens and the induction of virulence factors by antibiotics makes it highly risky to only
depend on antibiotic therapy for intestinal infections. Most of these infections are associated
with an imbalance in the gut microbial population whereas the restoration of the balance with
probiotic supplements can result in an improvement of the health condition. Probiotics are

therefore considered as successful support in the treatment of gastrointestinal infections.

E. coli Nissle 1917 (EcN) is the active component of the probiotic medication Mutaflor® and
has been used in the treatment of various gastrointestinal disorders for more than 100 years.
Several studies have reported antagonistic effects of ECN against enterohemorrhagic E. coli
(EHEC) in vitro and in vivo. However, detailed investigations on the probiotic mechanisms and
safety aspects of ECN are a pre-requisite, for administering EcN to treat EHEC infected patients

or to use EcN as a prophylactic for the patient’s close contacts.

In this regard, the first part of the study aimed to understand the nature and behaviour of ECN
in the presence of pathogenic or non-pathogenic E. coli strains. Transcriptomic analysis was
deployed to this end. We investigated the changes in ECN’s transcriptome after different time
points of coculture with the EHEC strain EDL933 or the K-12 strain MG1655. The
transcriptome data reported a strain-specific response in EcN at all the investigated time points
(3 h,5h, 7hand 8 h) of coincubation. The alterations in gene regulation of ECN were highly
pronounced in initial timepoints (3 h and 5 h) of coincubation with EDL933, which gradually
decreased over time. In the presence of MG1655, the alterations were strongly differentially
regulated only at later time points (7 h and 8 h). The unique transcriptional response of ECN

towards two different E. coli strains, that are genetically more than 98 % identical, was startling.
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More importantly, this can be considered as a beneficial trait of ECN over a chemical-

pharmaceutical preparation like an antibiotic that might act identically on all target cells.

Bacteriophages are one of the most abundant members of gut microbiota. On the one hand, the
infection of a probiotic strain by a lysogenic phage could transfer genetic material coding for
pathogenic factors or antibiotic resistance into an otherwise beneficial probiotic bacterium and
thereby converting it into a virulent pathogenic bacterium. On the other hand, infection by a
lytic phage could result in bacterial lysis and prevent the bacterium from exerting its probiotic
effect. Thus, in order to successfully establish and colonise the gut, it is crucial for any probiotic
to be resistant against phage infections. To address this, in the second part of the study, we

investigated the phage resistance of ECN towards the lysogenic lambda and the lytic T4 phage.

EcN showed complete resistance against tested phages and was also able to inactivate these
phages upon coincubation. In the case of lambda phages, the resistance was attributed to the
presence of a lambdoid prophage (prophage 3) in the genome of EcN. In addition, the
overexpression of one of the early genes of ECN’s prophage 3 (i.e. phage repressor gene pr) in
the phage sensitive MG1655 conferred partial protection against lambda phage infection.
Moreover, the inactivation was mediated by binding of lambda phages to its receptor LamB.
Experiments with lytic T4 phages revealed that the ECN’s K5 polysaccharide capsule was
crucial for its T4 phage resistance, while its lipopolysaccharide (LPS) inactivated the T4
phages. Apart from protecting itself, ECN displayed even a protective role for the tested K-12

strains, by interfering with the lysogeny and lysis by these phages.

In summary, this work highlights two novel positive traits of the probiotic strain ECN: i) the
strain-specific response that was evident from the global transcriptome analysis of ECN when
incubated with other E. coli strains, and ii) lytic and lysogenic phage resistance. Both these
traits are additional safety aspects for a well-characterised probiotic strain and encourage its

application in therapeutics.
12



Zusammenfassung

Gastrointestinale Infektionen sind jedes Jahr weltweit fur eine hohe Morbiditat und Mortalitat
beim Menschen verantwortlich. Das zunehmende Auftreten von Antibiotikaresistenzen bei
gastrointestinalen Pathogenen und die Induktion von Virulenzfaktoren durch Antibiotika
machen es hoch riskant Darminfektionen ausschlieRlich mit Antibiotika zu behandeln. Die
meisten gastrointestinalen Infektionen sind mit einem Ungleichgewicht in der mikrobiellen
Darmpopulation verbunden, wahrend die Wiederherstellung des Gleichgewichts mit Probiotika
zu einer Verbesserung des Gesundheitszustands fiihren kann. Daher gelten Probiotika als

hilfreiche Unterstiitzung bei der Behandlung von Magen-Darm-Infektionen.

E. coli Nissle 1917 (EcN) ist der aktive Bestandteil des probiotischen Medikaments Mutaflor®
und wird seit mehr als 100 Jahren zur Behandlung verschiedener gastrointestinaler
Erkrankungen eingesetzt. Mehrere Studien haben Uber die antagonistische Wirkung von EcN
gegenuber enterohdmorrhagischer E. coli (EHEC) sowohl in vitro als auch in vivo berichtet.
Detaillierte Untersuchungen zu den probiotischen Mechanismen und Sicherheitsaspekten von
EcN sind jedoch Voraussetzung fiir eine mogliche Verabreichung von EcN zur Behandlung
von EHEC-infizierten Patienten oder fir die Verwendung von EcN als Prophylaxe fur den

engsten Umkreis der infizierten Patienten.

In dieser Hinsicht zielte der erste Teil dieser Studie darauf ab, die Natur und das Verhalten von
EcN in Gegenwart von pathogenen oder nicht-pathogenen Bakterienstdmmen zu verstehen. Zu
diesem Zweck wurden die Veranderungen im Transkriptom von ECN nach verschiedenen
Zeitpunkten der Co-Kultur mit dem EHEC-Stamm EDL933 oder dem K-12 Stamm MG1655
untersucht. Die Transkriptomdaten zeigten eine stammspezifische Reaktion von EcN zu allen
untersuchten Zeitpunkten (3 h, 5 h, 7 h und 8 h) der Co-Inkubation. Die Verédnderungen in der
Genregulation von EcN waren zu den priméren Zeitpunkten der Co-Kultur mit EDL933 (3 h

und 5 h) sehr ausgepragt und nahmen im Laufe der Zeit allméhlich ab. Wahrend der Co-Kultur
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mit MG1655 hingegen, kam es erst zu spateren Zeitpunkten zu einer starken Veranderung in
der Genregulation (7 h und 8 h). Diese einzigartige transkriptionelle Reaktion von EcN auf zwei
verschiedene E. coli Stdamme, die genetisch zu mehr als 98 % identisch sind, war verbliffend.
Diese Eigenschaft von EcN kann als vorteilhaft gegentiber einem chemisch-pharmazeutischen
Préparat wie einem Antibiotikum angesehen werden, welches auf alle Zielzellen identisch

wirken kodnnte.

Bakteriophagen sind einer der h&ufigsten Bestandteile der Darm Mikrobiota. Durch die
Infektion eines probiotischen Stammes mit einem lysogenen Phagen ist es moglich, dass
genetisches Material, das fir pathogene Faktoren oder Antibiotikaresistenzen kodiert,
ubertragen wird und das Probiotikum dadurch zu einem virulent pathogenen Bakterium
umgewandelt wird. Dariber hinaus konnte die Infektion durch einen lytischen Phagen zur Lyse
des Probiotikums fihren wodurch seine probiotische Wirkung unterbunden werden wirde. Fur
eine erfolgreiche Besiedlung des Darms ist es daher flr Probiotika entscheidend gegenuber
Phagen Infektionen resistent zu sein. Um dieses Problem anzugehen, wurde im zweiten Teil
der Studie die Phagen Resistenz von EcN gegenliber dem lysogenen Phagen Lambda und dem

lytischen Phagen T4 untersucht.

EcN zeigte eine vollstandige Resistenz gegeniliber den getesteten Phagen und konnte dartiber
hinaus die Phagen wéhrend der Co-Inkubation inaktivieren. Bei den Lambda-Phagen konnte
die Resistenz auf das Vorhandensein eines Lambda-Prophagen (Prophage 3) im Genom von
EcN zuriickgefiihrt werden. Dies wurde durch das Ergebnis, dass die Uberexpression eines der
frihen Gene von EcNs Prophagen 3 (dem Phagen-Repressor pr) im Phagen sensitiven K-12
Stamm MG1655 zu einem partiellen Schutz gegeniber einer Lambda-Phagen Infektion fiihrte,
gestutzt. Die Inaktivierung der Lambda-Phagen hingegen wurde durch die Bindung der Phagen
an EcNs Rezeptor LamB vermittelt. Experimente mit lytischen T4-Phagen konnten aufzeigen,

dass die K5-Polysaccharid Kapsel von EcN entscheidend flr seine T4-Phagenresistenz ist,
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EcNs Lipopolysaccharid (LPS) wiederum die T4-Phagen inaktiviert. Abgesehen davon, dass
EcN sich selbst vor Phagen Infektionen schiitzt, konnte gezeigt werden, dass EcN eine Phagen

initiierte Lysogenie oder Lyse der getesteten K-12-Stdmme verhindert.

Zusammenfassend hebt diese Arbeit zwei neue positive Eigenschaften des probiotischen
Stammes EcN hervor: i) die stammspezifische Reaktion, die sich aus der globalen
Transkriptomanalyse von EcN wéhrend der Inkubation mit anderen E. coli-Stdammen ergab,
und ii) die lytische und lysogene Phagenresistenz. Beide Merkmale sind zusétzliche
Sicherheitsaspekte eines bereits gut charakterisierten probiotischen Stammes und unterstiitzen

seine therapeutische Anwendung.
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1 Introduction

1.1. Gut microbiota

Intestinal microbiota plays an important role in human health. The number of microorganisms
inhabiting the gastrointestinal (Gl) tract has been estimated to be ~10*3 to 10'* microbial cells,
with around 1:1 bacterium to human cell ratio (Sender et al., 2016;Kho and Lal, 2018).
However, this estimate doesn’t take the fungi and viruses present in the gut into consideration.
The dominant members of the “bacterial core microbiome” are Firmicutes, Bacteroidetes,
Actinobacteria, Verrucomicrobia, Fusobacteria, and Proteobacteria, with the two phyla
Firmicutes and Bacteroidetes representing 90% of the gut microbiota (Arumugam et al.,
2011;Hollister et al., 2014). An infant's gut microbiota is established immediately after birth
and is affected by several factors such as delivery mode, breast milk vs. formula feeding,
antibiotic usage, and timing of the introduction of solid foods and cessation of milk feeding
(Francino, 2014;Tanaka and Nakayama, 2017). These alterations continue until three years of

age and, subsequently, humans acquire stable gut microbiota (Yatsunenko et al., 2012)

Imbalances in the gut microbial population termed as dysbiosis are often associated with disease
conditions (Belizario and Faintuch, 2018). For instance, some studies suggest that the ratio of
Firmicutes:Bacteroidetes can be used to determine the susceptibility to obesity and other
metabolic syndromes (Ley et al., 2006;Xu et al., 2012). In addition, the phylum Proteobacteria
generally constitutes for only a small proportion of the gut microbiota in healthy individuals,
but often account for higher proportions in patients with Gl diseases (Chen et al.,
2011;Pflughoeft and Versalovic, 2012). Usage of antibiotics, psychological and physical stress,
and certain dietary components have been found to contribute to intestinal dysbiosis (Hawrelak
and Myers, 2004). Overall, the gut microbiome research has established a complex bi-
directional link between the intestinal microbiome and the host which is significant for human

health as well as implicated in disease pathogenesis.
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1.2.  Probiotics

The World Health Organization defines probiotics as “live microorganisms which when
administered in adequate amounts confer a health benefit on the host” (WHO, 2001). Owing to
the side-effects of antibiotic therapy such as antibiotic resistance and destruction of beneficial
bacteria in the gut, probiotics are considered as a safe alternative for treating gastrointestinal
infections (Trafalska and Grzybowska, 2004). Usage of probiotics to treat infections dates back
to the early 19" century when the Russian scientist Elie Metchnikoff theorized that consumption
of “soured milk” with lactic-acid bacteria suppressed the growth of proteolytic bacteria
(Vaughan, 1965;Podolsky, 2012;Mackowiak, 2013). Alongside, Henry Tissier of the Pasteur
Institute noticed that the Bifidobacterium conferred clinical benefits when used to treat
diarrhoea in babies (Tissier, 1906). Health benefits have mainly been demonstrated for specific
probiotic strains of the following genera: Lactobacillus, Bifidobacterium, Saccharomyces,
Streptococcus, Enterococcus, Escherichia, and Bacillus (Fijan, 2014). The nature of
colonization of the human gut by probiotics is strain-specific and depends on the individual’s
microbiota and gastrointestinal tract region (Zmora et al., 2018). As mentioned earlier,
gastrointestinal disorders often are linked with an imbalance in the gut microbial population
and manipulation of the microbiome was one of the successful therapeutic strategies to treat
dysbiosis. In this line, studies have reported that administration of probiotic bacteria supersede
potentially pathogenic bacteria and boost the rebuilding of the gut microbiota (Gareau et al.,

2010;0elschlaeger, 2010;Raman et al., 2013;Lievin-Le Moal and Servin, 2014).

1.3. E.coli Nissle 1917 (EcN)

E. coli belongs to the phylum Proteobacteria and is a very common inhabitant of the lower
intestine (Fijan, 2014). The probiotic effect of E. coli was first demonstrated in 1917, during a
shigellosis outbreak. German professor Alfred Nissle isolated a strain of E. coli from a soldier

who was not affected by the disease (Nissle, 1918). This strain of serotype 06:K5:H1 was later
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named after him as “E. coli Nissle 1917 (EcN)” and was registered as a licensed probiotic
medication known as Mutaflor®. Since its serendipitous discovery, ECN has been employed in
the treatment of various gastrointestinal disorders like inflammatory bowel disease, ulcerative
colitis, colon cancer (Kruis et al., 2004;Henker et al., 2008;Kruis et al., 2012;Xia et al., 2013)
and undoubtedly is one of the most extensively investigated probiotic strains (Wassenaatr,
2016). Additionally, the reported antagonistic nature of EcN against the gastrointestinal
pathogens such as Listeria monocytogenes, Candida albicans, Shigella and Salmonella promote
its application in prophylaxis and therapy (Halbert, 1948;Altenhoefer et al., 2004;Sonnenborn

and Schulze, 2009).

1.4. Molecular characterisation of ECN

EcN belongs to the serotype O6:K5:H1 which is typical for E. coli strains associated with
urinary tract infections. However, EcN is completely non-pathogenic and lacks the prominent
virulent genes when compared to its close relative UPEC strain CFT073 (Sonnenborn and
Schulze, 2009). On the other hand, EcN exhibits several fitness factors that contribute to its
colonization efficiency and survival within the host (Grozdanov et al., 2004). Genome analysis
of EcN showed that ECN possesses three fimbrial determinants: curli, type 1 and F1C fimbriae
which are required for biofilm formation, adherence to epithelial cells, intestinal colonization,
and persistence in the gut of infant mice (Stentebjerg-Olesen et al., 1999;Lasaro et al.,
2009;Schierack et al., 2011;Kleta et al., 2014;Staudova et al., 2015). The O6 antigen
determinant of ECN’s LPS has a point mutation introducing a stop codon in the gene for the O6
antigen polymerase. This mutation makes the O6 polysaccharide side chain very short,
consisting of only one single “repeating unit” of the O6 antigen. This special characteristic of
EcN’s LPS is responsible for its semi-rough phenotype and also contributes to its serum
sensitivity (Grozdanov et al., 2002). This modification in LPS also plays a role in

immunomodulating properties exhibited by EcN (Guttsches et al., 2012). Another interesting
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feature of EcN is the presence of an extracellular polysaccharide capsule of the K5 serotype.
The K5-kind of capsule is present only in 1 % of E. coli isolates and in EcN, it is involved in
modulating the immune interactions with intestinal epithelial cells (Hafez et al.,
2010;Nzakizwanayo et al., 2015). The H1-type flagella of EcN are responsible for mucin
binding and inducing human beta-defensins (Schlee et al., 2007;Troge et al., 2012). The most
striking factor of EcN is that it harbours several iron-uptake and transport systems which have
reported to assist in efficient colonization and out-competing other pathogenic bacteria in the
gut (Grosse et al., 2006;Valdebenito et al., 2006;Deriu et al., 2013). The antagonistic nature of
EcN can be attributed to the microcins H47 and M which are low-molecular-weight
antimicrobial peptides. They display potent bactericidal activity against phylogenetically
related bacteria that lack complementary immunity proteins (Patzer et al., 2003;Baquero et al.,
2019). In addition to the above-mentioned fitness factors, ECN also possesses two small cryptic
plasmids, termed pMUT1 and pMUT2 which are genetically stable and are not self-
transmissible to other E. coli strains. The circular DNAs of these two strain-specific plasmids
have been completely sequenced and do not carry any antibiotic resistance cassette (Blum-
Oehler et al., 2003). Figure 1. 1 collectively illustrates the various surface structures and strain-

specific fitness characteristics of ECN discussed above.
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Figure 1. 1: Schematic representation of various factors in EcN that contribute to the
fitness of the strain. Image modified from https://www.mutaflor.com/e-coli-strain-nissle-
1917-strain-specific-properties-and-mechanisms-of-action/molecular-mechanisms-of-
action.html (Pharma-Zentrale GmbH)

1.5. Enterohaemorrhagic E. coli (EHEC) strains

Enterohaemorrhagic Escherichia coli (EHEC) are pathogenic E. coli that cause bloody
diarrhoea in humans, which might develop into haemolytic uremic syndrome (HUS). HUS is a
life-threatening disease that causes kidney damage due to the production of shiga toxin (Stx)
which is the main virulence factor of EHEC strains (Karpman et al., 2017). The genomic
information for Stx1 and Stx2 are encoded on lambdoid prophages in the chromosome of EHEC
strains known as stx-phages (O'Brien et al., 1984;Kruger and Lucchesi, 2015). The production
of stx-phages is induced during an SOS response, which results in an increased Stx and stx-
phage release that worsen the disease progression (Del Cogliano et al., 2018;Zhang et al., 2019).
The Stx uses the globotriaosylceramide (Gb3) receptor of eukaryotic cells for cell entry
(Melton-Celsa, 2014). So far, the intestinal tract of ruminants is the only known reservoir of
EHEC and the absence of Gb3 receptor in ruminants makes them insensitive to Stx of these
bacteria (Mainil, 1999;Pruimboom-Brees et al., 2000). EHEC infection of humans was due to

the consumption of contaminated bovine products like undercooked meat, milk or dairy
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products and fresh produce such as lettuce, bean sprouts and spinach (Armstrong et al.,
1996;Hilborn et al., 1999;WHO, 2011;Gobin et al., 2018). EHEC outbreaks have also been

waterborne, owing to faecal contaminated drinking-water (Olsen et al., 2002).

The 2011 EHEC outbreak in Germany was the biggest ever seen in Europe, and the second
biggest ever reported worldwide, due to its size and severity. While previous outbreaks have
often been attributed to EHEC strains of serotype O157:H7, in 2011, Germany was hit by the
serotype 0104:H4. The genome analysis of two isolates of 0104:H4 strains from the 2011
outbreak revealed that the increased virulence and fitness of this serotype was due to a unique
combination of genomic features from EHEC and entero-aggregative E. coli (EAEC) strains
(Bohnlein et al., 2016). In particular, this serotype possesses an stx-phage typical for EHEC
strains and an aggregative adhesion fimbria (AAF) operon, which is a distinguishing feature for
EAEC strains (Brzuszkiewicz et al., 2011). In the outbreak from May to September 2011,
approximately 3,816 EHEC cases were reported and 22 % (845) of the total number of patients
developed HUS and unfortunately, the total death toll was 54 (Frank et al., 2011). In general,
the differences observed with respect to the severity of the disease progression among the
patients infected by EHEC strains could be attributed to the stx-phage infection of the
commensal E. coli strains in their microbiota that produces more virulent and resistant

pathogens.

1.5.1. Influence of EcN on EHEC strains

Treating the EHEC infected patients with antibiotics induces the release of stx-phages and
results in an eventual increase in Stx release which emphasizes the need for alternative
strategies (Zhang et al., 2000;Pacheco and Sperandio, 2012). The antagonistic effect of ECN
against the EHEC strain EDL933 was first reported by (Reissbrodt et al., 2009) and since then
several studies have reported the inhibition of growth, Stx production and biofilm formation of

EHEC strains when cocultured with the probiotic ECN (Rund et al., 2013;Mohsin et al.,
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2015;Bury, 2018;Fang et al., 2018). In particular, a former colleague of the lab, Dr Susanne
Bury, investigated the influence of EcN on the “big five” EHEC strains and two isolates from
the 2011 outbreak and her study revealed that the presence of EcN resulted in a reduction of the
Stx level of about 90 % (Bury, 2018). In vivo studies, demonstrated that ECN exhibited a strong
inhibitory effect on growth, stx gene expression (Sahar H. Ali, 2017) and served as a natural
barrier for the intestine colonization of E. coli O157:H7 (Leatham et al., 2009). These results
collectively support the application of EcN as a supplementary or an alternative therapeutic

approach for EHEC infections.

1.6. Phages in gut microbiota

Bacteriophages (phages) are viruses that infect bacteria and are the most abundant replicating
entities on the planet which flourish wherever their bacterial hosts exist. The presence of phages
in the intestine was described by D’Herelle in 1917 and he observed their therapeutic potential
in the stools of patients with dysentery (D'Herelle, 2007). Before the advent of the antibiotic
era, phages have been employed to treat a variety of intestinal infections, mainly cholera and
dysentery (D'Herelle, 1929;Babalova et al., 1968). However, the fluctuation in the success rate
of these treatments paved the way for the antibiotic based therapy which was more efficient and
cost-effective. With the rise of bacterial resistance to antibiotics, phage therapy has recently
regained interest (Aminov, 2010;Kutter et al., 2010). Especially, the presence and role of phages
in the intestinal microbiota are extensively studied in the recent decade. With the help of novel
technologies that involve metagenomics approaches, there is a better assessment of the
microbial diversity in the human intestine (Eckburg et al., 2005;Gill et al., 2006). Recent studies
have estimated the ratio of phages to bacteria in a healthy human gut as 1:1 and these phages
belong to the families: Myoviridae, Podoviridae, Siphoviridae and Microviridae (Figure 1. 2)
(Carding et al., 2017;Mirzaei and Maurice, 2017;Shkoporov and Hill, 2019). Emerging views

suggest intestinal phages as one of the major forces responsible for shaping the diversity and
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composition of the gut bacterial community (Manrique et al., 2016;d'Humieres et al.,

2019;Maurice, 2019).

Gut bacteria: 90% of the members are Firmicutes and Bacteriodetes
Gut phages: Myaviridae, Podoviridae, Siphoviridoe and Microviridae

Ratio of bacteria:phagesis 1:1

Intestinal
epithelial
cells

Figure 1. 2: lllustration of bacteria and bacteriophage communities in the healthy
adult qut. Image modified from (Mirzaei and Maurice, 2017)

1.7. Bacteriophage infection cycles

In the intestine, just like in other environments, phages can be distinguished based on their life
cycle into virulent and temperate phages. Virulent phages, upon infection, induce a “lytic
cycle”, which is followed by phage production and host cell lysis (Kaiser, 2014). Temperate
phages, on the other hand, adopt the “lysogeny cycle” in which after the infection, the phage
DNA integrates into the bacterial chromosome as a prophage (Howard-Varona et al., 2017).
The prophage remains dormant and is replicated passively along with the bacterial genome until
specific cues such as bacterial DNA damage by UV light or antibiotics, temperature shifts or
oxidative stress, which induce the SOS response of the host leading to phage lytic cycle and

subsequent death of the lysogenised bacteria (Monk and Kinross, 1975;Elespuru, 1984;L0s et
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al., 2010). In this context, when considering intestinal phages, one should take into account
both free-lytic phages and lysogenised prophages. Figure 1. 3 graphically illustrates the

overview of bacterial lysis and lysogenization by bacteriophages.
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Figure 1. 3: Lytic and lysogenic cycle of bacteriophages. Stepwise illustration of lysis and
lysogenisation of bacteria by virulent and temperate phages. Image modified from (Doss et al.,
2017)

1.8. Bacteriophage receptors

Bacteriophages attach to the receptors on their host surface in order to inject their DNA into the
host and this process of attachment is termed as adsorption (Letarov and Kulikov, 2017). A lot
of cell surface structures of E. coli have been reported to function as phage receptors (Bertozzi
Silva et al., 2016;Hantke, 2020). As, we have used the lysogenic lambda phages and lytic T4
phages in this study, the receptors and adsorption mechanism of these phages are discussed here

briefly.

Lambda phages belong to the family of Siphoviridae and have a long non-contractile tail, and
the tip of their tails is evolved to interact with specific porins in the membrane of the host to

allow entry of its DNA (2012;Casjens and Hendrix, 2015). In E. coli, these phages use the *“J
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protein” in their tail tip to bind irreversibly to their specific receptor (Chatterjee and
Rothenberg, 2012). The J protein interacts with the maltose porin LamB (the product of the
lamB gene) in the outer membrane of E. coli, following which, the DNA passes through the
mannose PTS permease sugar transporting system in the inner membrane, encoded by the
manXYZ genes (Figure 1. 4) (Randall-Hazelbauer and Schwartz, 1973;Erni et al., 1987).
Consecutively, the DNA is processed in the host cytoplasm to undergo the lytic or lysogenic

cycle.
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Figure 1. 4: Schematic representation of bacteriophage lambda attachment to E. coli.
(A) Bacteriophage lambda; (B) Attachment of lambda phage tail protein (J) to LamB in
E. coli outer membrane (OM); (C) Lambda phage DNA injection through the mannose
permease complex in the E. coli inner membrane (IN) into the cytoplasm. Image modified
from: (Viralzone, 2013)

T4 phage adsorption to E. coli is a two-step process, initially, a reversible attachment of its long
tail fibres to the E. coli LPS followed by an irreversible anchoring of short tail fibres of the T4
base plate to the receptors on the host cell surface e.g. LPS or outer membrane proteins (Garen
and Puck, 1951;Riede, 1987;Bertozzi Silva et al., 2016). The successful attachment of both the
tail fibres to the host leads to a conformational change of the base plate which triggers the

contraction of the outer tail sheath (Furukawa et al., 1983) that subsequently propels the inner tube
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through the outer membrane, creating a channel for DNA ejection into the host cell (Leiman and
Shneider, 2012;Hu et al., 2015) (Figure 1. 5). In this regard, the receptor specificity of the T4
long tail fibres is crucial for the successful host selection and infection. From various studies,
it could be concluded that the long tail fibres of T4 specifically recognize the LPS with glucose
residues at the distal end of the core oligosaccharide ( e.g. E. coli B strain) (Wilson et al.,
1970;Hantke, 2020). However, in E. coli K-12 strains since the glucose residue at the distal end
is masked by heptose, the presence of an outer membrane protein C (Omp C) is additionally

required for successful T4 phage adsorption (Mutoh et al., 1978;Washizaki et al., 2016).
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Figure 1. 5: Model depicting the interactions between T4 phage tail and E. coli cell
surface receptors. (A) Attachment of T4 phage’s long tail fibres (LTF) to LPS molecules
and/or outer membrane proteins (OMP) of E. coli. (B) The short tail fibres (STF) are attached
to the LPS molecules and/or OMP in the outer membrane. The T4 tail sheath has contracted,
pushing the tail tube with its gp5 tail protein through the outer membrane. (C) The lysozyme
domain of gp5 digests the peptidoglycan cell wall. The inner tail tube penetrates and allows
the T4 DNA to enter the cytoplasm. Image modified from (Rossmann et al., 2007)

1.9. Bacteriophage resistance mechanisms

Phage - bacteria interactions in the gastrointestinal tract appear to be highly diverse and lead to
interminable evolution of phages and bacteria (Weitz et al., 2005;Samson et al., 2013;Scanlan,
2017). Corresponding bacterial evolutions lead to the development of several bacterial defence
mechanisms that help bacteria to survive in the gut by battling constant phage attacks (Labrie

et al., 2010;Azam and Tanji, 2019). Bacterial strains adopt several strategies to modify their
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surface structures which prevent the initial adsorption of phages and thereby escaping the
infection. Firstly, they either alter their prospective phage receptors or inhibit their production,
thus making them not recognized by phages (Picken and Beacham, 1977;Sijtsma et al.,
1990;Mizoguchi et al., 2003;Chatterjee and Rothenberg, 2012). Secondly, bacteria acquire
various barriers to inhibit phage adsorption by production of extracellular matrix (e.g. capsule,
biofilm) (Kauffmann, 1945;Sapelli and Goebel, 1964;Scholl et al., 2005;Abedon,
2017;Vidakovic et al., 2018), or by production of competitive inhibitors that block the phage
receptors (e.g.OMVs, protein A) (Manning and Kuehn, 2011;Reyes-Robles et al., 2018)
(Nordstrom and Forsgren, 1974). The next popular approach adopted by bacteria to prevent the
infection is by blocking the entry of phage DNA (e.g. superinfection exclusion system) (Lu and
Henning, 1989;Hofer et al., 1995;Ali et al., 2014) or by degrading the injected phage DNA (e.g.
restriction-modification (RM) systems - (Ershova et al., 2015), CRISPR-Cas - (Deveau et al.,
2010;Szczepankowska, 2012). Finally, bacteria have also developed strategies to target and
inhibit a crucial step of phage multiplication such as replication, transcription or translation,
e.g. abortive infection system - (Emond et al., 1998;Dy et al., 2014). In abortive infection, the
bacterium adopting this mechanism would undergo programmed cell death but the death of the
infected cell protects the surrounding bacteria from phage infection. Certain bacteria evolve to
possess phage-inducible chromosomal islands (PICIs) integrated into their genome, which
interferes with the process of phage assembly (Penades and Christie, 2015;Fillol-Salom et al.,
2018). Figure 1. 6 graphically summarises the various phage resistance mechanisms developed

by bacteria to inhibit phage infection.
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Figure 1. 6: Illustration of various stages of bacteriophage life cycle that are targeted
by different phage resistance mechanisms. The stages of the phage life cycle are written
in black and the corresponding resistance mechanisms targeting each step are written in red
within a text box. Image modified from: (Rostol and Marraffini, 2019)

Apart from the above-mentioned widely investigated bacterial resistance mechanisms, there are
also several novel mechanisms that have been identified and reported by research groups in the
recent past e.g. BREX — blocks phage DNA replication in the host by methylation-dependent
manner (Goldfarb et al., 2015), DISARM- defence islands that function similar to that of RM
systems (Ofir et al., 2018), pAgos — targets invading nucleic acid (Sashital, 2017;Willkomm et
al., 2018). Recently, microbial pangenome analysis (Doron et al., 2018) identified several
previously unknown defence systems namely the Zorya system, Thoeris system, Druantia
system, etc. Bacteriophage resistance mechanisms are driven by the endless antagonistic arms

race between phages and bacteria, thus contributing to a fascinating field of research that must

be explored indefinitely.
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1.10. Aim of the thesis

For over a century, the probiotic E. coli strain Nissle has been successfully used in the treatment
of various gastrointestinal diseases (Sonnenborn, 2016). EcN was shown to exhibit antagonistic
activity against different pathogenic enterobacteria, both in vivo and in vitro (Sonnenborn and
Schulze, 2009). Especially, it was identified to interfere with the Stx production of EHEC
strains and pre-colonization of mice with EcCN hindered the EHEC strain EDL933 from
colonising the gut (Leatham et al., 2009;Reissbrodt et al., 2009;Rund et al., 2013). Therefore,
the first part of the study aimed to have a closer observation of changes in EcN that were
responsible for the observed effects on EHEC strain EDL933. Understanding and
characterizing ECN’s mechanism(s) behind the inhibition of Stx production is imperative for its

application in the treatment of EHEC infections.

However, the antagonistic or beneficial nature of the ingested probiotic strain may not exert
any long-lasting effect due to the selection/killing by intestinal phages (Ventura et al., 2011).
Hence, the major part of the study was aimed to determine probable phage resistance of ECN
towards two major classes of bacteriophages: lysogenic lambda phage and lytic T4 phage, and
if there is such resistance, then to investigate it on the molecular level. The results of these
studies were expected to add further knowledge and deeper insights into EcN’s safety aspects

and genome stability.
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2 Materials

2.1 List of equipment

Table 2. 1: List of laboratory equipment used in this study

Equipment/ Material

Specifications

Company

- 80 °C freezer

- 20 °C freezer

4 °C freezer
Analysis scale

Autoclave

Centrifuge*

Centrifuge (1 L)

Centrifuge bottles (1 L)

Confocal microscope
Copper grid

Culture tubes
Electrophoresis chamber
ELISA reader

Eppendorf tubes
Falcon tubes
Filter tips

Gel documentation

Heating block
Incubator (37 °C)

Laminar hood

Microcentrifuge (tabletop)

HFU 686 Basic

Premium NoFrost GN 3056

Oko Energiesparer
JL-180

Systec DX-200

Heraeus Multifuge X1
centrifuge

Rotor: Sorvall 75002000
Avanti J-26XP

Rotor: JLA-8.1000
J-LITE
Polypropylenflaschen-
1000 ml (komplett)

Leica microscope-TCS MP5

Grid size 100 mesh x
250 um pitch, copper

13 mL

Midi — large 460.000

Multiscan FC Microplate
Photometer

15mL,2mL
15 mL, 50 mL
10 pL, 100 pL, 1 mL

INTAS® GDS
HX-2, PEQLAB

Function Line BB 16
Class 1l Type A/B3

Heraeus Pico 21
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Thermo Fisher Scientific
(Bremen)

Liebherr (Ochsenhausen)

Privileg (Fuerth)

Chyo Balance Corporation
(Japan)

Systec (Linden)

Thermo Scientific
(Erlangen)

Beckman Coulter
(Sinsheim)

Beckman Coulter
(Sinsheim)

Leica Microsystems,
Germany
Sigma-Aldrich GmbH
(Taufkirchen)

Sarstedt (Nuembrecht)

Harnischmacher (Nottuln)

Thermo Scientific
(Erlangen)

Sarstedt (Nuembrecht)
Sarstedt (Nuembrecht)
A. Hartenstein (Wuerzburg)

Intas (Goettingen)

Biotechnologie GmbH
(Erlangen)

Heraeus Holding GmbH
(Hanau)

Nuaire (Plymouth, MN,
USA)

Heraeus (Hanau)



Microwave
NanoDrop
Needle

OD Cuvette

Petri dish
pH meter

Pipet boy

SDS PAGE
electrophoresis system

Serological pipettes

Slide-A-Lyzer mini
dialysis cassette

Sonicator

Spectrophotometer
Sterile filter

Thermocycler

Transwell insert

Transmission electron
microscope

Ultracentrifuge
Ultracentrifuge tubes
Vivaspin

Vortexer

Water bath

Well plates

8017

NanoDrop 2000c
spectrophotometer

25 gauge, EU23
1.5-3mL
92 x 16 mm

Inolab pH 720
Accu-Jet® Pro

Mini-PROTEAN Tetra cell

5,10, 25 mL

2 KDa MWCO
(Cat no: 69580)

Bandlein Sonoplus HD70

Eppendorf Biophotometer

Acrodisc PES 0.2 um, 32
mm, sterile (Article No.
514-4131)

Flex Cycler

PET, 0.4 um, 4.5 cm?, 24
mm (Article No. 657640)

JEOL JEM-2100 TEM

Optima L-80 x p

Rotor: SWA40Ti

14 ml ultra-clear Beckman
40Ti

Vivaspin Turbo 15

Vortex Power Mix L46
WB 20, P-D

6, 24, 96 (F-form)

Privileg (Stuttgart)

Thermo Scientific
(Erlangen)

A. Hartenstein (Wuerzburg)

Laborhaus Scheller
(Euerbach)

Nerbe Plus (Winsen)
WTW (Weilheim)

Brand (Wertheim)

Bio-Rad GmbH (Minchen)

Greiner (Frickenhausen)

Thermo Scientific
(Erlangen)

A. Hartenstein (Wuerzburg)

Eppendorf, Hamburg
PALL (Dreieich), VWR

Analytik Jena AG (Jena)

Greiner (Frickenhausen)

JEOL (Freising)

Beckman Coulter
(Sinsheim)
Beckman Coulter
(Sinsheim)

Sartorius

Labinco (Breda,
Niederlande)
Industriegesellschaft mbH
(Dresden)

Laborhaus Scheller
(Euerbach)

*Unless otherwise mentioned, Heraeus Multifuge X1 centrifuge was usually used for

centrifuging steps in the work.
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2.2 Chemicals

Table 2. 2: Chemicals used in this study

Chemicals

Company

Acetic acid

Agar bacteriology grade
Agarose

Ampicillin

Chromogenic E. coli coliform agar
(ECC)

Disodium phosphate (NazHPOs)
Dimethylsulfoxide (DMSO)
DNase | RNase-free

DNA loading dye 6x

Calcium chloride (CaCl)
Caesium chloride (CsCl)
Chloroform
Ethylenediaminetetraacetic acid (EDTA)
Ethanol (EtOH) 100 %
Ethidium bromide (EtBr)
Glacial acetic acid (100 %)
Glutaraldehyde

Glycerol (86%)

Glycol blue

Hydrogen chloride (HCI)

Isopropyl p-D-1-thiogalactopyranoside
(IPTG)

Magnesium chloride (MgCl2)
Magnesium sulphate (MgSOa4)
Methanol

Mitomycin C (MMC)

Carl Roth GmbH & Co. KG (Karlsruhe)
AppliChem (Darmstadt)

Peglab Biotechnologie GmbH (Erlangen)
Carl Roth GmbH & Co. KG (Karlsruhe)

Medco Diagnostica (Munich)

Carl Roth GmbH & Co. KG (Karlsruhe)
Thermo Fisher Scientific (Erlangen)
New England Biolabs (Frankfurt)
Thermo Fisher Scientific (Erlangen)

Carl Roth GmbH & Co. KG (Karlsruhe)
Sigma-Aldrich GmbH (Taufkirchen)

Sigma-Aldrich GmbH (Taufkirchen)

Carl Roth GmbH & Co. KG (Karlsruhe)
Carl Roth GmbH & Co. KG (Karlsruhe)
Carl Roth GmbH & Co. KG (Karlsruhe)
Carl Roth GmbH & Co. KG (Karlsruhe)
Sigma-Aldrich GmbH (Taufkirchen)

Carl Roth GmbH & Co. KG (Karlsruhe)
Thermo Fisher Scientific (Erlangen)

Carl Roth GmbH & Co. KG (Karlsruhe)
Carl Roth GmbH & Co. KG (Karlsruhe)

Carl Roth GmbH & Co. KG (Karlsruhe)
Carl Roth GmbH & Co. KG (Karlsruhe)
Carl Roth GmbH & Co. KG (Karlsruhe)
AppliChem (Darmstadt)
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Monopotassium phosphate (KH2POa4)
Monosodium phosphate (NaH2PO4)
N-acetylglucosamine (GICNAC)
Nucleoside triphosphate (ANTPS)
Polyethelene glycol 8000 (PEG 8000)
PCR master mix (2x)

Phenol liquified (90 %)

Phusion High-Fidelity DNA polymerase

2U/uL
Phusion 5x HF buffer

Polymyxin B sulfate

Potassium chloride (KCI)

Power SYBR® Green RNA-to-CT™ 1-

Step Kit
Proteinase K (RNA grade)

Proteinase K

RNAprotect Bacteria Reagent
RNAse A

RNAse free water

RT-PCR enzyme mix

Sodium acetate 3 M

Sodium chloride (NaCl)
Sodium hydroxide (NaOH)

Tryptone

Tris (hydroxymethyl)aminomethane
(Tris)

TruPAGE™ SDS running buffer (1x)
TruPAGE™ SDS sample buffer
Uranyl acetate

Yeast extract

B-Mercaptoethanol

Carl Roth GmbH & Co. KG (Karlsruhe)
Carl Roth GmbH & Co. KG (Karlsruhe)
Sigma-Aldrich GmbH (Taufkirchen)
Thermo Fisher Scientific (Erlangen)
Sigma-Aldrich GmbH (Taufkirchen)
Thermo Fisher Scientific (Erlangen)
Sigma-Aldrich GmbH (Taufkirchen)
Thermo Fisher Scientific (Erlangen)
Thermo Fisher Scientific (Erlangen)
Sigma-Aldrich GmbH (Taufkirchen)
Carl Roth GmbH & Co. KG (Karlsruhe)
Thermo Fisher Scientific (Erlangen)
Qiagen (Hilden)

Roche, Manheim

Qiagen (Hilden)

Sigma-Aldrich GmbH (Taufkirchen)
Thermo Fisher Scientific (Erlangen)
Thermo Fisher Scientific (Erlangen)
Carl Roth GmbH & Co. KG (Karlsruhe)
Carl Roth GmbH & Co. KG (Karlsruhe)
Carl Roth GmbH & Co. KG (Karlsruhe)
MP Biomedicals GmbH (Eschwege)
Carl Roth GmbH & Co. KG (Karlsruhe)
Sigma-Aldrich GmbH (Taufkirchen)
Sigma-Aldrich GmbH (Taufkirchen)
Science Services GmbH (Munich)

MP Biomedicals GmbH (Eschwege)
Carl Roth GmbH & Co. KG (Karlsruhe)
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2.3 DNA and protein markers

Table 2. 3: DNA and protein ladders used in this study

Figure Company
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2.4 Bacterial strains and phages

Table 2. 4: List of E. coli strains used in this study. Unless otherwise mentioned, the source
of the bacterial strains used in the study is the strain collection of the Institute for Molecular
Infection Biology (IMIB), Wuerzburg.

E. coli strain Serotype Description Strain
collection
Nr.
E. coli Nissle | O6:K5:H1 non-pathogenic probiotic strain, pMUT1, 464
1917 (EcN) pMUT?2, microcins H47/M, F1C-fimbria, type
1 fimbria, curli

source: Ardeypharm GmbH, Herdecke
E. coli K-12 | O-:H48:K- K-12 wildtype strain, F, 17, ilvG", rfb-50, 416
MG1655 rph-1

E.coli K-12 | O-:H48:K- = K-12 derivative; F, 2", mcrB, mrr, hsdS20 (rg~ 502
HB101 ,mg’), recA13, leuB6, ara-14, proA2, lacY1,
galK2, xyl-5, mtl-1, rpsL.20 (SmR), ginv44
E.coli K-12 | O-:H48:K- = K-12 derivative; F, endAl, hsdR17 (rk, mk), @ 278
DH5a SUpE44, thi-1, recAl, gyrA, relAl, 1,
A(lacZYA-argF) U169, ®80dlacZ AM15,
deoR, nupG
E.coliSE11 | O152:H28 @ commensal strain isolated from healthy adult | 528

source: Japan Collection of Microorganisms
(JCM 16574) (Oshima et al., 2008)
E. coli SE15 | O150:H5 commensal strain isolated from healthy adult | 529

source: Japan Collection of Microorganisms
(JCM 16575) (Toh et al., 2010)

E. coli 06:K2:H1 uropathogenic E. coli strain, human isolate, | 212
CFTO073 hemolysin, type IV Pili, S and P fimbrial
adhesins, a close relative to EcN
E. coli K-12 not K-12 strain harbouring lambda lysogen 462

993 W lysogen | determined
source: Klaus Hantke, Tuebingen

SK22D 06:K5:H1 a mchCDEF deletion mutant of EcN (no 498
microcins)

EcNA k5 06:K5:H1 | akps deletion mutant of ECN which lacks the | 94
entire determinant spanning from kpsF to
kpsM (17521 bp)
EcNA csg 06:K5:H1 | csg deletion mutant of EcN (no curli adhesin) | 96

EcNA bcs 06:K5:H1 bcs deletion mutant of ECN 97
(no cellulose)
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EcNA fliC 06:K5:H1 fliC deletion mutant of EcN 260
(no flagella)

MG1655R | OR:H48:K- MG1655 harbouring the pUC19 plasmid 566
(100 pg/ml Amp)

MG1655Rpr | OR:H48:K-  MG1655 harbouring the pUC19 plasmid with | 550
the phage repressor (pr) (100 pg/ml Amp)

MG1655sieB | OR:H48:K- | MG1655 harbouring the pUC19 plasmid with | 549
the superinfection exclusion protein B (sieB)
(100 pg/ml Amp)
MG1655 S | OR:H48:K- | MG1655 harbouring the pUC19 plasmid with | 569
the antisense transcript (1,104 bp) spanning
over the sieB and antitermination protein N
of EcN’s prophage 3 in the sense orientation
(100 pg/ml Amp)
MG1655 AS | OR:H48:K-  MG1655 harbouring the pUC19 plasmid with | 567
the antisense transcript (1,104 bp) spanning
over the sieB and antitermination protein N
of EcN’s prophage 3 in the antisense
orientation (100 pg/ml Amp)
MG1655 1772 OR:H48:K- | MG1655 harbouring the pUC19 plasmid with | 639
the gene: ECN_1772 (100 ug/ml Amp)

E. coli 0157:H7 stx1, stx2 harbouring STEC strain 3 (S3lab)

EDL933
source: Ulrich Dobrindt, Muenster

Table 2. 5: List of the phages used in this study.

Phages Source

Shiga toxin-producing phages (stx-phages) ' stx-phages were isolated and provided by
Dr Susanne Bury

Lambda phages lambda phages were isolated by inducing the
strain E. coli K-12 993 W lysogen

T4 phages IMIB, Wuerzburg

K5 capsule specific phages Statens Serum Institute

Cat No:60759

2.5 Oligonucleotides

Table 2. 6: Oligonucleotides used in this study. Unless otherwise mentioned, the
oligonucleotides used in this study were self-designed. NA: no amplicon was expected.

Name/ . .
ID in primer Sequence (5’- 3’) Amng:o)n S1z€ Amplification region
collection P

EcN_1L2 AATGAACCAGATCCGTGTGA 103
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EcN_1R2
EcN_4L2
EcN_4R2
EcN_5L1
EcN_5R1
K-12 _F
K-12_R
CFT_F
CFT_R
SE11 fwd

SE11 rev

SE15 fwd

SE15 rev

mchC_F

mchC_R

K5_ext_F
K5 ext_ R
K5_int_F
K5_int_R
csg_F
csg_R
bcsA F
bcsA R
fliC_F
fliC_R

A QF

CAGGTCCAAACGTAACAGTGC
GGGCGATCGGAT TTAATCAT
CGAGGACTCGGAGCTTACTG
GCCTCTCGCAACTTAACGAC
AGTTATCCAGCGTTGCCATC
ATCCTGCGCACCAATCAACAA
TTCCCACGGACATGAAGACTA
AAGAAAAGAGCAGAGCGAT
TAACAACCCCACCTTCAGTAT
GGAATTACCCATCCACCTGTA

AAACCCCGTTTCACTAAC

CCACTGATGTTGATAATGC

TTAGTTCTTCTGGCATCG

TGTCGAACACGTTTCCTGAG

AAACGCGACTGGATATCACC

AGTGAAGGAAGGCCCGGAAG
ATCAATCGCGTGCGTTCTGG
GAACGGTGCGGCAGTCAACG
GACGATGTCCCCACACGGCG
GCGGAAAACGGAGATTTAAAA

CCCTTGCTGGGTCGTATT

CCACCATTGCCATCTGCT

ACCGACGAAATGCTCACAG

GACGATTAGTGGGTGAAATGA

CGTCGACTAACAAAAAATGGC

GGAGAAGGCGCATGAGACTC
37

186

232

1,684

EcN: NA
CFT073: 421

EcN: NA
SE11: 257

EcCN: NA
SE15: 540

EcN: 3,558
SK22D: 608

EcN: NA
EcNAKS5: 1,126

EcN: 1,032
EcNAKS: NA

EcN: 1,322
EcNAcsg: 345

EcN: NA
EcNAbcs:
1,412

EcN: 2,184
EcNAfliC:475

624

EcN specific
chromosomal region

source: (Troge, 2012)

K-12 specific
chromosomal region

hlyD gene of CFT073

source: (Bury, 2018)

SE11 specific region
ECSE_4549

source: (Oshima et al.,
2008)

SE15 specific fimbrial
operon

source:(Toh et al.,
2010)

Screening of microcin
(mchC to mchF)
deletion in EcN

source:(Patzer et al.,
2003)

Screening of K5 (kpsF
to kpsM) capsule
deletion

Screening of K5 (kpsF
to kpsM) capsule
deletion

Screening of curli
(csg) deletion in ECN

source: (Bury, 2018)
Screening of cellulose
(bcs) deletion in ECN

source: (Bury, 2018)
Screening the flagellin
(fliC) deletion in ECN

source: (Bury, 2018)



A_QR

ndd_T4 F
ndd T4 R
pKD3_F
pKD3 R
lamB_RT_F
lamB_ RT R
Pr RT_F
Pr RT_R
hcaT_F

hcaT_R

1290_fwd

1290 _rev

2.6 Bacterial growth media and solutions

GCTGCTAACGTGTGACCGCAT

CCTCACTGGCGTCCGAAGAC

580
TCATGCGGCCTTGGAGTAGAA
ACACGTCTTGAGCGATTGTG

1,098
AGCCTCTCAAAGCAATTTTC
ATGTCTGCTCAGGCAATGC

EcN: 135
CACATTCGTTGCCAAGACGG
TCCGATTAGCAGGGCTTT EcN: 59
CCGGGCGTTTTTTATTGGT
ACAAACGCAGGCCAGAAAG

EcN: 127
GCTGCTCGGCTTTCTCATC

CATCCTGTTGTTTTGCGTTAGC

not applicable

GCTACAGCGAATGCCAAAT

Table 2. 7: Different media composition used in this study

(i) LB medium composition

Contents

Q gene (late gene
regulator) of lambda
phage

ndd gene of T4 phage

Screening pKD3
plasmid that is used as
an internal control in
T4 specific PCR

Real time PCR: lamB
gene of ECN

Real-time PCR: pr
gene of ECN

Real time PCR:
reference gene hcaT
of EcN

source:(Zhou et al.,
2011a)

Real-time PCR:
antisense strand of
sieB gene of ECN
Real-time PCR: sense
strand of sieB gene of
EcN

Amount

Yeast extract
NacCl
Tryptone
dH20

59

54

109

up to 1000 mL
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(i) 0.7 % LB soft agar composition

Contents Amount
Yeast extract 50
NaCl 50
Tryptone 10 g
Agar 790
dH20 up to 1000 mL
(iii) 1.5 % LB-Agar composition
Contents Amount
Yeast extract 59
NaCl 50
Tryptone 109
Agar 159
dH20 up to 1000 mL
(iv)  List of solutions used in this study
Solutions Composition
24.2 % (w/v) Tris, 5.7 % (v/v) Acetic acid, 10 % (v/v)
TAE buffer (50x) 0.5 M EDTA (pH 8.0)
0, 0, 0,
PBS (10x) 8 % (w/v) NaCl, 0.2 % (w/v) KCI, 1.44 % (w/v)

SM buffer (1x)

2.7 Commercially available assay kits

Table 2. 8: Kits used in this study

Assay kit

Na,HPO4
100 mM NaCl, 10mM MgSOsg,
50mM Tris-HCI, pH 7.5

Company

RIDASCREEN® Verotoxin ELISA (C2201)

RNeasy® Mini Kit
QIAquick PCR purification kit

Pro-Q®Emerald 300 Lipopolysaccharide Gel

Stain Kit ( Cat no: P20495)
12 % TruPAGE™ Precast Gels
(PCG2010-10EA)

R-BioPharm AG (Darmstadt)
Qiagen (Hilden)
Qiagen (Hilden)

Thermo Fisher Scientific (Erlangen)

Sigma-Aldrich GmbH (Taufkirchen)

2.8 Column preparation for caesium-chloride (CsCl) density centrifugation

Table 2. 9: Column preparation for CsClI density centrifugation

Density (p) Weight of CsCl (g)/ 20 ml | Loading volume/ Order*
SM buffer

1.3g/ml 7.8 2 ml/ first

1.5g/ml 13.4 2 ml/ second

39



1.8 g/ml 19 2 ml/ third
*the solutions were loaded in the given order into a 14 ml ultracentrifuge tube using a syringe
with a long needle (25 gauge) by always inserting the needle until the bottom of the tube

3 Methods

3.1 Microbiological methods

3.1.1 Overnight culture cultivation

For the overnight culture cultivation, a single bacteria colony or a loop of bacterial culture or
20 pl of bacterial glycerol stock was added to 2 ml Luria-Bertani (LB) medium ina 13 ml sterile
culture tube. The overnight culture (ONC) was incubated in a shaking incubator for 14 — 16 h

at 37 °C, 200 rpm.

3.1.2 Bacterial stock preparation and storage

For long term storage, 2 ml ONC was centrifuged in a tabletop microcentrifuge at 13,000 x g
for 5 mins at room temperature (RT). The pellet was thoroughly resuspended with 500 pl of
10 mM MgCl; after which, 1 ml of 86 % glycerol was added. After a brief vortex, the glycerol

stocks were stored at either -20 °C or -80 °C.

3.1.3 E. coli strain identification

E. coli strains were tested for their identity and purity by selective chromogenic E. coli coliform
agar (ECC) plates and polymerase chain reaction (PCR). ECC plates enable the differentiation
among E. coli strains based on the enzymes they possess and their ability to metabolize lactose
and R-glucuronides. Some E. coli strains harbour only R3-D-galactosidase enzyme-producing
pink to dark pink colonies. Whereas, the majority of E. coli strains additionally possess R-D-
glucuronidase enzyme and therefore producing blue to violet colonies. To test this, either a loop
of bacterial ONC was streaked on an ECC plate or 100 pl of ONC was serially diluted in 0.9 %
saline until 6™ dilution (10®) and 50 pl of the 6™ dilution was plated on an ECC plate using

sterile L-rod and incubated upside-down, at 37 °C overnight (O/N), after which the colony
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formation was observed. Further verification was performed by PCR where primers that
amplify selective genes of the individual strains were used in the PCR reaction (3.2.1). Primers
complementary to the flanking regions of the deleted genomic regions were employed in PCR
to validate the ECN mutants used in the study. The binding regions of the screening primers

used in this study are described in Annexure 1.

3.1.4 Bacterial growth

In various experimental setups, bacterial density was measured as optical density (OD) at a
wavelength (L) = 600 nm with a spectrophotometer. To determine the live bacterial count, the
colony-forming units (CFUs/ml) were measured by plating the serial dilutions of bacterial
culture on agar plates. Therefore, bacterial culture was diluted in 0.9 % saline and 100 pl of
appropriate dilution was plated with glass beads on LB-Agar plates with or without suitable
antibiotics or on an ECC plate. The plates were then incubated upside-down, at 37 °C, O/N,

before the CFUs/ml were noted.

3.1.5 Phage propagation

a. Lambda phage cultivation and storage

The induction of the lambda phages was achieved by adding 1 pg/ml of mitomycin C (MMC)
to mid-log growing phase (ODsoo 0.3 - 0.5) E. coli K-12 993 W lysogen culture harbouring
lambda lysogen. The culture was further incubated in the dark for 6 h at 37 °C in a rotary shaker
(200 rpm) and centrifuged at 4,696 x g for 5 mins at RT. Finally, lambda phages were isolated
by sterile filtering the supernatant with 0.2 um sterile filters and stored at 4 °C for future

experiments.

b. T4 phage cultivation and storage

For T4 phage production, either a single T4 phage plaque or 10° PFUs/ml T4 phage lysate was
inoculated into a mid-log growing phase E. coli K-12 MG1655 culture and incubated at 37 °C

in a rotary shaker (200 rpm) until clear lysis was observed (~6 h). The lysate was then
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centrifuged at 4,696 x g for 5 mins at RT and T4 phages were isolated by sterile filtration of the
supernatant with 0.2 um sterile filters and were stored at 4 °C for future experiments. For long

term storage, 2 % chloroform was added to the lysate, mixed well and stored at 4 °C.

3.1.6 Purification of phages

For microscopic experiments, pure T4 phage stock of high titer was produced by caesium
chloride density centrifugation as described by (Zeng and Golding, 2011). For this purpose, T4
phage lysate was produced in a large volume (1,000 ml) as described in 3.1.5_b. Further, 2 %
chloroform was added to the lysate, mixed well and incubated for 15 mins and centrifuged at
10,000 rpm for 15 mins, 4 °C in Avanti J-26XP centrifuge using 1 L Beckmann Coulter
centrifuge bottles. The supernatant (lysate) was stored in a 1,000 ml flask to which
DNAsel(1 pg/ml) and RNAse (1 pg/ml) were added and incubated for 1 h at RT. The phage
lysate was subjected to 1 M NaCl treatment and incubated on ice for 3 h in a 1 L centrifuge
bottle, followed by addition of 10 % polyethylene glycol (PEG 8000) until it was completely
dissolved and incubated for 16 h at 4 °C which resulted in precipitation of phages along with
PEG 8000. The lysate was then centrifuged in Avanti J-26XP centrifuge (10,000 rpm, 15 mins,
4°C) and the pellet (phage particles precipitated with PEG 8000) was dissolved in SM buffer
(4 ml SM buffer per 250 ml of initial phage lysate) and incubated for 16 hr at 4°C with very
mild shaking. The lysate (SM buffer with phage particles) was transferred into a 50 ml falcon
tube, and an equal volume of chloroform was added to the lysate and centrifuged at 4,696 x g,
15 mins at 4°C. Later, the supernatant was subjected to caesium-chloride (CsCl) density
centrifugation. 2 ml of three different densities (p) (1.3 g/ml, 1.5 g/ml and 1.7 g/ml) of CsCl
solution were prepared as described in the Table 2. 9 and loaded in a 14 ml ultra-clear Beckman
40Ti ultracentrifuge tube at the order of 1.3 g/ml, 1.5 g/ml and 1.7 g/ml. Phage lysate ( 8 ml)
was loaded on top of each tube and centrifuged in a Beckman SWA40Ti rotor at 4 °C

(24,000 rpm/ 4 h). The phage band which appeared between 1.3 g/ml and 1.5 g/ml CsCIl/SM
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layers (shown in Figure 3. 1) was carefully isolated with the help of a 25-gauge needle and a
syringe. The phages were dialyzed against 1000-fold more SM buffer for 16 h (buffer was
changed after 1 h, 4 h and 8 h) to get rid of the CsCl. The isolated phage stock was stored at

4 °C for further use.

— Debris band

- Phage band

TN THI

I

Figure 3. 1: Purified T4 phage band visible after CsCl density centrifugation

3.1.7 Coincubation conditions

In order to understand the influence of ECN on phages and phage infection of other sensitive
strains, co-/ and tri-culture experiments were performed. For this, ODesoo 0f bacterial ONCs
were determined and the cells were collected by centrifugation at 4,696 x g for 10 mins at RT.
The bacterial pellet was resuspended in LB medium to obtain ~10° CFUs/ml of E. coli strains
and 100 pl of phage extract was used to set up mono-/co-/or tri-cultures with 100 ul of EcN
and/or K-12 strains in a 24-well plate. Each well was adjusted to a final volume of 1 ml with
LB medium. The plates were incubated in a static manner for the desired amount of time at
37 °C. The CFUs/ml were determined by plating serial dilutions in 0.9 % saline on LB agar

plates or on ECC plates. The samples were sterile filtered for phage-plaque assay.

3.1.8 Phage-Plague-Assay (PPA)

To determine the number of plaque-forming units (PFUs/ml) in the sample, a phage plaque

assay was performed. For this, 200 pl of E. coli ONC (ODeoo ~ 2.0 to 3.0) was mixed along
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with 3 ml 0.7 % LB soft agar. In addition, 1.5 pg/ml mitomycin C (MMC) and 20 mM CaCl»
were used for determination of PFUs/ml of lysogenic phages. After a brief vortex, 3 ml of 0.7 %
LB soft agar was poured on 1.5 % LB agar plate. Once the plates were dried, phage samples
were serially diluted in 0.9 % saline and 10 pl of the serially diluted phage samples were spotted
on the plate. In the case of MG1655 recombinant strains harbouring a pUC19 plasmid with
ampicillin (Amp) cassette, the strains were grown in 100 pg/ml Amp supplemented medium
with 1 mM IPTG. When these strains were used as indicator strains in PPA, along with ONC,
100 pg/ml Amp + 1 mM IPTG were also used in 0.7 % LB agar. IPTG inductions were carried
out for 2 h at RT before the phages were dropped on a plate. The plates were allowed to dry

and incubated at 37 °C, O/N after which PFUs/ml were recorded.

3.1.9 Lambda lysogeny detection in E. coli samples incubated with lambda phages

In the case of lambda phage incubation with E. coli strains, the possible lysogeny was
determined by two factors: i) genome integration of phage DNA, ii) bacterial lysis and phage
production. Firstly, to determine the possible integration of phage DNA into the bacterial
genome after incubation, a lambda- phage specific PCR was performed with A _Q_F/R primer
pair. For this, E. coli cells incubated with the phages for 24 h were serially diluted and plated
on LB agar plates. After overnight incubation at 37 °C, all the colonies on the plate (~ 100 to
300) were collected using a sterile L-rod and further diluted to 1:1000 with 0.9 % saline. 2 pul
of diluted E. coli cells were used as a template for PCR with 2x PCR Master Mix to screen for
the lambda phage specific DNA (3.2.1). Secondly, to screen for the successful lysogeny in
E. coli cells incubated with the lambda phages, the phage production was induced using MMC.
In this experiment, the E. coli cells were incubated with lambda phages (10:1) for a longer
incubation time to allow possible lysogeny until the phage titer in the supernatant reached zero
(120 h). The cells were then washed with 0.9 % saline thrice by centrifuging in a tabletop

microcentrifuge (13,000 x g, RT, 5 min) and pellets were suspended in 1 ml LB medium and
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transferred to a 24 well plate to which 1 pg/ml MMC was added and incubated for 16 h at 37 °C,
static in dark to induce the phage production followed by sterile filtration to isolate the produced
phages. The phage signal was further amplified by adding 100 ul of MG1655 cells (~ 108
CFUs/ml) and the volume was adjusted to 1 ml with LB medium and incubated for 24 h at
37 °C, static. Finally, the supernatant of the incubation was collected by centrifugation and the

phage titer in the sample was determined by PPA (3.1.8).

3.1.10 Verotoxin ELISA

The Stx level of the given sample was determined with the Ridascreen® Verotoxin ELISA kit
in a 96-well microtiter plate, which is coated with a monoclonal antibody binding specifically
to Stx1 and Stx2. Samples were diluted (1:10) in 0.9 % saline, mixed by vortex and 100 ul of
the diluted samples were transferred to the provided 96-well microtiter plate. The ELISA was
performed according to the manufacturer’s instructions. The toxin concentrations in each well
were measured with the Multiscan FC Microplate Photometer at the ODaso. The obtained values
were multiplicated by 10. The control provided in the kit served as positive control and 0.9 %

saline was used as the negative control.

3.1.11 Processing of E. coli culture and supernatants

To study the phage inactivation mechanism(s), E. coli cells and supernatants were subjected to

different treatments as described below:

3.1.111 Heat killing (HK) or 1 9% formaldehyde (FA) treatment:

10 ml of 24 h static cultures were pelleted at 4,696 x g for 10 mins at RT and washed twice with
500 pl of 0.9 % saline. The pellets were resuspended in LB medium to obtain 10 CFUs/ml
and 300 pl of EcN cells were transferred to 1.5 ml Eppendorf tubes and thereon heat-killed for
1 hat 100 °C (HK) or 300 ul of resuspended EcN cells were incubated in 1 % FA, O/N at 4 °C.,
The 1 % FA fixed E. coli were washed twice with 500 pl of 0.9 % saline (13,000 x g, 5 mins,

RT) and resuspended in LB medium to reach 10'° CFUs/ml. Finally, 100 pl of the killed E. coli
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were mixed with 100 pl of phages, adjusted to 1 ml with LB medium and incubated for 24 h at

37 °C in a 24 well system.

3.1.11.2 Proteinase K (PK) or sodium meta periodate (SMP) treatment

Both PK and SMP treatment of live E. coli cells led to only partial effect and always survivor
E. coli cells were observed, hence for these experiments, the E. coli cells were first killed with

heat and then further treatments were carried out.

Like heat-killing, the pellets of 24 h static cultures were resuspended in LB medium to obtain
101° CFUs/ml and 300 pl was heat-killed for 1 h at 100 °C. For proteinase K treatment,
proteinase K (PK) was added to the heat-killed cells at a final concentration of 1 mg/ml and
incubated at 37 °C for 1 h, followed by an inactivation at 75 °C for 20 mins. After which, 100 pl
of heat-killed and PK treated cells (HK + PK) were used in coincubation studies with 100 pl of
phages in 1 ml LB medium for further studies. In case of SMP treatment, 300 ul of heat-killed
cells were treated with SMP (40 mM) and incubated at RT for 1 h followed by washing with

fresh LB medium twice. 100 ul of the sample was then used in coincubation studies.

3.1.11.3 Supernatant preparation

On the other hand, the supernatants of 10 ml, 24 h static culture were sterile filtered with
0.22 um PALL sterile filter and concentrated approximately 10-fold (10x) with Vivaspin Turbo
15 (MWCO - 5 KDa) by centrifuging at 4,696 x g, RT for 20 mins. The flow-through from the
centrifugation (S_FT) was also used in the coincubation in order to test the involvement of low
molecular weight components of the supernatant in phage inactivation. 100 ul of concentrated
supernatant (10x) was added to 100 pl of phages and the volume was made up to 1 ml with LB

medium and incubated for 24 h at 37 °C in a 24 well system.
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3.1.11.4

Polymyxin B (PMB) treatment

To understand the involvement of LPS in phage inactivation, heat-killed E. coli cultures

(10%° CFUs/ml) or supernatants were incubated with PMB of a final concentration 25 pg/ml for

1 hat 37 °C. 100 pl of the PMB treated E. coli /supernatant was added to 100 ul of phages, to

a final volume of 1 ml with LB medium and incubated for 24 h at 37 °C in a 24-well plate. For

the experimental setup involving PMB treatment, 25 pg/ml PMB was used also in the

coincubation set up in a 24 well plate.

The details of the coincubation setup made with samples subjected to the above-mentioned

processing methods are described in Table 3. 1 below.

Table 3. 1: Description of processed E. coli samples

Legend Description (set up in a 24 well plate)

LB Medium control
100 pl of ~10° PFUs/ml T4 phage lysate + 900 pl of LB medium

LB_S Medium control (10x concentrated)
100 pl of ~10° PFUs/ml T4 phage lysate + 100 pl of 10x concentrated LB
medium + 800 ul of LB medium

EcN Live EcN cells
100 pl of ~10° PFUs/mI T4 phage lysate + 100 pl of ~10° EcN (overnight grown
and washed) CFUs/ml + 800 ul of LB medium

EcN_S EcN supernatant (10x concentrated)
100 pl of ~10° PFUs/ml T4 phage lysate + 100 pl of 10x concentrated EcN
supernatant of overnight grown EcN cells + 800 pl of LB medium

MG_S MG1655 supernatant (10x concentrated)
100 pl of ~10° PFUs/ml T4 phage lysate + 100 pl of 10x concentrated MG1655
supernatant of overnight grown MG1655 cells + 800 ul of LB medium

EcN_HK | Heat-killed EcN cells
100 pl of ~10° PFUs/ml T4 phage lysate + 100 pl of EcN heat-killed cells + 800
pl of LB medium

EcN + 1%  Formaldehyde-killed EcN cells

FA
100 pl of ~10° PFUs/ml T4 phage lysate + 100 pl of formaldehyde-killed EcN
cells + 800 pl of LB medium

HK_S Supernatant of heat-killed EcN cells
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100 pl of ~10° PFUs/ml T4 phage lysate + 100 pl supernatant of heat-killed
EcN cells + 800 ul of LB medium
EcN_S FT | Flow-through from EcN supernatant (< 5 KDa)

100 pl of ~10° PFUs/ml T4 phage lysate + 900 pl flow-through of EcN
supernatant from Vivaspin Turbo 15 (MWCO < 5 KDa)
+ PK Proteinase K (1 mg/ml) treated sample

100 pl of ~10° PFUs/ml T4 phage lysate + 100 pl of PK treated sample + 800 pl
of LB medium
+ SMP Sodium meta periodate (40 mM) treated sample

100 pl of ~10° PFUs/ml T4 phage lysate + 100 pl of PK treated sample + 800 pl
of LB medium
+ PMB Polymyxin B (25 pg/ml) treated sample

100 pl of ~10° PFUs/ml T4 phage lysate + 100 pl of PK treated sample + 785 pl
of LB medium + 15 pl of 0.5 mg/ml PMB (25 pg/ml)

3.1.12 LPS isolation

To isolate LPS from E. coli strains, 20 ml cultures (ODsoo ~ 0.5) were centrifuged at 10,000 x g
for 5 mins. The pellets were washed twice in PBS and sonicated for 10 mins on ice (amplitude
60 %, 30 sec off/ 30 sec on) followed by treatment with 1 mg/ml proteinase K to the cell mixture
and the tubes were incubated at 65 °C for an additional hour. The mixture was subsequently
treated with RNAse (140 ug/mL) and DNAse (20 pg/mL) in the presence of 10 pl 20 % MgSOs,
40 pl chloroform and incubated O/N at 37 °C. At the following day, an equal volume of hot
90 % phenol (65 - 70) °C was added to the sample followed by vigorous shaking at (65 —70) “C
for 15 mins. Suspensions were then cooled and centrifuged at 8,500 x g, 15 mins and the
supernatants were transferred to 15 ml falcon tubes to which sodium acetate (0.5 M final
concentration) and 10 volumes of 95 % ethanol were added. Samples were stored at -20 °C,
overnight to precipitate. The next day, the tubes were centrifuged (2,000 x g, 10 mins, 4 °C)
and the pellets were resuspended in 1 ml distilled water. Further, samples were dialyzed
extensively against Millipore water at 4 °C. Finally, the purified LPS product was stored

at - 20 °C until use.
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3.1.13 Testing the T4 phage adsorption to E. coli

To understand the T4 phage attachment to E. coli, T4 phages were added to 10 ml of a mid-log
grown phase E. coli culture (ODeoo - 0.5) at an MOI of 100 times more E. coli than phages.
500 pl of the culture was taken at different time points (0, 1, 3, 6, 9, 12 and 30 mins) after the

addition of T4 phages and sterile filtered after which the PFUs/ml were determined by PPA.

3.2 Molecular biological methods

3.2.1 Polymerase Chain Reaction (PCR)

PCR is a basic molecular biology technique used for the exponential replication of a specific
DNA segment, wherein the length of the DNA segment to be amplified is defined by the primer
pair used. The amplification cycles consist of three steps which begins with denaturing the
double-stranded (ds) DNA by heating it to a temperature between 95 °C and 98 °C so that the
hydrogen bonds between the individual base pairs could be dissolved. In the second step, each
primer of the pair binds to the complementary sequence of the single-stranded (ss) DNA
segment at an optimal primer annealing temperature depending on its sequence. Finally, the
elongation step takes place at 72 °C in which DNA polymerase adds the nucleotides to the 3’
end of the primer, thereby extending the DNA strand and the elongation time depends on the
length of the amplicon. The number of amplification cycles depends on the type of polymerase
or nucleotide concentration which is usually 30 to 35 cycles. Finally, an extended elongation
phase for 10 mins was provided to complete the elongation of all the amplicons generated in
every cycle. In this work, for standard PCR reactions, a Taq polymerase-based master mix,
PCR Master Mix (2x) was used. The PCR conditions and temperature profiles were used
according to the manufacturer’s instructions which are listed in Table 3. 2. And for the
experiments in which the PCR amplicons would be used in subsequent sequencing and cloning,
Phusion High-Fidelity DNA polymerase was used. The PCR conditions and temperature

profiles for Phusion Polymerase-based PCR reaction are listed in Table 3. 3. The optimal
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annealing temperature was adapted according to the primer pair used. Unless otherwise
mentioned, E. coli templates were prepared by incubating 100 pl of bacterial ONC in 1.5 ml
Eppendorf tube for 10 mins at 100 °C or a colony was picked from LB agar plate and dissolved
in 100 pl 0.9 % saline and incubated for 10 mins at 100 °C. For other specific PCRs used in the

study, template preparation is explained in the respective method sections.

Table 3. 2:Taqg polymerase-based PCR Master Mix (2x) reaction set up

PCR reaction mix 1x PCR condition

2x PCR MM 125 ul step 1: 95 °C for 5 mins
: step 2: 95 °C for 30 sec

Forward primer (10 uM) 1.25 pl (0.5 pM) *step 3: X °C for 1 mins

step 4: 72 °C for 1 mins/kb
step 2 to 4 — 35 cycles

step 5: 72 °C for 10 mins
step 6: hold at 4 °C

Reverse primer (10 pM) 1.25 pl (0.5 pM)

Template 2 ul

(Plasmid DNA — 20 to 30 ng)
(Genomic DNA - 100 ng)
Millipore water Up to 25 pl

*The annealing temperature in step 3 (X °C) was calculated according to the primers used

Table 3. 3: Phusion High-Fidelity DNA polymerase -based PCR reaction set up

PCR reaction mix 1x PCR condition
5X Phusion HF Buffer 10 pl step 1: 98 °C for 45 sec
10 mM dNTPs 1pl step 2: 98 °C for 10 sec
Forward primer (10 uM) | 2.5 pl (0.5 pM) *step 3: X °C for 30 sec
Reverse primer (10 uM) | 2.5 ul (0.5 uM) step 4: 72 °C for 15-30 sec/kb
100 % DMSO 1.5 pl (3 %) step 2 to 4 — 35 cycles
Template (Plasmid DNA — 20 to 30 ng) | step 5: 72 °C for 10 mins

(Genomic DNA — 100 ng) step 6: hold at 4 °C
Phusion DNA | 0.5 ul
Polymerase
Millipore water Up to 50 ul

*The annealing temperature in step 3 (X °C) was calculated according to the primers used

3.2.2 Localization of T4 phage DNA by T4 specific PCR

T4 specific PCR was adopted to check whether the T4 phages are bound to EcN or localized in
the supernatant after coincubation. For this, 1 ml of E. coli cells incubated with T4 phages at

an MOI of 1:1 for 24 h, static at 37 °C were centrifuged at 4,696 x g for 10 mins at RT. The
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pellets were washed twice with 0.9 % saline (13,000 x g, RT, 5 mins) and were then resuspended
in 1 ml of fresh LB medium. Similarly, the supernatant from coincubation was sterile filtered.
In this PCR, the ndd gene, specific for T4 phages was screened with T4 _ndd_F/R primer pair.
As an internal control, 1 pl of plasmid pKD3 was used along with primer pair pKD3_F/R in
each PCR reaction and 2 pl of EcN pellet and supernatant samples were used as a template for

PCR with 2x PCR Master Mix as described in the Table 3. 4.

Table 3. 4: PCR conditions for localization of T4 phage DNA by T4 specific PCR

PCR reaction mix 1x PCR condition
2Xx PCR MM 12.5 pl step 1: 95 °C for 5 min
T4 ndd F 1.25 ul step 2: 95 °C for 30 sec
T4 ndd R 1.25 pl step 3: 55 °C for 1 min
Plasmid pKD3 1ul (30ng)  step4: 72 °C for 2 min
pKD3_F 1.25 step 2to 4 — 35 cycles

step 5: 72 °C for 10 min

pKD3 R 1.25 ul ) o
Template 2l step 6: hold at 4 °C
Water Up to 25 pl

3.2.3 Aagarose gel electrophoresis

For visualization of the PCR amplicons, 2 % agarose gel was prepared. For this, 3 g of agarose
was melted in 150 ml 1x TAE buffer in a 250 ml Erlenmeyer flask until the agarose was
completely dissolved. The agarose solution was then carefully poured into a gel casting
chamber with 26-well comb and left until it was completely hardened. The gel was then
carefully shifted into the electrophoresis chamber and the comb was removed. The sample to
be visualized on the gel was mixed with 6x DNA loading dye and 10 ul of the mixture was
loaded into gel pocket. For the DNA size control, 7 pl of DNA ladder with appropriate DNA
length was loaded. The DNA ladders used in this are mentioned in Table 2. 3. The DNA was
separated by size during electrophoresis at 150 V, 500 mA for 1 h in 1x TAE bath. After the
electrophoresis, the gel was carefully transferred to an ethidium bromide (EtBr) bath and

incubated for 20 mins to allow inter-chelation. Unbound EtBr was washed off with distilled
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water and then DNA chelated by EtBr was visualized at the INTAS Gel documentation system
at 300 nm (EtBr absorbance maximum). The visualized picture was saved as “TIFF” file and

used for further analysis and the gel pictures were processed with ImageJ 1.50i.

3.2.4 Purification of PCR amplicons

The PCR amplicons which were further employed in cloning experiments or needed to be
sequenced were purified with QIAquick PCR Purification Kit according to the manufacturer’s
instruction. Using QIAquick spin columns provided in this kit, any PCR amplicons ranging
from 100 bp to 10 kb can be purified from unused primers, nucleotides, polymerases, and salts.
After the purification, the amplicon was again tested on 2 % agarose gel by electrophoresis and
also the concentration of the PCR product was determined with NanoDrop 2000c

spectrophotometer at an absorbance of 260/280 nm and 260/230 nm.

3.2.5 Gel extraction

QIAquick Gel Extraction Kit was used for isolating the DNA fragments from agarose gels by
removing the agarose, salt and ethidium bromide contamination which could hinder their
downstream application. The extraction was performed according to manufacturer’s instruction
after which the fragment was again tested on 2 % agarose gel by electrophoresis and also the
concentration of the DNA was determined with NanoDrop 2000c spectrophotometer at an

absorbance of 260/280 nm and 260/230.

3.2.6 Seguencing

The PCR product was sent for sequencing to LGC genomics after either PCR purification or
gel extraction. The concentration of the sample sent for sequencing was determined according
to the instruction from the company which was based on the length of the DNA fragment to be
sequenced. Generally, for one sample to be sequenced, 10 ul of the sample (made up to the
concentration suggested by the company) was mixed with either 4 ul of the forward primer or

4 ul of the reverse primer and 2 x 14 pl samples were sent for sequencing.
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3.2.7 RNA isolation

To understand the transcriptomic response of EcN at different culturing conditions or towards
coincubation with phages or other E. coli strains, RNA was isolated from EcN cultures that
were grown in different culturing conditions (3.4.1) or from EcN that was incubated with
phages as described in 3.1.7 or with other E. coli strains in a Transwell system as described in
3.4.2. EcN cultures incubated at a specific condition were pooled as one replication, and for
each condition, RNA was isolated from three replicates. The 3 ml culture was then transferred
into a 15 ml falcon tube containing 6 ml of RNAprotect® Bacteria Reagent and incubated for
5 mins at RT followed by centrifugation for 10 mins at 4,696 x g. Total bacterial RNA was
isolated from the pellet using the RNAeasy Mini Kit according to the manufacturer’s
instructions. Contaminating DNA was removed by DNase (2 U/ml) digestion for 10 mins at
37 °C. The remaining RNA was further purified by ethanol precipitation for which the isolated
RNA was pipetted to a 1.5 ml Eppendorf tube and adjusted to a final volume of 180 ul with
RNase free water. 18 pl of 3 M sodium acetate and 1.33 pl of 15 mg/ml GlycoBlue were added
and the sample was gently vortexed. 600 pl of 100 % EtOH was added and the solution was
incubated at -20 °C overnight. The next day, the RNA was collected by pelleting it at 13,000 x g
for 30 mins at 4 °C in a tabletop microcentrifuge. The resulting pellet (blue colour can be seen)
was cleaned in a double washing step with 250 ul 70 % ice-cold EtOH (13,000 x g, 5 mins, 4
°C). After air-drying of the pellet to remove residual ethanol, the RNA was dissolved in 25 pul
of RNase free water. The RNA content was determined by measuring the absorbance at 260 nm
and 230 nm at the NanoDrop 2000c spectrophotometer. The total RNA quality was also
assessed by Core Unit SystemMedicin (SysMed) with an Agilent 2100 Bioanalyzer (Agilent,

CA). RNA integrity numbers of all samples were ~8.0 or more.
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3.2.8 Quantitative Real-Time PCR (gRT-PCR)

gRT-PCR is atool used to quantify the RNA and thereby analysing the transcript level and gene
expression of any organism at a certain time point. Unlike the conventional PCR, it monitors
the amplification of a specific DNA molecule during the PCR and reports the kinetics of
amplification and hence referred to as real-time. The initial step is reverse transcription where
the reverse transcriptase enzyme transcribes mRNA into cDNA which is used as a template in
gRT-PCR. After the initial denaturation and primer annealing, dSDNA amplicons are produced.
The quantification is done by detecting the signal from the fluorescent dye SYBR green in the
gRT-PCR mix, which can only bind to the minor groove of dsDNA and thereby quantifying the
transcript level. The amplification curve obtained by qRT-PCR can be subdivided into three
phases: (i) the baseline phase in which the DNA concentration and hence, the level of bound
fluorescent dye is too low to be detected, (ii) the exponential phase in which the amplification
of the template proceeds and the fluorescence dye exceeds a certain threshold and from this
time point, the DNA amplification can be tracked at a wavelength of 510 nm (iii) the last plateau
phase, in which the DNA amplification has reached its maximum as the number of free enzymes
is too low to continue the amplification. In our study, the gRT-PCR method was used to validate
the results of the transcriptomic analysis which indicated upregulation of certain genes in ECN
in presence of phages and to quantify the expression of lamB gene in ECN upon induction with
maltose. Primers which amplify specific DNA fragments were designed and the optimal
concentration was determined. The isolated RNA was diluted to 40 ng/ul with RNase free
water. 1 ul of the RNA was used as a template in the Power SYBR™ Green RNA-to-CT™ 1-

Step Kit. Following thermal cycler conditions were applied:

48 °C/30 mins - 95 °C/10 mins - [95 °C/15 sec - 60 °C/1 min] 40x

Reverse transcription - Activation of the polymerase - [Denaturation - Annealing/Elongation]

The constantly expressed E. coli gene hcaT was used as the reference gene (Zhou et al., 2011a).
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3.2.9 Two-step RT-PCR

Although the above-mentioned one-step RT-PCR method is very quick and reliable, in case of
issues with antisense regulations it would be ideal to do a two-step RT-PCR where PCR is
performed after cDNA synthesis. Elaborately, in one-step RT-PCR, during cDNA synthesis
step there is a possibility that both sense and antisense cDNA could be synthesized. For e.g. the
forward primer would bind to the complementary strand of the sense strand and will synthesize
cDNA and this cDNA synthesized will be based on the number of antisense transcript available.
In the same case, there is also a possibility that the reverse primer of the forward strand acting
as a forward primer for the complementary strand and synthesizing cDNA of sense transcripts.
Hence when there was a need, to identify if the regulation was from particularly from sense or
antisense strand, we synthesized cDNA in the first step with an appropriate gene-specific primer
and then do the PCR in the next step. For understanding the regulation of antisense transcript
of sieB gene in EcN a forward primer (1290 fwd) was used, and to understand the sense
regulation a reverse primer (1290_rev) was used in the preparation of cDNA reaction master
mix | as described in Table 3. 5 and then 100 ng of RNA sample was added to master mix and
RNA was denatured at 65 °C for 5 mins after which 7 pl of master mix Il prepared as described
in Table 3. 6 was added. The reaction mixture was incubated for cDNA synthesis at 50 °C for
10 mins and then inactivation was carried out at 80 °C for 10 mins. Finally, in the second step,
the PCR was performed by adding 1 pl of synthesized cDNA or water to 9 pul PCR master mix
prepared as described in Table 3. 7 and the following thermal cycler conditions were applied

similar to one-step RT-PCR (3.2.8).

95 °C/10 mins - [95 °C/15 sec - 60 °C/1 min] 40x

Activation of the polymerase - [Denaturation - Annealing/Elongation]

The constantly expressed E. coli gene hcaT was used as reverence gene (Zhou et al., 2011a).
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Table 3. 5: cDNA synthesis master mix | for step 1 of two-step RT PCR

Master mix | Ix (ul)
10mM dNTP mix 1
Primer (1290_fwd/1290 rev) 1

Nuclease free H.O 8

Table 3. 6: cDNA synthesis master mix Il for step 1 of two-step RT PCR

Master mix 11 1x (ul)
5x SSIV RT buffer 4
100 mM DTT
RNAse OUT inhibitor 1
SSIV RT enzyme 1

Table 3. 7: PCR master mix for step 2 of two-step RT PCR

PCR master mix X (ul)
SyBr green PCR mix 5
1290_fwd (200 nM) 1
1290_rev (200 nM) 1
dH20 2

3.2.10 gRT-PCR data analysis

The cDNAs threshold cycle (Ct) values, obtained by qRT-PCR, were analysed through the
comparative AACT method (Giulietti et al., 2001). For each gene-targeted, this method
compares the Ct value of the test samples with the Ct value of the reference sample. For each
target gene expression, Ct values are normalized according to the values of the housekeeping
gene. The relative expression of the target genes in the different samples were calculated
according to the following formula: ACt = Ct (target gene) - Ct (housekeeping gene) where Ct
(target gene) indicates the value of the threshold cycle for the gene of interest, and Ct
(housekeeping gene) indicates the value of the threshold cycle for the housekeeping gene used

as normalizer. Subsequently, the relative expression of all samples in comparison with the Ct
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values obtained from the corresponding control was calculated as follows: RE = 2-AACt, where
AACt = ACt (sample) — ACt (control) and RE indicates the relative expression, ACt (sample)
indicates the difference between Ct values of the target gene and the housekeeping gene(s)
calculated for the test sample, ACt (control) indicates the difference between the Ct values of

the target gene and the Ct values of the housekeeping gene obtained from the control.

3.2.11 SDS gel electrophoresis and LPS specific staining

The isolated LPS samples were visualized on 12 % TruPAGE™ Precast Gels following the
manufacturer’s instruction. Briefly, the isolated LPS samples (32.5 ul) were mixed with 5 pl of
10 % R-mercaptoethanol and 12.5 pl of SDS sample loading buffer (TruPAGE™ SDS sample
buffer) and samples were heated at 70 °C for 10 mins, after which 20 ul was loaded on to the
12 % TruPAGE™ Precast Gels assembled on the Mini-PROTEAN Tetra cell SDS PAGE
system and 1x TruPAGE™ SDS running buffer was used and electrophoresis was carried out
at 180 V for 1 h. After electrophoresis, the gel was subjected to LPS specific staining with the
help of Pro-Q® Emerald 300 LPS gel stain kit. The procedure involves initial fixation of the gel
in a fixation solution containing 50 % methanol and 5 % acetic acid followed by oxidation with
a solution of periodic acid and 3 % acetic acid. The gel was carefully washed with a solution of
3 % glacial acetic acid in between every step and finally the gel was stained with freshly
prepared Pro-Q® Emerald 300 Staining Solution. The staining solution stock and periodic acid
were provided in the kit and a detailed protocol was provided by the manufacturer along with

the kit and also available online (https://assets.thermofisher.com/TFS-

Assets/LSG/manuals/mp20495.pdf). Finally, the stained gel was visualized using INTAS Gel

documentation system at 300 nm and the picture was saved as “TIFF” file for further analysis.
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3.3 Microscopic methods

3.3.1 Confocal microscopic examination of T4 phage and E. coli interaction

For the confocal microscopy, the bacteria-phage infection method was adapted from (Zeng and
Golding, 2011) and modified for T4 phages as described here: T4 phages (~10* PFUs/ml) were
stained with 0.5 pg/ml DAPI and incubated for10 mins at room RT in dark. The excess DAPI
was removed by dialyzing the phages using Slide-A-Lyzer mini dialysis cassette (2 KDa
MWCOQO) against 100-fold LB medium in a 50 ml falcon tube (4 h, 4 °C, rolling). Meanwhile,
the LB agarose slabs were prepared as described in (Zeng and Golding, 2011) and following
the dialysis, 100 pl of DAPI stained T4 phages were mixed with 500 pl of mid-log growing
phase E. coli and was incubated for 30 mins on ice and subsequently, the mixture was moved
to 37 °C for 5 mins. The samples were immediately pelleted down (8,000 x g, 5 mins) in a
tabletop microcentrifuge and the pellets were resuspended in 50 pl LB medium and 2 pl of the
phage-bacteria mixture was placed on the agarose slab and it was covered with a coverslip (24
x 50 mm). After a minute the slide was carefully mounted on the microscope stage and imaging

was done at high magnification (100x objective) by Leica microscope-TCS MP5.

3.3.2 Transmission electron microscopic examination of EcN after incubation with T4

phages

For negative staining, T4 phages were incubated with ECN at an MOI (multiplicity of infection)
of 100 (EcN:T4 - 100:1) for 1 h at 37 °C and the samples were then fixed with 0.5 %
glutaraldehyde and stained with 0.5 % uranyl acetate on a copper grid. The image was captured
in JEOL JEM-2100 TEM at Zentrale Abteilung fur Mikroskopie, Biocentre, Universitat

Wirzburg.

3.4 Transcriptomics experimental setup

E. coli is economical, and we believe, the factors influencing its effects are produced only when
necessary. Hence, to study the mechanism(s) behind EcN’s probiotic effect and its antagonistic
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effect on the other E. coli strains (e.g. inhibition of shiga toxin production in EHEC) we isolated
RNA from EcN that was under different experimental setup and performed RNA sequencing

followed by transcriptome analysis to understand the gene regulations.

3.4.1 Single culture: fermenter and LB culture set up

EcN was grown under different culturing conditions such as fermenter-grown and LB-overnight
grown. For the fermenter grown condition, the EcN cell pellets from two different time points
of stationary phase were obtained from Ardeypharm GmbH, Herdecke. The schematic
representation (Figure 3. 2) depicts the timeline of the fermentation process and the timepoints
at which the samples were obtained. For the LB-overnight grown condition, 3 ml of LB medium
was inoculated with 20 ul of EcN glycerol stock in a sterile culture tube and incubated overnight

at 37 °C, 180 rpm in a shaker.

Glucose is added until
end of the log phase

Transferred
1 gna

'I‘r:nsfomd to fermenter 2
Over night 1# fermenter (1:10 Im
culture 201ts diluted) ,7
l | ] ] I 2 hours of cooling ] I = |

"

Log phase Stationary phase
1. Sample from start of the stationary phase

2. Sample from end of the stationary phase

Figure 3. 2: Schematic representation of the Mutaflor fermentation process. ECN samples
were obtained from starting (1) and ending (2) of the stationary phase from Ardeypharm GmbH,
Herdecke

3.4.2 Coculture: Transwell assay set up

A Transwell system was used to coculture the E. coli strains to understand the transcriptomic
response of ECN towards the other strain. In this approach, the bacterial strains were separated
by a ThinCertTM Cell Culture Insert with a pore size of 0.4 um, which allowed the diffusion
of all secreted substrates but kept the strains separated. As described in (3.1.7), the bacterial
strains were centrifuged and diluted to the mentioned ODsoo values. 250 ul of the prepared EcN

culture was added to the well (lower compartment) and 250 pl of E. coli EDL933 or MG1655
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culture was added to the insert (upper compartment) in a 6 well plate and each compartment

was adjusted to a final volume of 2.5 ml LB medium.

| Upper compartment

\ /_—|—~ ThinCertTM cell culture insert

........ (0,4 ym pore size)

Lower compartment

| 6-well cell culture plate

Figure 3. 3: lllustration of a typical Transwell system used in this study.

Figure 3. 3 is the graphical depiction of a Transwell system used in this study. The plates were
then sealed with parafilm and incubated for the desired amount of time at 37 °C, static after

which the RNA was isolated, and the Stx-level was determined by ELISA.

3.5 Bioinformatic analysis

For RNA sequencing and subsequent transcriptome analysis, the RNA samples were sent to
Core Unit SystemMedicin (SysMed), IMIB, Wuerzburg. The following protocol (3.5.1 and

3.5.2) was performed and provided by the members of the Core Unit (Dr Richa Barti).

3.5.1 RNA library preparation for transcriptome analysis

Extracted RNA was depleted of ribosomal RNA using the Ribo-Zero rRNA Removal Kit for
bacteria (Illumina) according to the manual. Depleted RNA was fragmented for 3 mins at 94°C
using the NEBNext Magnesium RNA Fragmentation Module. The RNA ends were repaired
with two consecutive T4 PNK incubations (-/+ ATP) and an RppH treatment. Library
preparation was performed according to the NEBNext Multiplex Small RNA Library
Preparation Guide for lllumina. All adapters and primers were diluted 1:4 and 15 and 16 cycles
of PCR were used, respectively. No size selection was performed at the end of the protocol. 12

libraries were pooled and sequenced on a NextSeq 500 with a read length of 75 nt.
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3.5.2 Analysis of deep sequencing data

The quality of raw reads (Phred scores, number of duplicates and adapter) were assessed using
FastQC (version-0.11.31) (Andrews, 2010). In order to assure a high sequence quality, the
Illumina reads in FASTQ format were trimmed with a cut-off phred score of 20 by cutadapt
(version-1.15) (Martin, 2011) that also was used to remove the sequencing adapter sequences.
The following steps were performed using the subcommand "create™, "align™ and "coverage"
of the tool READemption (version-0.4.3)(Forstner et al., 2014) with default parameters. Reads
with a length below 20nt were removed and the remaining reads were mapped to the reference
genome sequences (NCBI Reference Sequence: NZ_CP007799.1, [27 June 2014]) using
segemehl (Hoffmann et al., 2009). Coverage plots in wiggle format representing the number of
aligned reads per nucleotide were generated based on the aligned reads and visualized in the
Integrated Genome Browser (Freese et al., 2016). Each graph was normalized to the total
number of reads that could be aligned from the respective library. To restore the original data
range and prevent rounding of the small error to zero by genome browsers, each graph was then
multiplied by the minimum number of mapped reads calculated overall libraries. The
differentially expressed genes were identified using DESeq2 (version-1.16.1)(Love et al.,
2014). In all cases, only genes with maximum Benjamin-Hochberg corrected p-value (padj) of
0.05, were classified as significantly differentially expressed. The data were represented as MA
plots using R. The RNA-Seq data dealing with ECN’s transcriptional changes when coincubated
with phages (lambda/T4) has been deposited at the NCBI Gene Expression Omnibus (Edgar et
al., 2002) and GEO series accession number for the respective projects are provided in the

respective result sections.

3.5.3 Functional prediction

Functions of the genes that were significantly up or downregulated in EcN under different

conditions were predicted by searching their gene annotations in online databases like Uniprot
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(https://www.uniprot.org/) or Ecocyc (https://ecocyc.org/). For those genes annotated as
hypothetical proteins in  EcN’s genome, their sequences were Dblasted at

https://blast.ncbi.nim.nih.gov/Blast.cgi under nucleotide blast against E. coli taxonomic group.

By screening the hits with the maximum score and highest query cover, the function of the

hypothetical proteins could be predicted.

3.6 Statistical analysis

The experiments were performed independently for at least 3 times in triplicates. Data are
represented as mean +/- SD. For the statistical analysis of the experimental data, we used
GraphPad Prism® version 8. For the simple column graphs, the unpaired t-test was used for the
significance tests and the significance are represented in the graphs as ns, *, **, *** gnd ****,
Whereas in the case of grouped column graphs that have more than one variable, the

significance was calculated by multiple t-tests.
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4  Results

4.1. E. coli strain identification

The study aimed to investigate the mechanisms behind the probiotic nature of ECN, which
involved comparison with several E. coli strains. Therefore, it was vital to assess the purity and
identity of E. coli strains. E. coli strains were analysed for their purity at the single colony-
level by plating them on selective E. coli coliform agar (ECC) plates. Further identity of each
strain and also the ECN mutants used in the study were confirmed by PCR for the strain-specific

region and deleted genomic regions, respectively.

4.1.1. Testing the purity of E. coli strains with ECC plates

The E. coli coliform agar (ECC agar) is a chromogenic selective and differentiation medium
that enables the simultaneous detection of different coliforms and E. coli. The ECC agar
contains two chromogenic substances: X-GLUC and Salmon-GAL, each serving as a substrate
for hydrolysis by the bacterial enzymes -D-glucuronidase (producing blue bacterial colonies)
and B-D-galactosidase (producing pink bacterial colonies), respectively. In the case of E. coli
harbouring both enzymes, bacterial colonies reflected a dark violet phenotype on the ECC
plates. ONCs of E. coli strains used in this study were serially diluted and 50 pl of 6™ dilution

were plated on the ECC plate and incubated at 37 °C, O/N.

The EcN wildtype (wt) formed blue colonies whereas the K-12 strains MG1655, HB101 formed
pink and DH5a formed distinctive light blue colonies on the ECC plates when incubated O/N
at 37°C, O/N (Figure 4.1. 1). Interestingly, the pink colonies of MG1655 strain slowly turned
into a blue colour in case of longer incubation time (more than 14 h) and hence it was important
to document the purity of the strains before 14 h of incubation. The uropathogenic E. coli strain

CFTO073 and the commensal strains SE11 and SE15 formed colonies with violet and dark blue
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phenotype, respectively. Furthermore, the pathogenic E. coli strain EDL933 produced dark pink

colonies (Figure 4.1. 1).

EcN MG1655 DH5a HB101
(dark blue) (pink) (light blue) (pink)

CFT073 SE11 SE15 EDL933
(violet) (dark blue) (dark blue) (dark pink)

Figure 4.1. 1: E. coli strain purity identification on ECC plates. The E. coli strains namely,
(top panel) EcN, MG1655, DH5a and HB101; (bottom panel) CFT073, SE11, SE15 and
EDL933 verified on the ECC plates. Imaging was performed with Canon PowerShot SX260
HS and processed with ImageJ 1.50i.

Altogether, the test with ECC plates assured that there was no contamination of the tested

E. coli strains detected on a single colony level.

4.1.2. Strain identification by PCR

The identity of the E. coli strains was confirmed by strain-specific PCR. For this, 100 pl of
ONC:s of the E. coli strains were boiled at 100 °C and 2 pl of samples were used as a template
in a PCR reaction. The primers complementary to the strain-specific chromosomal regions were
used in the PCR reaction with the 2x PCR Master Mix as mentioned in Table 3. 2. Details of
the primers used are provided in Table 2. 6. The chromosomal regions specific for the ECN
strain were amplified with the primer pairs IL2/IR2 (amplicon: 103 bp), IL4/IR4 (amplicon:
186 bp) and IL5/IR5 (amplicon:232 bp) and yielded the expected PCR products. Likewise., the

K-12 strains MG1655, DHSa and HB101 screened with the primer pair K-12_F/R
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(amplicon:1,684 bp) revealed their identity. In parallel, both the EcN and K-12 strains were
also checked for cross-contamination by each other and no cross-contamination was detected

(Figure 4.1. 2).
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Figure 4.1. 2: PCR screening to confirm the identity of ECN and K-12 strains: The results
of (A) the multiplex PCR with the EcN specific primer pairs IL2/IR2 (103 bp), IL4/IR4 (186
bp) and IL5/IR5 (232 bp) ; (B) K-12 specific PCR with the primer pair K-12_F/R (1,684 bp);
M — DNA ladder, dH20 — negative (water) control.
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Figure 4.1. 3: PCR screen to confirm the identity of the E. coli strains CFT073, SE11 and
SE15: The results of PCR with the primer pair (A) CFT_F/R (421 bp), (B) SE11_F/R (257 bp),
and (C) SE15_F/R (540 bp); M — DNA ladder, dH20 — negative (water) control.

In the next step, the identity of the strains CFT073, SE11 and SE15 were analysed by PCR.
The hemolysin D (hlyD) gene-specific for CFT073 was amplified with hlyD- specific primers

(CFT_F/R) only in CFT073 but not in EcN. Likewise, SE11_F/R and SE15 F/R primer pairs
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were designed to amplify the commensal strains SE11-specific region (ECSE_4549) and SE15-
specific fimbrial region, respectively. The use of strain-specific primers yielded expected
amplicons only in the presence of the relevant strain (Figure 4.1. 3). Thus, the identity of all

three strains was confirmed by PCR.
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Figure 4.1. 4: PCR screen to check the purity of other E. coli strains (CFT073, SE11 and
SE15): Results of (A) EcN specific multiplex PCR with the primer pairs IL2/IR2 (103 bp),
IL4/IR4 (186 bp) and IL5/IR5 (232 bp); (B) K-12 specific PCR with the primer pair K-12_F/R
(1,684 bp); M — DNA ladder, dH20 - negative (water) control.

In addition, the above-validated strains were further examined for cross-contamination with
EcN or K-12 strains with EcN and K-12 specific primer pairs. The PCR results (Figure 4.1. 4)
showed that no such contamination was detected in the strains CFT073, SE11 and SE15. The

identity of the pathogenic EDL933 strain used in this study was validated by Dr Susanne Bury

(Bury, 2018).

4.1.3. EcN mutant verification using PCR

Several ECN deletion mutant strains were employed in the study to examine the possible
contribution of those factors in phage resistance of ECN. The details of the deleted regions of
all the ECN mutants used in this study are presented in Annexure 1. Previously in the lab, those
mutants were screened for their corresponding deletions by amplicon sequencing (Bury, 2018).

Further, in this study, the ECN mutants were primarily verified by PCR for their identity for
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being EcN and for not being cross-contaminated with K-12 strains. The PCR results (Figure
4.1. 5) positively confirmed the identity of the mutant strains as ECN and any contamination

with K-12 strains could not be detected.

A s & y CRCICR
W U " 5 A N
> & - Sl <)
M (bp) & F FF o & Mab) < F F & PSP
10.0
1000 2.00 —
1.50
500 1.00
400 0.75
300 " 0.50

200
100

Figure 4.1. 5: PCR screening to confirm the identity of ECN mutants used in this study.
The results of (A) EcN specific multiplex PCR with the primer pairs namely, 1L2/IR2
(103 bp), IL4/IR4 (186 bp) and IL5/IR5 (232 bp); (B) K-12 specific PCR with the primer
pair K-12_F/R (1,684 bp); M — DNA ladder, dH.O — negative (water) control.

Secondly, the mutations in these strains which were either loss of few genes or an entire
determinant were confirmed by PCR. In the EcN capsule negative mutant (EcNA k5), the entire
K5 capsule determinant spanning from kpsM to kpsF (17,523 bp) was deleted. The primer pair
complementary either to the flanking sites of the deleted region (K5 _ext F/R ) or to the
sequences within the deleted region (K5_int_F/R) were employed to verify the deletion. The
K5 ext F/R produced an amplicon of size 1,126 bp with EcNA k5 and failed to yield an
amplicon of size 18,651 bp with EcN wildtype (wt) as it was too long to be amplified with the
PCR-conditions applied (Figure 4.1. 6_A (right)). In the case of K5_int_F/R, an amplicon of
size 1,032 bp was observed with ECN wt and as expected no amplicon was obtained with ECNA
k5 (Figure 4.1. 6_A (left)). Next, the microcin negative mutant of ECN (SK22D) was verified,
in which a 3,026 bp region in the microcin gene cluster was deleted. The primer pair mchC_F/R

which annealed outside the deleted region produced the expected amplicons of size
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Figure 4.1. 6: PCR screening to confirm the deletions in the ECN mutants: The results of
the ECN mutant verification PCR (A) EcNA k5 with primer pair K5_ext_F/R (right) and primer
pair K5_int_F/R (left), (B) SK22D with primer pair mch_F/R, (C) ECNA csg with primer pair
csg_F/R, (D) ECNA bcs with primer pair bcs_F/R, and (E) ECNA fliC with primer pair fliC_F/R.
All the mutants were screened in parallel with EcCN wild type. M — DNA ladder, dH20 -
negative (water) control.
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608 bp with SK22D but not with EcN wt as the PCR conditions were not conducive to amplify
an amplicon of ~ 3,5 kb (Figure 4.1. 6_B). In a similar manner, curli mutant (EcNA csg),
cellulose mutant (EcNA bcs) and flagellin mutant (EcNA fliC) of EcN were validated as
mentioned below. The curli mutant screening primers csg_F/R produced an amplicon of size
1,322 bp with EcN wt and 345 bp with ECNA csg. Thus, confirming the deletion of csgB and
csgA genes (977 bp) of the curli determinant (Figure 4.1. 6_C). In case of EcNA bcs, a large
region spanning from yhjQ to bcsC (9,269 bp) was deleted and a PCR with the bcsA_F/R primer
pair produced an amplicon of size 1,412 bp only in the ECNA bcs mutant but not with EcCN wt
as the amplicon (10,681 bp) was too long to be amplified (Figure 4.1. 6_D). Further, the
deletion of the fliC gene in EcNA fliC mutant was also confirmed by PCR with the primer pair
fliC_F/R and an expected amplicon of size 2,184 bp and 475 bp was obtained with ECN and
EcNA fliC, respectively (Figure 4.1. 6_E). To sum up, all the tested ECN mutant strains were

clearly demonstrated as EcN and also confirmed for their appropriate genomic deletions.

4.2. Transcriptomic response of EcN in different culturing conditions

Mutaflor® is a licensed EcN based probiotic drug that is manufactured and sold by
Ardeypharm GmbH, Herdecke, Germany. For the manufacturing purposes, ECN is grown in a
fermenter and the timeline of the fermentation process is described in 3.4.1. We were
particularly curious in comprehending the gene expression of EcN at the very end of the
culturing conditions. Therefore, the samples for transcriptomics were taken from the stationary
phase prior to the harvesting point. In the results presented below, the transcriptomes of ECN
from two different time points of fermenter-culture conditions namely the start of the stationary
phase and the end of the stationary phase were compared to the transcriptome of LB-grown

EcN.
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4.2.1. Enhanced expression of fitness factors of EcN in fermenter culture condition

As mentioned in the introduction, ECN possesses several fitness factors that combinedly said to
contribute to the observed probiotic effects of ECN. We were interested to examine the
regulation of some of these fitness factors in the EcN fermenter-cultures. Interestingly, one of
the most heavily upregulated gene clusters in case of both the fermenter-cultures was the curli
fimbrial determinant, responsible for biofilm formation in E. coli (Barnhart and Chapman,
2006). The genes csgB and csgA of the curli determinant were upregulated with highest log. fold
change of 7.73 and 8.57, respectively at the start of the stationary phase fermenter-culture, and
5.96 and 6.96, respectively at the end of the stationary phase fermenter-culture (Figure 4.2.
1 A). Additionally, analysis of the genes belonging to other major fimbrial determinants in

A) Curli fimbrial determinant B) Type 1 fimbrial determinant
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Figure 4.2. 1: Gene regulation of different fimbrial determinants of EcN. The regulation
of genes (represented in logz fold change) belonging to (A) curli fimbrial determinant, (B)
type 1 fimbrial determinant, and (C) F1C fimbrial determinant in ECN fermenter-cultures:
start of the stationary phase (black bars) and end of the stationary phase (white bars).
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EcN such as Type 1 and F1C fimbrial determinant revealed that most of the genes in these

clusters were downregulated (Figure 4.2.1 B, C).
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Figure 4.2. 2: Gene regulation of six iron uptake systems in EcN fermenter-cultures. The
graphs depict the regulation of genes (represented in log. fold change) belonging to the iron
uptake systems of EcN in the fermenter-cultures: start of the stationary phase (black bars) and

end of the stationary phase (white bars).
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Another most intriguing observation was the upregulation of genes belonging to the iron uptake
systems present in ECN (Figure 4.2. 2). In particular, the genes of the yersiniabactin system (A)
were highly upregulated in case of both the fermenter-cultures followed by aerobactin (B),
salmochellin (D), enterobactin (C) and hemin (E) iron uptake systems. In contrast, most of the
genes of the citrate dependent iron uptake system (F) were downregulated. Apart from the six
ferric iron uptake systems, the genes of the ferrous iron transport system (EfeUOB) were also

minimally upregulated in the stationary phase cultures (Annexure 2).
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Figure 4.2. 3: Gene regulation of the K5 capsule determinant (A) and the microcin gene
cluster (B). The graphs depict the regulation of genes (represented in log. fold change) in the
EcN fermenter-cultures: start of the stationary phase (black bars) and end of the stationary phase

(white bars).

Furthermore, the regulation of genes belonging to the microcin gene cluster producing the two
antibacterial compounds: microcin M and H47 involved in the antagonistic effect of EcN
(Patzer et al., 2003), the K5 polysaccharide capsule, O6-type LPS and the H1 type flagella
associated with immunomodulatory effects of EcN (Grozdanov et al., 2002;Troge et al.,
2012;Nzakizwanayo et al., 2015) were analysed. The analysis of microcins and K5 capsule gene
clusters revealed a significant downregulation of genes belonging to them (Figure 4.2. 3) and

the same was observed for the genes involved in flagella production (Table 4. 1). Nevertheless,
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the genes associated with LPS production showcased a varied expression pattern. The two

major clusters attributed to LPS production were waa and wbb LPS gene clusters, of which the

genes of the former presented a reduced expression in general, and the latter showed an

increased expression pattern (Table 4. 1).

Table 4. 1: Requlation of genes related to flagella and LPS production in EcN

logz fold change
Start of End of
Gene ID Gene annotation the the
stationary | stationary
phase phase
EcN1917 0340 | Flagellar biosynthesis protein FIhA -1,151 -0,931
EcN1917 0341 | Flagellar motor rotation protein MotB -2,230 -0,820
EcN1917 1219 | Flagellar biosynthesis protein FIgN -1,036 -0,566
EcN1917 1220 | Negative regulator of flagellin synthesis FiIgM | -0,156 0,098
EcN1917 1221 | Flagellar basal-body P-ring formation protein
FlgA 0,072 -1,630
EcN1917 1222 | hypothetical protein -0,073 -0,049
EcN1917 1223 | Flagellar basal-body rod protein FigB -1,341 -2,492
EcN1917 1224 | Flagellar basal-body rod protein FIgC -1,099 -2,159
EcN1917_1225 | Flagellar basal-body rod modification protein
FlgD -0,601 -0,497
EcN1917 1226 | Flagellar hook protein FIgE -1,061 -0,994
EcN1917 1227 | Flagellar basal-body rod protein FIgF -0,872 -0,956
EcN1917 1228 | Flagellar basal-body rod protein FIgG -0,408 -0,647
EcN1917 1229 | Flagellar L-ring protein FIgH -1,357 -1,893
EcN1917 1230 | Flagellar P-ring protein Flgl 0,091 -1,236
EcN1917_1231 | Flagellar protein FlgJ [peptidoglycan
hydrolase] 1,900 1,570
EcN1917 1232 | Flagellar hook-associated protein FIgK -0,639 -0,040
EcN1917 1233 | Flagellar hook-associated protein FlgL -2,418 -1,665
EcN1917 2050 | Flagellar protein FIhE 0,770 0,185
EcN1917 2051 | Flagellar biosynthesis protein FIhA -1,512 -2,157
EcN1917 2052 | Flagellar biosynthesis protein FIhB -0,922 -1,814
EcN1917 2063 | Flagellar motor rotation protein MotB -2,000 -1,182
EcN1917 2064 | Flagellar motor rotation protein MotA -2,458 -1,606
EcN1917 2065 | Flagellar transcriptional activator FIhC -1,606 -1,410
EcN1917 2066 | Flagellar transcriptional activator FIhD 0,523 -0,050
EcN1917_ 2295 | Phosphomannomutase 0,603 -0,733
EcN1917 2296 | hypothetical protein 1,957 -1,321
EcN1917 2297 | Glycosyltransferase 2,861 0,180

73



EcN1917 2298 | UDP-glucose 4-epimerase 0,405 -2,368
EcN1917 2299 | Putative glycosyltransferase 0,427 -1,733
EcN1917 2300 | Glycosyl transferase -0,668 -3,421
EcN1917 2301 | Glycosyl transferase 0,123 -0,814
EcN1917 2302 | Antigen polymerase O6 -0,354 -2,675
EcN1917_2303 | Membrane protein involved in the export of O-

antigen 2C teichoic acid lipoteichoic acids -1,617 -2,019

Lipopolysaccharide gene cluster (wbb)

EcN1917 4044 | Lipopolysaccharide heptosyl transferase | -1,004 -0,713
EcN1917 4045 | O-antigen ligase 2,988 1,625
EcN1917 4046 | Beta-1,2 C3-glucosyltransferase 2,392 0,457
EcN1917 4047 | UDP-galactose:(galactosyl) LPS alphal,2 C2-

galactosyltransferase WaaW 2,370 1,087
EcN1917 4048 | Lipopolysaccharide core biosynthesis protein

RfaY 3,344 2,105
EcN1917 4049 | UDP-glucose:(glucosyl) lipopolysaccharide

alpha-1,2 C2-glucosyltransferase 2,324 0,777
EcN1917 4050 | UDP-glucose:(glucosyl) lipopolysaccharide

alpha-1,2 C3-glucosyltransferase WaaO 1,350 0,048
EcN1917_4051 | Lipopolysaccharide core biosynthesis protein

WaaP, heptosyl-I-kinase 2,074 1,238
EcN1917 4052 | UDP-glucose:(heptosyl) LPS alphal,2 C3-

glucosyltransferase WaaG 2,100 1,216
EcN1917 4053 | Lipopolysaccharide heptosyl transferase 111 0,956 0,529
EcN1917 4054 | 3-deoxy-D-manno-octulosonic-acid transferase | -0,022 0,110

Overall, transcriptomic analysis of genes contributing to various fitness factors of EcN in
fermenter conditions revealed a strong upregulation of the curli fimbrial determinant (csg) and
iron uptake systems which were particularly known to play an important role in probiotic
properties like efficient colonisation of the gut, biofilm formation and out-competing

pathogenic bacteria (Deriu et al., 2013;Carter et al., 2019).

4.3. Transcriptomic response of ECN coincubated with pathogenic E. coli strain EHEC

EDL 933 and non-pathogenic E. coli K-12 strain MG1655

Transcriptome analysis is an attractive tool to understand the factors in EcN that are influenced
by and might influence other E. coli strains. In this study, we were interested in characterizing
the changes in ECN’s genome during coincubation with pathogenic EHEC strain EDL933

(EDL933) and non-pathogenic K-12 strain MG1655 (MG1655). EcN had been reported
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reducing the growth and Stx-level of EHEC strains during coculture (Reissbrodt et al.,
2009;Rund et al., 2013;Mohsin et al., 2015). However, for the transcriptome analysis, the ECN
and EDL933 in the coincubation must be well separated in order to be able to isolate the RNA
of EcN for the subsequent transcriptome analysis. Therefore, the coincubation studies were
performed in a Transwell system. The Transwell system used in this study had an insert with a
membrane pore size of 0.4 um and this acted as a physical barrier between the ECN in the lower
compartment and EDL933/MG1655 in the upper compartment. Although the Transwell system
prevented cell-cell contact, it facilitated the diffusion of bacterial secretome and phages from
one compartment to the other. Our initial challenge was to investigate if ECN can exert its

growth reduction and anti-shiga toxin effect on EDL933 strain in a Transwell system.

4.3.1. Shiga toxin reduction by EcN in a Transwell system

EcN and EDL933 strains were coincubated in a Transwell system as described in the method
section 3.4.2. Samples were taken at several time points from insert compartments containing
EDL933, which were incubated with or without ECN containing wells of the Transwell setup.
Stx-level of the samples were determined with a Verotoxin ELISA kit after sterile filtration
(3.1.10). The results clearly indicated that ECN reduced the Stx level of EDL933 strain during
coincubation in a Transwell system. The earliest influence of ECN upon EDL933 was observed
at 5 h incubation which resulted in ~ 48 % reduction and the reduction reached its maximum of
~ 80 % at 7 and 8 h of incubation and a reduction of the Stx level was observed even after 24 h

of incubation (~ 60 % reduction) (Figure 4.3. 1).
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Figure 4.3. 1: Kinetics of Stx reduction by EcN in a Transwell system. The bar graph
displays the results of Stx ELISA where the Stx levels were measured at OD4so. The black bars
represent the Stx level of the EDL933 samples in the insert compartment placed in bacteria-
free well (NB — no bacteria) and the gray bars represent the Stx level of the EDL933 samples
in the insert compartment located in the well containing ECN. The samples from both the
EDL933 compartments were taken for Stx ELISA, after several time points of coincubation in

the Transwell system at 37 °C, static. “+”: positive control from the Verotoxin ELISA kit; “-”:
negative control (0.9 % saline)
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4.3.2. Time point-based RNA isolation from EcN coincubated with EDL 933 and MG1655

From the results of Stx ELISA in the Transwell system, it was evident that ECN negatively
regulated the Stx level of EDL933 and a significant reduction of ~ 48 % was detected as early
as 5 h after coincubation. Due to such an early influence of EcN on Stx level, we performed the
transcriptomics of EcN at the time points 3 h, 5 h, 7 h and 8 h of coincubation with or without
EDL933 in a Transwell system. In order to investigate whether ECN could exhibit a strain-
specific transcriptomic change, ECN coincubated with and without MG1655 was also subjected
for transcriptomic analysis. The experimental set up is graphically depicted in Figure 4.3. 2. For
transcriptomic analysis, we isolated RNA from EcN incubated with inserts containing either

bacteria-free medium (NB) or EDL933/MG1655.

A B C D

= D =t i = i =t r
NB EDL933 MG1655 EDL933

EcN EcN EcN NB

Figure 4.3. 2: Graphical depiction of the Transwell setup for RNA isolation. The Transwell
set up consists of cell-impermeable 0.4 um ThinCert™ cell culture insert placed in a well. The
RNA for transcriptomics were isolated from EcN (in the well) incubated (A) alone (NB), (B)
with EDL933 and (C) with MG1655. The Transwell set up (D) was a control set up to determine
the Stx level in EDL933 in the absence of EcN cells. NB — no bacteria.

Along with RNA isolation, the Stx-level in the EDL933 compartments incubated with or without
EcN was determined at 3 h, 5 h, 7 h and 8 h after coincubation. The kinetics of Stx reduction
further validated our previous finding on the initial drop in Stx level of EDL933 which was

observed after 5 h of coincubation with ECN (Figure 4.3. 3).
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Figure 4.3. 3: Stx reduction in EDL933 by EcN in the Transwell set up. Stx level of EDL933
(in the insert) were determined in the absence of EcN (black bar) and in the presence of ECN
(gray bar) after indicated timepoints. “+”: positive control from the Verotoxin ELISA kit; “-”:
negative control (0.9 % saline), NB — no bacteria.

Simultaneously, CFUs/ml of EcN, EDL933 and MG1655 at the specified time points of
coincubation were determined by plating 50 pl of the serial dilutions (6™ and 7™ dilutions) on the
ECC plates. In addition, undiluted medium from no bacteria-compartment (NB) was plated on
ECC plates and no colonies were detected after 24 h pointing out that the insert served as an
efficient barrier for bacterial cells (Figure 4.3. 4_A, D). In the Transwell system, the CFUs/ml
of EcN were relatively higher than that of other E. coli strains in the coincubation. Precisely, in
EcN and EDL933 coincubation, the CFUs/ml of EcN was 3.4-fold, 4.25-fold, 5.78-fold and 4.12-
fold higher than EDL933 after 3 h, 5 h, 7 h and 8 h of coincubation, respectively. Similarly, in

EcN and MG1655 coincubation, the CFUs/ml of EcN cells were 2.09-fold, 3.78-fold, 4.05-fold

and 5.50-fold higher than MG1655 after 3 h, 5 h, 7 h and 8 h of coincubation, respectively. On
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the other hand, CFUs/ml of EcN and EDL933 did not differ significantly in the presence or

absence of another E. coli strain in the Transwell setup (Figure 4.3. 4).
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Figure 4.3. 4: Growth kinetics of E. coli strains in the Transwell set up for transcriptomics.
The CFUs/ml of the E. coli strains either alone or in coincubation with another E. coli strain at
the indicated timepoints at which the RNA was isolated. ECN: black bar, EDL933: black striped
lines bar, MG1655: gray bar, (NB) — no bacteria.

4.3.3. Transcriptomic response of EcN towards EDL 933 and MG1655

The RNA samples were deep-sequenced and were analysed as explained in method sections
3.5.1 and 3.5.2. As mentioned in the previous section, the transcriptome of ECN coincubated
with and without EDL933 in the Transwell system was compared with each other and similar
analysis was also performed with and without MG1655. The differentially expressed genes
were identified using DESeqg2 (version-1.16.1). In all cases, only genes with maximum
Benjamin-Hochberg corrected p-value (padj) less than or equal to 0.05, were classified as
significantly regulated genes. Gene regulations in ECN coincubated with EDL933 or MG1655
after 3 h, 5h, 7 hand 8 h were presented as MA plots (Figure 4.3. 5 & Figure 4.3. 6).
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Figure 4.3. 5: MA plots representing the differentially regulated genes in EcN after
coincubation with EDL933 for 3 h (A), 5 h (B), 7 h (C) and 8 h (D) in a Transwell system.
The expression of each ECN gene was compared for the coincubation with and without EDL933
at each time point. The red dots in the MA plot represent the genes that were significantly
upregulated (Up) with log. fold change > 1, padj < 0.05 and blue dots represent the genes that
were significantly downregulated (Down) with log. fold change < -1, padj < 0.05. The gray dots
represent the genes which were not significantly regulated in ECN (NS). The horizontal broken
lines in the MA plot mark the cut-off value for log fold change as > 1 for (upregulated genes)
and < -1 for (downregulated genes). The genes within these lines were not significantly
regulated. The gray dots above and below these lines were not significant as their padj value
was not less than 0.05. Log» fold change: base 2 logarithm of fold-change; Log> base mean:
base 2 logarithm of mean expression of genes across all the samples.
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A) EcN coincubated with MG1655_3 h B) EcN coincubated with MG1655_5 h
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Figure 4.3. 6: MA plots representing the differentially regulated genes in EcN after
coincubation with MG1655 for 3 h (A),5h (B), 7 h (C) and 8 h (D) in a Transwell system.
The expression of each ECN gene was compared for the coincubation with and without MG1655
at each time point. The red dots in the MA plot represent the genes that were significantly
upregulated (Up) with log. fold change > 1, padj < 0.05 and blue dots represent the genes that
were significantly downregulated (Down) with log. fold change < -1, padj < 0.05. The gray dots
represent the genes which were not significantly regulated in ECN (NS). The horizontal broken
lines in the MA plot mark the cut-off value for log> fold change as > 1 for (upregulated genes)
and < -1 for (downregulated genes). The genes within these lines were not significantly
regulated. The gray dots above and below these lines were not significant as their padj value
was not less than 0.05. Log fold change: base 2 logarithm of fold-change; Log. base mean:
base 2 logarithm of mean expression of genes across all the samples.
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In addition to MA plots, the regulated genes in EcN coincubated with EDL933 or MG1655,
were classified manually using MS Office Excel. The filter option on the fold change column
with a number filter command “great than or equal to 1” to categorize the upregulated genes
and “less than or equal to -1” for downregulated genes were employed. In both cases, on the
padj column a number filter command “less than or equal to 0.05” was provided to sort the
significantly regulated genes. The number of genes up and downregulated in ECN when
coincubated with EDL933 or MG1655 at different time points were presented in the bar graph

(Figure 4.3.7).
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Figure 4.3. 7: Kinetics of differentially regulated EcN genes. The graphs present the number
of genes upregulated (left) and downregulated (right) in EcN at the indicated time points when
coincubated with either (A) EDL933 or (B) MG1655 in a Transwell system.
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Both MA plots and bar graphs clearly show that at 3 h time point of coincubation with EDL933,
the maximum number of genes were regulated (up — 296 genes and down — 184 genes) in EcN,
and at the following time points, a gradual decline in the regulated number of genes was
observed. Unlike above, EcN coincubated with MG1655 exhibited a differential pattern for the
kinetics of the number of genes regulated at different time points. Further, to assess the
specificity of ECN’s response towards the E. coli present in coincubation, Venn diagrams were
plotted to quantitatively measure the genes that were specifically regulated in ECN at an
indicated time point in response to either EDL933 or MG1655. Venny 2.0 online tool was used
to create the Venn diagrams. EcN coincubated with EDL933 elicited the upregulation of genes
that were mostly EDL933-specific response at all the investigated time points (Figure 4.3.8_A,
B, C and D). The above-analysed data set were employed to generate a bar graph and revealed
that the maximum percentage of genes in ECN were uniquely upregulated in response to
EDL933 (Figure 4.3. 8 E). Similarly, Venn diagrams and a percentage bar graph were also
created for the downregulated genes in EcN and illustrated that ECN evoked a similar pattern
of response except at 8 h time point at which 67 % of downregulated genes were common to

both EDL933 and MG1655 coincubation (Figure 4.3. 9).
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Figure 4.3. 8: Specific upregulation of genes in EcN as a response to EDL933
coincubation. Venn diagrams show the number of genes that were upregulated in EcN
specifically to EDL933 (left circle) and MG1655 (right circle) coincubation, the number of
genes that were upregulated commonly in EcN for both (EDL933 and MG1655) coincubations
are mentioned in the intersection region. Venn diagrams represent genes upregulated after (A)
3h,(B)5h, (C)7hand (D) 8 h of coincubation. The bar graph (E) depicts the percentage of
genes that were specifically upregulated in EcN as a response to EDL933 at 3 h (blue), 5 h
(red), 7 h (green) and 8 h (magenta) post incubation.
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Figure 4.3. 9: Specific downregulation of genes in EcN as a response to EDL933
coincubation. Venn diagrams show the number of genes that were downregulated in EcN
specifically to EDL933 (left circle) and MG1655 (right circle) coincubation, the number of
genes that were downregulated commonly in EcN for both (EDL933 and MG1655)
coincubations are mentioned in the intersection region. Venn diagrams represent genes
downregulated after (A) 3 h, (B) 5 h, (C) 7 h.and (D) 8 h of coincubation. The bar graph (E)
depicts the percentage of genes that were specifically downregulated in EcN as a response to
EDL933 at 3 h (blue), 5 h (red), 7 h (green) and 8 h (magenta) post incubation.
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The analysis of transcriptomic results clearly demonstrated a dramatic change in the
transcriptome of EcN at 3 h post coincubation with EDL933. Accurately at 3 h time point,
98.6 % of upregulated genes (292 genes out of 296 genes) and 100 % of downregulated genes
in EcN were an EDL933 driven specific response. Considering the above finding we attempted
to investigate the nature of ECN’s genes that were regulated at that time point. Their functions
were predicted as described in the methods section 3.5.3. In brief, the functional prediction of
genes was performed based on their annotations from ECN’s genome. The annotations were

further narrowed down to their probable functional role with the help of online databases like

Uniprot (https://www.uniprot.org/) or Ecocyc (https://ecocyc.org/). For those genes which were
annotated as hypothetical proteins in EcN’s genome, their sequences were blasted at

https://blast.ncbi.nlm.nih.gov/Blast.cgi under nucleotide blast against E. coli taxonomic group

to retrieve annotations from their phylogenetically closest members. Finally, genes were sorted
into different functional groups based on their predicted functions. The results of functional
grouping are presented as column graphs (Figure 4.3. 10 and Figure 4.3. 11). In addition,
functional details of up and downregulated genes of ECN when coincubated with EDL933 for

3 h were presented in Annexure 3 (Table 8.1 and Table 8.2).

The functional grouping of upregulated genes revealed that in general, the majority of
upregulated genes were metabolism-related genes which included amino acid transport and
metabolism (25 genes), nucleotide metabolism (15 genes), carbohydrate transport and
metabolism (12 genes), LPS metabolism (9 genes), and cell wall/membrane biogenesis (7
genes). The other most upregulated group of genes were transport-related genes like putative
transporters (22 genes), iron uptake and sequestration (22 genes), and efflux systems (9 genes).

Besides, genes involved or related to transcription and translation (27 genes), replication and
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Figure 4.3. 10: Functional grouping of upregulated genes in EcN. The graph displays
the number of ECN’s genes that were upregulated (log> fold change > 1, padj < 0.05)
under each functional group when coincubated with EDL933 (black bars) or MG1655
(white bars) for 3 h in a Transwell system.
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Figure 4.3. 11: Functional grouping of downregulated genes in ECN. The graph displays
the number of ECN’s genes that were downregulated (log: fold change < -1, padj < 0.05) under
each functional group when coincubated with EDL933 (black bars) or MG1655 (white bars)
for 3 h in a Transwell system.
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DNA repair (12 genes), tRNA/rRNA production (4 genes), cell cycle proteins (4 genes) and
electron transport chain (3 genes) were also upregulated suggesting an active growth (Figure
4.3. 10). Noteworthy were the genes associated with response to stress, antibiotics and toxins
(19 genes) and restriction-modification (RM) systems or prophage related genes (7 genes)
which were specifically upregulated only in EDL933 coincubation and might be a response
driven by stx-phages or Stx produced by EDL933. Likewise, fimbrial proteins (13 genes) and
one flagellar protein were also specifically upregulated along with 21 membrane proteins, 37

poorly characterized genes and 14 mobile elements (Figure 4.3. 10).

The number of downregulated genes in ECN (184 genes) as a response to EDL933 coincubation
was 40 % lesser than the upregulated genes. The functional grouping of downregulated genes
indicated that the majority of downregulated genes were associated with metabolism which
included nucleotide metabolism (13 genes), carbohydrate transport and metabolism (12 genes),
amino acid transport and metabolism (5 genes) and LPS metabolism (2 genes). Likewise,
membrane-associated proteins (16 genes) and transport-related genes such as putative
transporters (17 genes), iron uptake (4 genes) and efflux systems (3 genes) along with genes
relating to transcription and translation (20 genes), replication and DNA repair (3 genes) and
electron transport chain (2 genes) were also downregulated in ECN as a specific response to
EDL933. Unlike most of the functional groups, the genes associated with fimbrial proteins were
identified as particularly upregulated but not downregulated in ECN. On the other hand, the
genes of anaerobic growth-related proteins (18 genes) and sugar transport-related proteins (9

genes) were exclusively downregulated (Figure 4.3. 11).

89



- 3 hours . 3 hours
- 5 hours =5 hours L =
- 7 hours Transcription, Translation = 7 hours Transcription, Translation=
. 3 hours RM systern and prophage genes =8 hours

Sugar transport =
Replication , DNA repair
Restriction Medification system and prophage genes .

Putative transporters
Replication , DNA repair-{

Putative peplidase
Putative transporters -4

Futative oxidoreductase

Putative peptidase -
Proteins in response to stress, antibiotic, toxin o
Putative oxidoreductase
Poorly charachierized proteing

Proteins in response to stress, antibiotic, toxin.
Phage shock related proteins -

Poarly charachterized proteins
Other matabolism and biosynihesis

Other metabolism and biosynthesis related proteins

HNuclaotide metabolism:

and

|

Mabile elements, Integrase:

Matal binding prateins Mobile elements, Integrase—&

Membrane proteins: Metal binding proteins-

Lipid motabolism, LPS blosynthesis proteins-
Iren uptake and sequestration Lipid metabalism, LPS biosynthesis:
Flageilar detorminant Iran uptake and sequestration, binding—e
Fimbrial proteins Flagellar determinant-

Elactron transport chain-| Fimbrial proteins—

Efflux systems! lon export proteins - Elactron transport chain

Cabibacten istand-| Efflux systems/ lon export proteins
Coll walll membrane biogenesis <" Cell walll membrane Dioannn-n-_
Cull cyclo controlg_ Cell cycle controi.
transport and Carbohydrate transport and metabolism -5
Anaercbic growth related proteins Anaerobic growth related proteins

Amincacid transport and metabelism Aminoacid transport and metabolism

T T T 1
° " » * @ ° 10 20 30

Number of upregulated genes Mumber of genes downregulated

Figure 4.3. 12: Functional grouping of genes up and downregulated in EcN when
coincubated with EDL933. The graphs display the result of functional grouping performed for
upregulated genes (A) with logz fold change > 1, padj < 0.05 and downregulated genes (B) with
log- fold change < -1, padj < 0.05 in EcN after coincubated with EDL933 for 3 h (blue), 5 h
(red), 7 h (green) and 8 h (magenta) in a Transwell system.

As a next step, the transcriptomic response of EcN incubated with EDL933 for 5h, 7hand 8 h
was also analysed and a functional prediction was performed for the up and downregulated
genes. The transcriptomic analysis revealed that the genes belonging to the functional group
iron uptake and sequestration, and genes encoding for proteins in response to stress, antibiotics
and toxins were upregulated at all the investigated time points despite the fact the there was a
steady decline in the number of genes upregulated over time (Figure 4.3. 12_A). Genes of other
major functional groups like amino acid transport and metabolism, LPS metabolism, membrane
proteins, metal-binding proteins, putative transporters, replication or DNA repair, RM system
and prophage genes, transcription and translation, tRNA/rRNA production were upregulated at
all the indicated time points except at 8 h after coincubation. Likewise, the ECN genes that were
exclusively upregulated during the coincubation (genes associated with fimbrial proteins) were
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also upregulated at all time points but not at 8 h (Figure 4.3. 12_A). Simultaneously, the
functional grouping of EcN’s downregulated genes illustrated that the genes related to amino
acid transport and metabolism, transcription and translation, tRNA/rRNA production were
downregulated at all the investigated time points. Along with them, the expression of genes
belonging to functional groups like carbohydrate metabolism, membrane proteins, nucleotide
metabolism and proteins in response to stress, antibiotics or toxins was decreased at least at
three-time points of the coincubation. The genes related to anaerobic growth-related proteins
and sugar transport proteins were exclusively downregulated at three-time points (3, 5 and 7 h)

and two-time points (3 h and 5 h) of the coincubation, respectively (Figure 4.3. 12_B).

To sum up, with the help of transcriptomic analysis we observed that transcriptomic response

exhibited by EcN was specific for the E. coli strain present in the coculture.

4.4. Lambdoid phage resistance of ECN

The resistance of EcN towards lysogenic lambda phages propagated from E. coli K-12 993 W

lysogen was investigated and the results are presented in the following sections.

4.4.1. Testing the lambda lysogeny in EcN cells incubated with lambda phages

As mentioned in the introduction, when a lambda phage infects an E. coli, it adopts the
lysogenic cycle in which the phage DNA gets integrated into the E. coli chromosome as a
prophage. The prophage could later switch to lytic cycle upon induction and produce active
phage particles. Therefore, to investigate the sensitivity of ECN towards lambda phages, it was
inevitable to test both the phage DNA integration and subsequent phage production in EcN.
Experiments were performed as described in the method section 3.1.9 to test the lysogeny in
EcN when incubated with lambda phages. Firstly, a lambda phage specific PCR was performed

with E. coli incubated with lambda phages for 24 h as a template. The primer pair A Q_F/R
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was complementary to part of the lambda phage specific Q gene (a late gene regulator) and

could generate an amplicon of size 624 bp.
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Figure 4.4. 1: PCR to detect the lambda prophage lysogens in ECN and MG1655: EcN or
MG1655 was incubated for 24 h with lambda phages (EcN '@ /MG'ambday or without phages
(ECN/MG). The cells were washed twice and plated on LB agar plates after which colonies
were collected and screened for the Q gene of the lambda prophage with the primer pair
L_Q_F/R (624 bp). 993: E. coli K-12 993 W lysogenic strain that harbours lambda prophage;
dH20: water control. Images modified from (Bury et al., 2018)

The PCR results showed that the lambda phage specific amplicon was generated with MG1655
incubated with lambda phages as a template but not with EcN incubated with lambda phages
as a template, which indicated the absence of any possible lysogeny in EcCN (Figure 4.4. 1). In
another experiment, the E. coli strains (ECN or MG1655) were incubated with lambda phages
until the phage titer in the supernatant was measured as zero, after which the cells were
harvested and incubated with 1 pg/ml MMC for 16 h. These cocultures were sterile filtered and
the phage signal was amplified by incubating with fresh MG1655 for 24 h followed by sterile
filtration. The PPA of sterile filtrate (Figure 4.4. 2) revealed that when EcN was incubated with
lambda phages, no single phage plaque was detected on an MG1655 lawn even after prophage
induction and phage signal amplification. On the contrary, the MG1655 incubated with lambda

phages produced a very high phage titer upon prophage induction. Thus, the results of the PCR
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(Figure 4.4. 1) and prophage induction (Figure 4.4. 2) showcased a complete lambda phage

resistance by EcN.

ub -1 -2 -3 -4 -5 -6 -7

EcMN with LB + MMC MG with LB + MMC

Figure 4.4. 2: ldentification of ECN and MG1655 lambda prophage lysogens by PPA:
EcN/MG1655 was incubated with lambda phages for 120 h followed by incubation with
1 ug/ml MMC for 16 h and sterile filtration. Phages in the filtrate were amplified by incubation
with MG1655 for 24 h after which PFUs/ml were determined with a PPA, UD: undiluted, -1 to
-7: tenfold dilutions of the phages in 0.9 % saline. Imaging was performed with Canon
PowerShot SX260 HS and processed with ImageJ 1.50i. Images modified from (Bury et al.,
2018). Negative controls: ECN/MG with medium (LB) + 1 pg/ml MMC

4.4.2. Role of a lambdoid prophage gene of EcN: the “phage repressor (pr)” gene and its

role in EcN’s lambda phage resistance

As a next approach, we were interested in identifying the factor(s) of EcN that were responsible
for its resistance against lambda phages. Earlier in our lab, we observed that ECN was resistant
to isolated stx-phages from EDL933. This observation was analysed in detail, which involved
transcriptomic analysis of ECN in the presence and absence of stx-phages (Bury et al., 2018).
The experimental design and the results of the transcriptome analysis were elaborately
presented in the PhD thesis of Dr Susanne Bury (Bury, 2018). Briefly, ECN was incubated with
and without stx-phages for 16 h, after which RNA was isolated and subjected to sequencing.
The RNA-Seq data have been deposited at the NCBI Gene Expression Omnibus (Edgar et al.,
2002) and can be accessed through GEO series accession number: GSE109932

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109932). © The transcriptome

analysis revealed strong upregulation of genes corresponding to a lambdoid prophage of EcN

93


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109932

(Figure 4.3. 3_A). By using PHAST - a fast phage search tool (Zhou et al., 2011b) - this
prophage was predicted as a complete lambdoid prophage of size 39.8 kb and numbered as
prophage 3 in EcN’s genome (Figure 4.3. 3_B). With the help of literature research, we
narrowed down our interest to one of the early genes of prophage 3: ECN_1294, the phage
repressor (pr) gene which was earlier documented to yield resistance against bacteriophages in
Lactobacillus when successfully cloned and expressed (Ladero et al., 1998;Alvarez et al.,

1999).

A

log2 fold change

B C

T L pr regulation

mm Control
stx-phages
mm Lambda-phages

Relative Quantification

Figure 4.4. 3: Regulation of prophage 3 of EcN in the presence of lambdoid phages. (A)
Modulation in expression of genes (in logz fold change) belonging to the lambdoid prophage
3 of ECN when incubated with stx-phages for 16 h. * highlights the upregulation of pr gene
(ECN_1294) (B) PHAST prediction of ECN’s prophages (C) Confirmation of the pr gene
upregulation in EcN incubated with stx-phages (light gray bars) and lambda phages (dark
gray bars) at the time points 3 h and 16 h by gRT-PCR. The significance was calculated by
unpaired t test by comparing to the control (black bars — ECN + LB medium). **p<0.0021,
****n<0.0001. Images modified from (Bury et al., 2018)
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The upregulation of ECN’s pr gene in the presence of lambda and stx-phages was validated by
gRT-PCR, where relative quantification of pr gene was measured with help of the primer pair
Pr_RT_F/R after 3 h and 16 h of coincubation (Figure 4.4. 3_C). Followed by confirmation
from qRT-PCR, we wanted to examine whether the pr gene could directly confer resistance
towards lambda phages. To assess this, the pr gene was cloned into an inducible pUC19 vector
and the lambda phage sensitive MG1655 strain was transformed either with an empty pUC19
plasmid which had no insert (MG1655R) or with pUC19 plasmid harbouring the pr gene
(MG1655pr). PPA was carried out as described in the method section 3.1.8 where 10 pl of
serially diluted lambda phages were spotted on 0.7 % LB agar lawn with one of the recombinant
MG1655 strains induced with 1 mM IPTG. EcN and MG1655 wildtype strains were used as

controls.

EcN

MG1655

MG1655R

MG1655Rpr

Figure 4.4. 4: Lambda Phage-Plaque-Assay with recombinant MG1655 strains: The
image displays the result of PPA performed by dropping serial dilutions of lambda phages
(UD: undiluted, -1 to -7: tenfold dilutions of the phages in 0.9 % saline) on the recombinant
MG1655 strains. ECN, MG1655 — wildtype strains; MG1655R — recombinant MG1655
strain with an empty pUC19 plasmid; MG1655pr — recombinant MG1655 strain with
pUC19 plasmid harbouring pr gene. Images modified from (Bury et al., 2018)

The PPA clearly showed that the isolated lambda phages could plate on the recombinant
MG1655 strain with pr gene (MG1655Rpr) 215- fold less efficiently than on the recombinant

MG1655 strain with the pUC19 plasmid that had no insert (MG1655R; vector control) (Figure
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4.4. 4) and thus demonstrating the significant contribution of ECN’s phage repressor (pr) gene

in its lambda phage resistance.

Apart from the upregulation of ECN’s pr gene by lambdoid phages (stx- and lambda phages),
we were intrigued to observe that there was a strong upregulation of antisense transcripts
spanning over two early genes of ECN’s prophage 3: EcN_1290 (superinfection exclusion
protein B (sieB)) and EcN_1291 (anti-termination protein N) which were as high as 5.57 and
5.30 log. fold change, respectively. Antisense transcripts are defined as transcripts transcribed
from the opposite strand of a sense transcript of a protein-coding gene (Pelechano and
Steinmetz, 2013). Upon closer analysis with integrated genome browser (IGB) (Freese et al.,
2016), a significant upregulation of transcripts (spanning to 1,104 bp) which were mapped to
the antisense strand of sieB and anti-termination protein N was noted. This upregulation was
further confirmed with two-step qRT-PCR performed as described in the method section 3.2.9
with the primer pair 1290_fwd/rev targeting the sieB gene. The results showed that in ECN
incubated with lambda phages for 3 h, there was a higher upregulation of antisense transcripts

of the sieB gene than that of its sense transcripts (Figure 4.4. 5)

Hence to enquire if the antisense regulation of this transcript was contributing to the phage
resistance of EcN, the 1,104 bp sized region was cloned into an inducible pUC19 vector in
sense (1290_S) and antisense (1290 _AS) orientation. Followed by the transformation of
MG1655 strain with either an empty pUC19 plasmid with no insert (MG1655R) or with pUC19
plasmids harbouring, i) sieB gene (582 bp) (MG1655sieB) or ii) the 1,104 bp region in sense
orientation (MG1655_S) or iii) the 1,104 bp region in an antisense orientation (MG1655_AS).
PPA was performed by spotting lambda phages on these recombinant MG1655 strains induced
with 1 mM IPTG. In parallel, the recombinant MG1655pr strain was used as a positive control
for phage resistance and the results of PPA are summarized in Table 4. 2. The recombinant

MG1655pr strain showed a significant reduction of about 215-fold in plating efficiency.
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However, the other recombinant strains MG1655sieB, MG1655_S and MG1655_AS displayed
a negligible reduction in plating efficiency when compared to the plating efficiency on
MG1655R strain. From these results, we were not able to comprehend the role of the regulation
of this antisense transcript in ECN when exposed to lambdoid phages in EcCN’s lambdoid phage

resistance.

EcN 1290 (sieB) EcN 1291

1504

1004

50+

Fold change

Figure 4.4. 5: Antisense regulation of prophage 3 genes in ECN when incubated with
lambdoid phages: (A) Screenshot of gene regulation as viewed in integrated genome
browser (IGB). The pink and green colours represent the sense and antisense strands and
their respective reads of EcN that was incubated with LB medium for 16 h; red and blue
colours represent the sense and antisense strands and their respective reads of ECN that was
incubated with stx- phages for 16 h. Reads were mapped to ECN genome reference sequence.
The red box points out the observed antisense regulation of the 1,104 bp long region that
spans over ECN_1290 and EcN_1291. The numbers indicated in y-axis represent number of
reads. X-axis represents the co-ordinates of genes in the genome. (B) Results of two step
RT-PCR presenting the expression (in fold change) of sense and antisense strand of
EcN_1290 (sieB) gene in ECN when incubated with lambda phages for 3 h.
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Table 4. 2: Results of lambda PPA on the recombinant MG1655 strains. The results

presented are the mean of three independent trials with at least two replications each.

Reduction in plating
Recombinant strains Plasmids efficiency when compared
to MG1655R
MG1655pr pUC19 pr ~ 215-fold
MG1655sieB pUC19 sieB ~ 7.5-fold
MG1655_S pUC19 S ~ 3-fold
MG1655 AS pUC19 AS ~ 2-fold

4.4.3. Determination of lambda phage titer reduction by EcN

In addition to the resistance exhibited by EcN towards lambda phages, we performed
experiments to investigate whether EcN can neutralize, destroy or inactivate the lambda phages
during coincubation. For this reason, lambda phages were incubated with and without EcN in
LB medium. The samples were taken at different time points of coincubation and PFUs/ml were
determined by PPA (3.1.8). A striking reduction in lambda phage titer was observed as early as
2 h (~11-fold) and 4 h (~ 72-fold) post-incubation with ECN which gradually escalated to
~ 1000-fold at 24 h and remained relatively stable even after 72 h of incubation (Figure 4.4.
6_A). Moreover, the CFUs/ml of E. coli strains ECN and MG1655 were determined in the
presence and absence of lambda phages at the indicated time points. The CFUs/ml of EcN in
the presence and absence of phages were comparable and thus confirming the resistance of ECN
towards lysis by lambda phages. On the contrary, the CFUs/ml of MG1655 dropped by ~ 214-
fold as early as 2 h after incubation inferring the active lysis of MG1655 cells upon phage
infection. However, a gradual recovery in the CFUs/ml of MG1655 was observed initially at
4 h where the reduction in CFUs/ml of MG1655 incubated with lambda phages was only about
~ 53-fold compared to that of MG1655 culture without lambda phages (Figure 4.4. 6_B).
Further in the course of time (at 48 h and 72 h) only ~ 10-fold difference in CFUs/ml was
observed for MG1655 incubated with and without phages. This recovery in CFUs/ml could be

hypothesized to  the selection of phage resistant MG1655  mutants.
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Figure 4.4. 6: Lambda phage titer reduction kinetics and growth Kkinetics of E. coli
strains. (A) Kinetics of lambda phage titer reduction (in PFUs/ml) in the presence (red line)
and absence (black line) of EcN (lambda:EcN - 1:10) .The samples were taken for PPA at the
indicated time points. (B) Growth kinetics (in CFUs/ml) of E. coli strains (ECN/MG1655)
incubated in the presence or absence of lambda phages and CFUs/ml at the specified
timepoints were determined by plating them on 1.5 % LB agar containing MG1655.

4.4.4. Impact of EcCN mutants on lambda phage inactivation

EcN’s membrane-bound components and secretory factors had been reported to contribute to

many of its probiotic properties (Hancock et al., 2010a;Troge et al., 2012;Kleta et al.,

2014;Nzakizwanayo et al., 2015;Sassone-Corsi et al., 2016;Steimle et al., 2019). We
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investigated the participation of these factors in ECN’s lambda phage inactivation by employing
different deletion mutants of ECN such as SK22D (microcin mutant), EcNA c¢sg (curli mutant),
EcNA K5 (capsule mutant), ECNA fliC (flagellin mutant) and EcNA bcs (cellulose mutant) in
coincubation studies with lambda phages. The PPA was performed after coincubation and the
results indicated that all the ECN mutants used in the study could reduce the lambda phage titer.
However, the mutants depicted a differing efficiency in the lambda phage inactivation of about
90-fold for EcN wildtype, 82-fold for SK22D and A bcs, 16-fold for A csg, 25-fold for A k5 and
10-fold for A fliC (Figure 4.4. 7). Overall, from the above experiment, we could show that all
the tested ECN mutants inactivated the lambda phages with variable efficiency and their

reduction ability was not significantly different to that of the ECN wildtype.
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Figure 4.4. 7. Screening the deletion mutants of EcN to determine their effect on
lambda phage titer reduction. Lambda phages were incubated either alone in LB medium
(LB) or with wildtype E. coli strains ECN, MG1655 or with the various deletion mutants of
EcN such as SK22D (microcin mutant), EcNA csg (curli mutant), ECNA k5 (capsule mutant),
EcNA fliC (flagellin mutant) and EcNA bcs (cellulose mutant) in the ratio of 1:10 for 24 h
at 37 °C after which the PFUs/ml were determined by PPA. The statistical significance was
calculated with unpaired t-test. The significance of ECN and MG1655 were calculated by
comparing to medium control (LB) and the ECN mutants were compared to the EcN
wildtype. **p<0.0021, ****p<0.0001, ns — not significant.
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4.45. Investigation of lambda phage inactivating mechanism(s) of EcN

Since EcN exhibited a rapid lambda phage titer reduction of about 214-fold after 2 h of
incubation with phages (Figure 4.4. 6_A) we were interested to find out if this reduction was
mediated by binding of the phages to the EcN cells. The lambda phages use the LamB
maltoporin in the outer membrane of E. coli as a receptor (Randall-Hazelbauer and Schwartz,
1973;Chatterjee and Rothenberg, 2012). Hence, we hypothesized inducing the LamB receptor
would, in turn, increase the frequency of lambda phage binding to EcN, which would eventually
lead to an enhanced reduction in phage titer. To test this hypothesis, we induced the lamB gene
expression by incubating EcN in the presence of 0.2 % maltose (Schwartz, 1976). As a proof
of concept, the regulation of lamB gene expression in ECN incubated in the presence and
absence of 0.2 % maltose for 6 h was tested by gRT-PCR. The primer pair lamB_RT_F/R was
used to amplify the lamB gene and hcaT_F/R primers were used to amplify the reference gene
hcaT, which was not regulated by maltose. The results of gRT-PCR portrayed a strong
upregulation of the lamB gene in the presence of maltose (Figure 4.4. 8 _A). Consequently,
0.2 % maltose was employed in the coincubation and lambda phage specific PCR was
performed with the pellets and supernatants of ECN/MG1655 incubated with lambda phages.
The PCR results (Figure 4.4. 8_B) revealed that post-incubation, the lambda phage DNA could
be detected with the cell pellets of ECN but not with the supernatants. Notably, the intensity of
detected phage DNA with the pellets was much more pronounced in the presence of maltose.
On the contrary, in the case of MG1655, lambda phage DNA was clearly detected in both pellets
and supernatants of coincubation. Like for EcN, the addition of 0.2 % maltose also increased
the phage signal associated with the pellets of MG1655. The q-RT PCR and the PCR results
clearly indicated a positive correlation between 0.2 % maltose induced lamB expression and

enhanced phage DNA association with ECN.
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The next challenge was to elucidate the influence of the phage binding on the phage titer
reduction by EcN, for which we used 0.2 % maltose in E. coli and lambda phage coincubation
studies. E. coli (ECN/MG1655) cells were either killed by treatment with 1 % formaldehyde
(FA) or heat (100 °C, 1 h) and incubated with lambda phages with or without 0.2 % maltose

and PFUs/ml were determined after 24 h by PPA.
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Figure 4.4. 8: Influence of 0.2 % maltose on lamB induction and subsequent lambda
phage titer reduction in EcN. (A) gRT-PCR results showing the upregulation of lamB gene
in EcN when incubated in LB medium +/- 0.2 % maltose for 6 h. (B) Lambda phage specific
PCR was performed with the pellets and the supernatants of E. coli (ECN/MG1655)
incubated with lambda phages in the presence (lambda + M) or absence (lambda) of 0.2 %
maltose for 24 h at 37 °C. 993: E. coli K-12 strains harboring the lambda prophage used as
a positive control for lambda phage specific PCR, dH20: negative (water) control. (C) Live,
heat killed (HK) and 1 % formaldehyde (1 % FA) fixed ECN/MG1655 were incubated with
lambda phages in LB medium +/- 0.2 % maltose ( 0.2 % M) for 24 h at 37 °C, after which
the PFUs/ml were determined by PPA. ns, not significant, **p < 0.0021 and ****p < 0.0001.
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The results (Figure 4.4. 8_C) of PPA demonstrated a clear lambda phage titer reduction by
EcN, about 87-fold reduction after 24 h and this reduction was further intensified to ~ 2936-
fold in the presence of maltose (EcN + 0.2 % M). Comparable to live EcN, the formaldehyde-
treated ECN (ECN+ 1 % FA and EcN +0.2% M + 1 % FA) showed a similar pattern of phage
titer reduction, whereas, the heat-killed ECN (EcN HK) completely lost its ability to reduce the
phage titer. As expected, the HK and 1 % FA treated MG1655 did not result in a dramatic
change in phage titre, however, the live MG1655 showed an increase in phage titer of about
880-fold after 24 h incubation. Moreover, the addition of maltose also decreased the number of
free phages available in the supernatant of MG1655 and thus assuring the increased attachment

of phages to E. coli in the presence of maltose.

4.4.6. Impact of other E. coli strains on lambda phage inactivation

Apart from EcN and MG1655, we also tested other E. coli strains such as the K-12 strains
HB101 and DH5a, commensal strains isolated from healthy individuals such as SE11 and SE15,
and the uropathogenic strain CFT073, which is a close relative to EcN, for their ability to reduce
the phage titer. The E. coli strains named above were incubated with lambda phages at a starting
ratio of 10:1 (E. coli: phages) for a period of 24 h. Afterwards, the PFUS/ml in the filtered
supernatants were detected by PPA. The PPA results (Figure 4.4. 9) from the coincubation
studies revealed that among the tested E. coli strains, only the E. coli K-12 strains MG1655,
HB101 and DHS5a were infected which was evident from a significant increase in the phage
titer of about ~ 1350-fold (MG1655), ~ 97-fold (HB101) and ~ 117-fold (DH5a) after 24 h of
incubation. While the commensal E. coli strains SE11 and SE15 and the uropathogenic strain
CFTO073 were not only resistant to the lambda phages but were also able to reduce the phage

titer after 24 h comparable to EcN (Figure 4.4. 9).

103



1010 x>

—_
* %k *kk
108 =
E 108 Fkk
3 o = B o
o 104
102
100 1 I || 1 1 | I
< 4)‘3 Q\ 6{\* N ) ,\"b
Y N
SR P N AP
x@ x * * x xc‘

Figure 4.4. 9: Lambda phage titer reduction by other E. coli strains: Lambda phages were
incubated either alone in medium (LB- black column ) or with EcN (dark grey column), E. coli
K12 strains - MG1655, HB101 and DH5a (white columns), E. coli commensal strains - SE11
and SE15 (white columns with black stripes), the uropathogenic strain CFT073 (light grey
column) in the ratio of 1:10 for 24 h at 37 °C after which the samples were sterile filtered and
PFUs/ml were determined by PPA. **p<0.0021, ***p<0.0002.
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Figure 4.4. 10: EcN’s influence on lambda phage infection of K-12 strains: Lambda
phages were incubated alone in medium (LB) or in a coculture set up with SK22D (dark
greycolumn) / E. coli K-12 strains - MG1655, HB101 and DH5a (whitecolumns) / in a
triculture set up (white columnswith black vertical stripes) where lambda phages:SK22D:K-
12 strains were mixed at a ratio of 1:10:10. The incubation was carried out for 24 h at 37 °C
after which the samples were sterile filtered and PFUs/ml were determined by PPA. The
significance of the triculture set up was calculated by comparing to the coculture with the
respective K-12 strain, **p<0.0021, ****p<0.0001.
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Following these observations, we were intrigued to investigate whether ECN could interfere
with the lambda phage infection of K-12 strains and thereby protecting them from being
infected. To test this hypothesis, different K-12 strains were investigated in a triculture set up
involving lambda phages:SK22D:K-12 strain as described in 3.1.7. The microcin negative
mutant of EcN (SK22D) was used in triculture experiments to avoid the effect of the
antibacterial compounds from EcN: microcins M and H47 on the K-12 strains. The experiments
with the triculture set up explicitly showed an astounding influence of SK22D on the lambda
phage infectivity of K-12 strains. In the absence of SK22D, the K-12 strains were infected by
lambda phages and the phage titer was increased by ~ 950-fold (MG1655) and ~ 90-fold
(HB101 and DH5a) after 24 h incubation. Nevertheless, in the presence of SK22D the observed
phage titer increase was curtailed by ~ 210-fold (MG1655), ~ 105-fold (HB101) and ~ 35-fold
(DH5a). Following this, the capacity of the commensal strains SE11 and SE15 to influence the
lambda phage infection of MG1655 was tested in a similar triculture coincubation experiment
and the results (Figure 4.4. 11) demonstrated that these strains were also able to interfere with
the lambda phage infection of MG1655 but not as efficient as SK22D. It was implied by a phage
titer reduction of ~ 66-fold by SE11 and ~ 177-fold by SE15, compared to that of ~ 210-fold

reduction by SK22D in the supernatant after incubation.
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Figure 4.4. 11: Influence of commensal strains on lambda phage infection of MG1655.
Lambda phages were incubated either alone in the medium (LB-blackcolumn) or in a
coculture set up with SK22D (dark greycolumn) / MG1655 (whitecolumn) or in a triculture
set up (white columns with black wvertical stripes) where lambda
phages:SK22D/SE11/SE15:MG1655 were applied at a of ratio 1:10:10. The incubation was
carried out for 24 h at 37 °C after which the samples were sterile filtered and PFUs/m| were
determined by PPA. The significance of the triculture set up were calculated by comparing
to the MG1655 column, *p<0.0332, **p<0.0021, ***p<0.0002 and ****p<0.0001.

In conclusion, from this part of the study, the resistance of EcN towards lambda phages was
demonstrated. Phage repressor encoded in ECN’s prophage 3 was shown to play an essential
role in its resistance against lambda phage infection and could provide partial protection for
MG1655 against lambda phages. In addition, ECN was found to inactivate lambda phages

during coincubation and the inactivation was mediated by binding to LamB.

45. Lytic phage resistance of EcN

The lytic T4 phages belong to one of the most common families of phages present in the gut:
Myoviridae (Chibani-Chennoufi et al., 2004b;Manrique et al., 2016) and it could be an
important challenge for the survival of EcN in the gut. Therefore, we were curious to study the
influence of ECN on T4 phages and the initial goal was to determine the sensitivity of EcN to
the lytic T4 phages.
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45.1. T4 phage plaque assay

The resistance of EcN towards lytic T4 phages was determined by PPA. Serial dilutions of the
T4 phage lysate were dropped on a PPA plate with either MG1655 or EcN in the soft agar.
After incubation at 37 “C, no lysis zone or single plaque was detected when T4 phage lysate
was added to EcN, whereas with MG1655 lawn, clear lysis zones with higher dilutions and
single plaques with lower dilutions of T4 lysate were observed (Figure 4.5. 1_A). Similarly, a
liquid culture assay was performed by adding T4 phages into mid-log growing phase EcN or
MG1655 cultures. After 4 h of incubation, the MG1655 culture was clear and thus indicating
lysis by T4 phages, whereas the ECN culture remained turbid, implying resistance towards lysis

by this phage (Figure 4.5. 1_B).
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Figure 4.5. 1: T4 phage sensitivity test for E. coli strains MG1655/EcN: (A) Phage plaque
assay: T4 phage lysate was serially diluted [undiluted (UD) to 10~ " PFUs/ml] and 10 pl was
spotted on the 0.7 % LB agar PPA plates with either MG1655 or EcN and incubated at 37 °C,
O/N. (B) Liquid culture assay: T4 phage lysate (10° PFUs/ml) was added to the
ECN/MG1655 culture of ODeoo~ 0.5 (mid-log growing phase) and incubated at 37 °C at
180 rpm for 4 h. Imaging was performed with Canon PowerShot SX260 HS and processed
with ImageJ 1.50i. Image modified from (Soundararajan et al., 2019)

4.5.2. Microscopic examination of E. coli and T4 phage coincubation

Further, to closely observe the interaction between E. coli and T4 phages, the E. coli and phage

coincubation cultures were analysed by different microscopic techniques.
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45.2.1. Confocal microscopy of DAPI stained T4 phages incubated with E. coli

For the confocal microscopic observation, DAPI (0.5 pg/ml) stained T4 phages were added to
the mid-log growing phase EcCN or MG1655 cultures (E. coli + T4 phages). As a control, LB
medium with 0.5 pg/ml DAPI was added to the E. coli (E. coli — T4 phages). The cocultures
were incubated on ice for 30 mins to facilitate the attachment of phages to E. coli followed by
incubation for 5 mins at 37 °C to allow the infection. Finally, the E. coli phage incubations were
visualized through the 100x objective lens of the Leica microscope-TCS MP5. The confocal
microscopic examination revealed that the EcN cells were intact and the DAPI signals were
located around the cells (Figure 4.5. 2, red arrows). In contrast, in the case of MG1655,
apparent cell lysis was evident and the DAPI signals were localized within the cell debris
(Figure 4.5. 2, green arrows). The results demonstrated that T4 phages could bind to EcN
without being able to lyse it and thus proving again the insensitivity of ECN towards T4 phage

infection.

MERGE

E. coli - T4 phages E. coli + T4 phages

DAPI MERGE PC DAPI MERGE

Figure 4.5. 2: Confocal micrograph of E. coli incubated with T4 phages: 100 ul of DAPI
(0.5 pg/ml) stained T4 phage lysate or medium was added to ECN/MG1655 culture at the
ratio of E. coli:T4 ~ 1:10. E. coli - T4 phages (left): ECN or MG1655 incubated with
medium + 0.5 pg/ml DAPI, E. coli + T4 phages (middle): ECN or MG1655 cells incubated
with T4 phages + 0.5 ug/ml DAPI. PC: phase contrast channel, DAPI: DAPI channel,
MERGE: PC + DAPI. Zoomed-in version (right), red arrows point out intact EcN cells,
DAPI signal (blue) localized around the cells (top row) and green arrows point out lysed
MG1655 cells, DAPI signal (blue) localized within cell debris (bottom row). Image source:
(Soundararajan et al., 2019)
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4.5.2.2. Observation of T4 phage attachment to EcN by Transmission Electron
Microscopy

For electron microscopic examination ECN and T4 phage incubations were negatively stained
after 1 h at 37 “C and visualized under TEM. The TEM micrographs displayed in Figure 4.5. 3
clearly established the attachment of T4 phages to EcN (C, D). Specifically, the red arrows
point out the T4 phages that were found attached to the intact ECN cells and thereby confirming

our observations from the confocal microscopy.

0.15 pm 0.40 pm 0.25 pm 0.50 um
50000 x 20000 x 30000 x 20000 x

Figure 4.5. 3: TEM micrographs showing the T4 phage attachment to EcN: EcN was
incubated with T4 phages (1:100) for 1 h at 37 °C and the phage + bacteria mixture was
then fixed with 0.5 % glutaraldehyde and stained with 0.5 % uranyl acetate. (A) T4 phage
in medium, (B) EcN incubated in medium, (C, D) EcN incubated with T4 phages. Imaging
was performed with TEM at different magnifications. The scale bar is shown in each
picture. Image modified from (Soundararajan et al., 2019)

45.3. T4 phage DNA localization by PCR

Microscopic observations clearly displayed the attachment of T4 phages to EcN and we
validated the same with T4 phage specific PCR. By PCR, we aimed to localize the T4 phage
DNA following the coincubation with E. coli with the primer pair ndd_T4_F/R (580 bp). The
cells and supernatants of the E. coli (ECN/MG1655) incubated with T4 phage were used as a
template and the PCR results revealed that after 24 h of incubation, the T4 phage DNA was
found to be predominantly associated with EcN cells (T4 _P) rather than cell-free supernatant
(T4_S) of the coincubation. In the case of MG1655, the distribution of phage DNA was
relatively even between the cells (T4 P) and supernatant (T4 _S). An internal control (pKD3
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plasmid) was used in the PCR mix which gave an amplicon of 1,098 bp with similar intensity
in all the samples and hence excluding the possibility that the difference in the band intensity
between EcN cells and supernatant incubated with T4 phages were due to the nature of these
samples. Thus, the PCR results substantiated the microscopic findings regarding the attachment

of T4 phages to EcN.
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Figure 4.5. 4: Localization of T4 phage DNA with E. coli after coincubation: The pellet
and the supernatant of ECN/MG1655 incubated with T4 phages for 24 h at 37 °C, were used as
template in a T4 specific PCR with the primer pair T4_ndd_F /R (580 bp). Plasmid pKD3 was
used as internal standard along with primer pair pKD3_F/R (1,098 bp). Lane details: (red —
EcN, green — MG1655), +T4_P: pellet of E. coli + T4 phage, +LB_P: pellet of E. coli + LB
medium, +T4_S: supernatant of E. coli + T4 phage, , +LB_S: supernatant of E. coli + LB
medium, LB: LB medium control, LB + T4: LB medium + T4 phage, T4 (no pKD3): T4
phage control (no pKD3), dH20: negative control, M: GeneRuler 1 kb DNA Ladder

45.4, Role of EcN’s K5 capsule in its T4 phage resistance

The K5 polysaccharide capsule forms the outermost layer of ECN’s cell envelope, therefore we
hypothesized, K5 capsule could be a potential target for binding of T4 phages. Hence, to
investigate the involvement of the capsule in T4 phage insensitivity, a capsule negative mutant
of EcN (EcNA k5) was employed in our experiments. This mutant lacks the entire K5 capsule

determinant in ECN spanning from kpsM to kpsF which is ~ 17.9 kb in size. The deletion was
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confirmed by PCR (Figure 4.1. 6_A), and in addition, to further confirm the lack of capsule, a
phenotypic verification was performed with the K5 specific phage. This phage bind specifically
to the K5 capsule of E. coli strains, resulting in an infection and lysis of such strains. When
serial dilutions of K5 phages were spotted on a PPA plate with EcN wildtype in the lawn, clear
lysis zones were observed indicating a positive infection. On the other hand, with ECNA k5 in
the lawn, no lysis zone was observed indicating that the K5 phages could not infect them

(Figure 4.5.5_left). These results with K5 phages confirmed the lack of K5 capsule in ECNA k5

strain.
EcN capsule ” EcN capsule .
negative mutant EcH wikdbype negative mutant EcN wildtype
K5
phages |

| ‘
Figure 4.5. 5: Role of K5 capsule in T4 phage resistance of ECN: 200 ul of ECN cultures
(ECNA k5/ EcN wildtype) were mixed with 0.7 % LB agar and poured on a 1.5 % LB agar plate.
After solidification, 10 pl of serially diluted K5 capsule specific phages (Left) / T4 phages
(right) were spotted on the lawn and the plates were carefully incubated for 24 h at 37 °C.

Imaging was performed with Canon PowerShot SX260 HS and processed with ImageJ 1.50i.
Image modified from (Soundararajan et al., 2019)

Similarly the serial dilutions of T4 phages were plated on EcCN wildtype and the EcNA k5 lawn,
producing lysis zones only on EcNA k5 in contrast to the ECN wildtype lawn where not a single
plaque was detected (Figure 4.5. 5 right). Thus, with the help of EcNA k5 mutant, we

demonstrated a significant role of ECN’s K5 capsule in its resistance against T4 phages.

455. T4 phage inactivation by EcN

In addition to EcN’s ability to protect itself from T4 phage infection, we were intrigued to
understand whether EcN could also inactivate or destroy the T4 phages in its surrounding. For
this purpose, EcN was incubated with T4 phages for 24 h during which the T4 phage titer (in
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PFUS/mI) and EcN’s growth (in CFUs/ml) were determined by PPA and by plating on LB agar
plates, respectively. The results (Figure 4.5. 6_A) of phage titer determination established a
reduction in phage titer which was ~ 5-fold within 30 mins of incubation and drastically raised

to ~ 10-fold and ~ 102-fold after 1 h and 2 h of coincubation. Further, a gradual drop in
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Figure 4.5. 6: T4 phage titer reduction kinetics (A) and EcN’s growth kinetics (B) during
EcN and T4 phage coincubation. ECN was incubated with T4 phages at a ratio of 1:1 in LB
medium at 37 °C and samples were taken at indicated time points of coincubation. PFUs/ml
(A) and CFUs/ml (B) were determined for the samples. The blue lines indicate PFUs/ml of T4
phages and CFUs/ml of EcN in LB medium, the red lines indicate PFUs/ml of T4 phages
incubated with EcN cells and CFUs/ml of EcN incubated with T4 phages.

PFUs/ml of T4 phages was observed throughout the coincubation and the highest reduction of
about ~ 1,470-fold was observed after 24 h. Simultaneously, the graph illustrating the growth
kinetics of ECN (Figure 4.5. 6_B) displayed a delay in ECN’s growth at early time points of
coincubation until 1 h. However, after 2 h of coincubation, an elevation in ECN’s CFUs/ml was
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observed and by 4 h, the growth kinetics of EcN in the presence and absence of T4 phages

overlapped each other, displaying no difference in the growth of ECN due to the phages.

Furthermore, to discern the long-term effect of ECN on T4 phages, the coincubation was carried
out for a longer time period (120 h) and samples were taken at different time points as
mentioned in the graph (Figure 4.5. 7) for phage titer (in PFUs/ml) and growth (in CFUs/ml)
determination. Surprisingly, after 24 h of coincubation with EcN, instead of a further drop in
PFUs/ml as observed in case of lambda phages (Figure 4.4. 6), the T4 phage titer raised and at
48 h there was only a 10-fold reduction in phage titer in the presence of ECN when compared
to 0 h (Figure 4.5. 7_A). However, the T4 phage titer did not increase more than the number
of initial phages added. The results led to speculate that the phage titer increase might be due
to the T4 phage infection of EcN cells, nevertheless, the corresponding growth Kinetics
(CFUs/ml) of EcN (Figure 4.5. 7_B) remained stable throughout the coincubation and the

CFUs/ml of EcN were comparable in the presence or absence of T4 phages.
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Figure 4.5. 7: Kinetics of T4 phage titer reduction (A) and EcN's growth (B) for 120 h of
coincubation. EcN cells were incubated with T4 phages at a ratio of 1:1 in LB medium at 37 °C
and samples were taken at indicated time points of coincubation. PFUs/ml (A) and CFUs/ml
(B) were determined for the samples and the blue lines indicate PFUs/ml of T4 phages and

CFUs/ml of EcN in LB medium, the red lines indicate PFUs/ml of T4 phages incubated with
EcN cells and CFUs/ml of EcN incubated with T4 phages.

Hence, we hypothesized that the increase in the phage titer observed after 24 h of coincubation
was due to neither the infection nor the subsequent lysis of ECN but rather due to the release of
T4 phages that were attached to EcN so far. To apprehend the observed effect, we isolated the
T4 phages after 24 h, 48 h and 96 h of coincubation with EcN and serial dilutions of these T4
phages were spotted on the freshly prepared EcN lawn in a PPA and parallelly serial dilutions
of fresh T4 phage lysate were also spotted on the lawn prepared with EcN that had been

incubated with T4 phages for 24 h, 48 h and 96 h. From this experiment, it was noted that the
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T4 phages previously exposed to ECN and the fresh T4 phages failed to plate on ECN lawns no

matter if it was freshly prepared EcN or if T4-exposed EcN was employed (Table 4. 3).

Table 4. 3: Testing the T4 phage sensitivity of EcN that has been coincubated with T4
phages (A) T4 phages that were incubated with ECN for 24 h/48 h/96 h were serially diluted
and spotted on fresh ECN/MG1655 lawn (B) EcN incubated with T4 phages for 24 h/48 h/96 h
were used to prepare PPA plates on which serial dilutions of freshly prepared T4 phages were
spotted. The PPA plates from (A) and (B) were incubated at 37 °C, 24 h and the PFUs/ml were
determined. The results displayed here are the mean of three independent trials with two
replicates each trial. No - No plagues could be detected from the undiluted sample.

Hours of coincubation | (A) T4 phages preincubated (B) FreshT4 phages on the lawn of

(exposure) with EcN spot(';id on the lawn EcN preincubated with
fresh ECN fresh MG1655 Medium T4 phages
24 h No 7.8x10° No No
48 h No 9.3x10° No No
96 h No 1.2 x 107 No No

Similarly, in another experiment, the EcN cells that were incubated with T4 phages for 96 h
were collected and washed thrice with 0.9 % saline. These cells were then incubated at 37 °C,

2 h with freshly prepared T4 phage lysate and the PFUs/ml were determined. The results of the

+ fresh T4 phages
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Figure 4.5. 8: T4 phage titer reduction by EcN pre-incubated with T4 phages for 96 h.
EcN incubated with either T4 phages (ECN_T4 96 h) or alone in LB medium
(ECN_LB_96 h) for 96 h were collected by centrifugation (4,696 x g, 10 mins, RT) and
pellets were resuspended in fresh LB medium after washing thrice. 100 pl of freshly
prepared T4 phages were added to 100 pl of EcN cells (fresh ECN/ ECN_T4 96 h/
EcN_LB_96 h) in 1 ml LB medium and incubated for 2 h at 37 °C after which the PFUs/ml
were determined by PPA. LB: T4 + medium control.
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PPA (Figure 4.5. 8) clearly established that the EcN cells incubated with T4 phages for 96 h
(ECN_T4_96 h) reduced the titer of freshly added T4 phages by 100-fold in 2 h which was as
efficient as fresh EcN cells. Hence these results collectively eliminated the speculation of EcN

becoming sensitive to T4 phages after 24 h of coincubation.

Moreover, an alternative perspective pointing towards the release of attached T4 phages being
responsible for the observed increase in phage titer remains open for further investigation. The
hypothesis was further affirmed from the results of time point-dependent T4-specific PCR, in
which, we could detect more T4 phage DNA in the supernatant of ECN-T4 phage coincubation

at 48 h when compared to 24 h time point (Figure 4.5. 9).

24 h 48 h
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Figure 4.5. 9: Localization of T4 phage DNA with EcN cells/supernatant after
coincubation: The pellet and the supernatant of ECN incubated either alone in medium
(LB) or with T4 phages for 24 h/ 48 h at 37 °C were used as template in a T4 specific PCR
with the primer pair T4_ndd_F /R (580 bp). Lane details: 1 - ECN + T4 _pellet, 2 - ECN +
LB _pellet, 3 - EcN + T4 _supernatant, 4 - ECN + LB_supernatant, 5 - T4 phage control, N
- (water) negative control, M - GeneRuler 100 bp DNA Ladder
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4.5.6. Transcriptomic analysis of ECN in the presence of T4 phages

Previously, we observed a dramatic reduction in T4 phage titer after 2 h of incubation with
EcN. It is quite likely that the presence of T4 phages might have induced a sea of changes in
the transcriptomic profile of EcN. The study aimed to understand if the changes in
transcriptome could shed light on possible factors which might contribute to the immunity
towards T4 phages in EcN. For the transcriptomic analysis, RNA was isolated from EcN
incubated with or without T4 phages for 2 h and their transcriptomic profiles were compared.
This RNA-Seq data have been deposited at the NCBI Gene Expression Omnibus (Edgar et al.,
2002) and can be accessed through GEO series accession number GSE135946

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cqi?acc=GSE135946). From the results of RNA-

seq, it was evident that, the number of genes that were downregulated (123 genes) (log. fold
change < -2, padj < 0.05) was ~ 4 times higher than the number of genes upregulated (33 genes)
(log2 fold change > 2, padj < 0.05). The function(s) of these genes were predicted as described
in 3.5.3 and further assigned into the functional groups as mentioned in the doughnut graphs
(Figure 4.5. 10). The functional details of the up and down-regulated genes in EcN, when
incubated with T4 phages for 2 h, are presented in Annexure 4 (Table 8.3 and Table 8.4). The
functional grouping of downregulated genes (Figure 4.5. 10_B) clearly indicated that the
majority of downregulated genes (58 of 123 genes) belonged to metabolism-related genes.
Specifically, ~20 % of total downregulated genes were contributing to carbohydrate
metabolism and ~ 11 % to amino acid metabolism. Apart from the uncharacterized proteins that
corresponded to ~ 16 % of total downregulated genes, the other major downregulated functional
groups were stress and growth-related proteins (~ 9 %) and transcription and translation-related
proteins (~ 7 %). In general, the observed downregulation of genes associated with metabolism
and growth might explain the observed lag in growth kinetics (CFUs/ml) of EcN at early hours

(< 2 h) of incubation with T4 phages (Figure 4.5. 6). This observation coincides with previous
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publications (Winkler and Duckworth, 1971;Fukuma and Kaji, 1972) which reported inhibition

in the cellular mechanisms of a host cell when incubated with T4 ghost bacteriophages.

A)

20.33% Carbohydrate metabolism (25)
16.26% Uncharacterized proteins (20)
10.57% Aminoacid metabolism and transport related proteins (13)
8.94% Stress and growth related protein (11)
8.13% Nucleotide, RNA, DNA metabolism (10)
7.32% Transcription and translation (9)
4.88% Membrane proteins (6)
4.88% Metal/lon binding proteins (6)
4.88% Electron transport chain (6)
4.07% Lipid metabolism (5)
4.05% Other metabolism and biosynthesis related proteins (5)
2.44% Polysialic acid capsule (3)
1.63% Polysaccharide degradation proteins (2)
0.81% Enterobactin receptor (1)
0.81% Fimbrial proteins (1)

39.39% Membrane protein or transport related genes (13)
36.36% Transcription or translation (12)
15.15% Nucleotide, RNA, DNA metabolism (5)

3.03% Carbohydrate metabolism (1)

3.03% Flagellar protein (1)
/ 3.03% Siderophore biosynthesis (1)

Figure 4.5. 10: Doughnut graphs representing the functional grouping of the genes that
were downregulated (i) with logz fold change < -2, padj < 0.05 and upregulated (ii) with
log2 fold change > 2, padj < 0.05 in EcN when incubated with T4 phages after 2 h. In the
legend of the graph, the numbers in the bracket after the functional groups represents number
of genes down or upregulated in the respective group. Image source: (Soundararajan et al.,

2019)

The functional grouping of upregulated genes (Figure 4.5. 10_B), showcased most of the genes
upregulated in EcN after 2 h of incubation with T4 phages, constituted membrane protein or
transport-related genes (~ 40 %), followed by transcription or translation-related genes
(~ 36 %). The most upregulated gene: ECN_1772 (log> fold change = 4.97) which is a putative
inner membrane transport protein. Owing to the literature evidence, that reported certain

membrane proteins of bacteria had conferred resistance against phage infections (Biswas et al.,
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1992;Labrie et al., 2010;Cumby et al., 2015), we were interested to investigate if ECN_1772
was responsible for the T4 phage resistance of ECN. For this purpose, the gene was cloned into
an inducible pUC19 vector and the T4 phage sensitive MG1655 strain was transformed with
the same. However, the successful cloning, followed by induction of expression of this gene
was not able to protect the MG1655 strain from getting lysed by T4 phages in PPA (data not
shown). Thus, the mere overexpression of ECN_1772 in MG1655 was insufficient to confer

resistance to T4 phages.

45.7. Biochemical studies to investigate the T4 phage inactivating factor in EcN

In an approach to elucidate the mechanism(s) of T4 phage inactivation by ECN, we were curious
to investigate if any cellular and/or secretory factors of ECN could be responsible for its ability
to reduce phage titer. To start with, ECN was tested by incubating with T4 phages at various
MOIs and PFUs/ml were determined by PPA. The PPA results exhibited ~ 1,200-fold reduction
in the T4 phage titer by EcN after 24 h of incubation at a ratio of 1000:1 (EcN:T4). Similarly,
a ~ 98-fold reduction in PFUs/ml was observed, when EcN was incubated with 1000 times
more T4 phages (ECN:T4 = 1:1000) (Figure 4.5. 11_A). In addition, EcN cells and supernatant
were subjected to differential treatments like heat treatment (3.1.11.1) to examine whether the
phage inactivating factors were heat sensitive. The PPA results of the coincubation experiments
with heat-killed ECN (EcCN_HK) and EcN supernatant samples (Figure 4.5. 11 _B) revealed
that not only live EcN cells (EcN) but also ECN supernatant (ECN_S) and supernatant of heat-
killed EcCN cells (HK_S) were able to reduce the phage titer by ~ 1,000-fold in 24 h,
Interestingly, the heat-killed EcN cells (EcN_HK) reduced the phage titer by ~ 16,000-fold,
which was ~ 12-fold more efficient than live ECN. The flow-through of EcCN_S from the
concentration process (ECN_S FT) was not able to reduce the phage titer and therefore
excluding the possible participation of lower molecular components of ECN_S (less than

5 KDa) in T4 phage titer reduction. Noteworthy, when the ECN_S was further inactivated by
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heat (100 °C, 1 h), its ability to reduce phage titer remained intact. Altogether, the heat treatment

of either EcCN or its supernatant did not result in loss of function demonstrating that
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Figure 4.5. 11: Phage titer reduction by EcN and cell-free supernatant (A) EcN was
incubated with T4 phages at various MOI at 37 °C for 24 h, static after which samples were
sterile filtered, and PFUs/ml were determined by PPA. t=0 h: T4 phage titer at time point 0 h,
LB: T4 phages + LB (phage titer after 24 h) (B) EcN cells were processed as described in
3.1.11 and incubated with T4 phages for 24 h at 37 °C, static after which samples were sterile
filtered, and PFUs/ml were determined by PPA. The legends of the graph are described in the
Table 3. 1. Image modified from (Soundararajan et al., 2019)
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the factors responsible for T4 phage titer reduction were heat stable. In contrast to EcN, the

supernatant of MG1655 (MG _S) was not able to inactivate the T4 phages.

Furthermore, the supernatant of the capsule negative mutant (EcNA k5) was tested for its ability
to inactivate the T4 phages. Owing to its sensitivity towards T4 phages, the capsule negative
mutant of EcN did not inactivate the T4 phages as expected. But, the supernatant of EcNA k5
(EcNA k5_S), was still able to inactivate the phages ~ 100-fold (Figure 4.5. 11). Thus,
indicating that there must be another factor in the supernatant of ECN responsible for its ability

to inactivate the T4 phages.

Further to discern the characteristic features of phage inactivating factors(s), heat-killed cells
were subsequently subjected to the treatment either with 40 mM sodium meta periodate (SMP)
and/or 1 mg/ml proteinase K (PK) as described in the method section 3.1.11. PK digests peptide
bonds between hydrophobic amino acids (aliphatic, aromatic) resulting in degradation of the
protein molecules, whereas, SMP cleaves the bond between adjacent carbon atoms that contain
hydroxyl groups (cis-glycols) in polysaccharides and thus degrading the carbohydrate
molecules in the sample. The results (Figure 4.5. 12) indicated that not only the heat-killed
EcN cells (EcN HK) but also the heat-killed and PK treated EcN cells (EcN HK+PK) reduced
the phage titer after 24 h by ~ 14,000-fold and ~ 22,000-fold, respectively. Intriguingly, when
EcN HK or EcN HK+PK were treated with 40 MM SMP and then employed in the
coincubation, then the phage titer reduction ability was ~ 420-fold and ~ 1,700-fold less,
respectively. From the results of this study, it was concluded that the phage titer reduction
ability of ECN was significantly alleviated when the sample was treated with SMP. Thus we
devised the hypothesis that the factor in ECN that was responsible for inactivation of T4 phages

could be a glycoconjugate and/or a carbohydrate.
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Figure 4.5. 12: Effects of biochemical processing of EcCN with SMP and PK on T4
inactivation. The graph displays the results of phage titer reduction by EcN and processed
EcN samples. ECN HK: heat killed ECN, ECN HK+ SMP: EcN HK treated with 40 mM
SMP, EcN HK+ PK: EcN HK treated with 1 mg/ml PK, EcN HK + PK + SMP: EcN HK
treated with 40 mM SMP and 1 mg/ml PK. In every case, 100 pl of T4 phages were
incubated with 100 pl of LB/ treated or untreated EcN in 1 ml LB medium and incubated at
37 °C for 24 h after which the PFUs/ml were determined by PPA

This hypothesis led us to focus on the lipopolysaccharides (LPS) of EcN as a candidate and the
E. coli supernatant was known to be rich with secreted LPS (Zhang et al., 1998) molecules thus
supporting our hypothesis. To fathom the role of LPS in T4 phage inactivation, the antibiotic
polymyxin B (PMB) was employed in coincubation studies. PMB could bind to LPS of gram-
negative bacteria and it has been previously reported that 25 pug/ml of PMB collapses the
structure of LPS by fusing them into an amorphous solid and thereby destroying its T4 phage
receptor activity (Koike and lida, 1971). Hence, we treated ECN samples with 25 pg/ml of PMB
and subjected them to coincubation studies. The results (Figure 4.5. 13 _A) exhibited that
addition of PMB clearly inhibited EcN’s ability to reduce T4 phage titer. In elaborate, when

25 pg/ml of PMB was added to EcN supernatants namely, ECN_S (supernatant of EcN) and
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HK_ S (supernatant of heat-killed EcN), their phage inactivation ability was completely
abrogated. In case of heat-killed ECN (EcN_HK), the addition of PMB decreased the phage
titer reduction ability by ~ 150-fold. Besides, we also demonstrated that when treated with a
higher concentration of PMB (5% —125 pg/ml and 10x — 250 pg/ml), heat-killed ECN (EcN HK)

did not reduce the phage titer any longer (Figure 4.5. 13_B).
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Figure 4.5. 13: T4 phage inactivation by EcN samples treated with PMB. (A) The graph
displays the results of phage titer reduction by EcN/ processed ECN samples treated with
25 pg/ml PMB for 1 h at 37 °C after which PFUs/ml were determined by PPA. The legends
of the graph are explained in the Table 3. 1. (B) Phage titer reduction by heat-killed EcN
(EcN HK) treated with increasing concentration of PMB: 1x — 25 ug/ml, 5x — 125 ug/ml,
10x% — 250 pg/ml. As a control, LB medium was treated with the same concentrations of PMB
and used in the incubation. PFUs/ml were determined after 24 h at 37 °C by PPA. ns — not
significant, **p<0.0021, ***p<0.0002 and ****p < 0.0001. Image source: (Soundararajan et
al., 2019)
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The results with PMB suggested that the LPS could be an important factor mediating T4 phage
inactivation by EcN. Furthermore, to prove the independent role of ECN’s LPS in T4 phage
inactivation, LPS was isolated from E. coli as described in 3.1.12 and EcN LPS was diluted
1:10, 1:100 and 1:1000 in nuclease-free water and incubated with T4 phages in the presence
and absence of PMB for 1 h at 37 °C after which the percentage of free phages in the supernatant
was determined by PPA. Simultaneously the isolated LPS was also quantified in a 12 % SDS

PAGE followed by LPS-specific staining as described in 3.2.11.

The results from the LPS and T4 coincubation studies (Figure 4.5. 14 _A) presented the ability
of isolated ECN LPS (UD; 1:10, 1:100) to inactivate the T4 phages and this ability was
completely destroyed in the presence of 25 pg/ml PMB. In line with earlier findings (Beacham
and Picken, 1981;Washizaki et al., 2016), we also observed that the LPS of E. coli K-12 strains
(MG1655, commercially purchased K-12 LPS (0.5 mg/ml)) could not inactivate the T4 phages.
Correspondingly, the typical banding pattern of ECN’s semi-rough type LPS was visualized on
the SDS gel with the lower band referring to the lipid-A-core and the upper band representing
single O6-antigen repeating unit (Grozdanov et al., 2002) and on the contrary, in case of E. coli
K-12 LPS (MG1655, commercial K-12 LPS 0.5 mg/ml) only one band that referred to the LPS

core was visible on the gel (Figure 4.5. 14 _B).
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Figure 4.5. 14: T4 phage inactivation by isolated LPS. (A) 100 ul of T4 phages were
incubated with 100 pl of LPS isolated from E. coli strains (ECN/MG1655) +/- 25 pg/ml
PMB for 1 h at 37 °C and percentage of active phages were determined by PPA. Control:
T4 phages + water, ECN LPS UD — undiluted LPS isolated from EcN, EcN LPS 1:10 or
1:100 or 1:1000 — EcN LPS serially diluted with nuclease free water, MG LPS — undiluted
LPS isolated from MG1655, K-12 LPS 0.5 mg/ml — commercially available K-12 LPS (Cat
no: tlrl-eklps, Invivogen). ns — not significant, x* p<0.0021 and s*x*p < 0.0001. (B) The
isolated LPS was visualized on 12 % TruPAGE precast gels and stained with Pro-Q Emerald
300 LPS gel stain kit. Lane description M: Page Ruler prestained protein ladder, 1: ECN
LPS UD, 2: EcN LPS 1:10, 3: EcN LPS 1:100, 4: EcN LPS 1:1000, 5: MG1655 LPS, 6: K-
12 LPS 0.5 mg/ml. Image source: (Soundararajan et al., 2019)

The long and short tail fibres of T4 phages are known to be involved in its adsorption to
receptors at the E. coli cell surface (Yu and Mizushima, 1982). Specifically, the initial

recognition is performed by the long tail fibres of T4 that reversibly attach to the LPS followed
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by the firm attachment of short tail fibres that leads to successful phage infection in a sensitive
strain (Washizaki et al., 2016;Brzozowska et al., 2018). In this regard, our next challenge was
to identify the molecular component in ECN’s LPS that could interact with the tail fibres of T4
phages. We speculated that N-acetylglucosamine (GIcNACc), the terminal molecule in ECN’s
O6-side chain could be the candidate and hypothesized that if the binding of T4 phages to ECN’s
LPS was mediated by GIcNAc, then the addition of external GICNAc should interfere not only
with the binding of T4 phages to ECN’s LPS but also with the inactivation of T4 phages. To
prove the hypothesis, T4 phage adsorption to ECN/MG1655 was investigated in the presence
and absence of 0.6 M GIcNAc/Glucose after short intervals of phage addition (1,3,6,9,12 and
30 mins) by PPA. The results (Figure 4.5. 15_A) revealed a steady drop in the T4 phage titer
of about ~ 100-fold reduction after 30 mins of phage addition to EcN, implying the T4 phage
adsorption to ECN. However, in the presence of 0.6 M GIcNAc, as hypothesized, the phage
adsorption to EcN and in turn the phage titer reduction was absolutely abolished. In addition,
this complete inhibition of phage adsorption to ECN was GIcNAc specific because the presence
of glucose at the same concentration did not result in a significant change in phage titer
reduction (Figure 4.5. 15 _B). In contrary to EcN, an increase in T4 phage titer was noticed in
the absence of GIcNAc/Glucose after 12 mins of incubation with MG1655 indicating a
successful infection and phage propagation. In addition, the presence of both GIcNAc and
Glucose inhibited phage adsorption to MG1655. This observation was similar to that of E. coli
B, where studies reported a range of oligosaccharides inhibited the phage adsorption (Dawes,
1975). Our results collectively suggested that GICNAc at the terminal end of ECN’s O6 antigen
could be the effector molecule that mediates the attachment of T4 phages to EcN, thereby

neutralizing the T4 phages.
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Figure 4.5. 15: T4 phage adsorption to EcN in the presence of 0.6 M GIcNAc. The image
displays the kinetics of T4 phage titer reduction after the addition of T4 phages to the E. coli
cultures in the presence and absence of 0.6 M GIcNAc (A) or 0.6 M Glucose (B). In both
cases, T4 phages were added to mid-log phase (OD600 = 0.5) ECN or MG1655 culture in
the ratio of 1:100 (T4:E. coli), PFUs/ml were determined at different time points as
mentioned in the graph by PPA. Image modified from (Soundararajan et al., 2019)

4.5.8. Impact of other E. coli strains on T4 phages

We were curious to unravel whether the T4 phage inactivation is a unique ability of ECN. To
address this, the T4 phage titer reduction ability of other E. coli strains such as the
uropathogenic strain CFT073 and commensal strains SE11, SE15 and their respective
supernatants were investigated. The PPA results (Figure 4.5. 16) informed us that only the cells

and supernatant of CFT073 were able to reduce the phage titer as efficiently as ECN after 24 h
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of incubation, while the incubation with cells/supernatant of SE11 and SE15 did not reduce the

phage titer.
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Figure 4.5. 16: Influence of E. coli strains and their supernatants on T4 phage titer.
The result of coincubation studies performed with (A) E. coli strains and (B) their
supernatants. E. coli strains or their respective supernatants were incubated with T4 phages
for 24 h at 37 °C, static after which the PFUs/ml were determined by PPA. ns — not
significant, ** p<0.0021, =**p < 0.001. Image source: (Soundararajan et al., 2019)

Further, to establish the influence of EcN on T4 phage infectivity of the K-12 strains, a triculture
set up was made with T4 phage + SK22D + MG1655/HB101/DH5a and the results (Figure
4.5.17_A) demonstrated that the presence of the microcin negative mutant of ECN (SK22D) in
the triculture reduced the phage titer increase of the K-12 strains MG1655, DH5a and HB101
by about ~ 5,000-fold, ~ 360-fold and ~ 550-fold, respectively. Moreover, only the CFT073
strain was able to inhibit the MG1655 infection by T4 phages as efficiently as the SK22D strain
(Figure 4.5. 17_B). Hence, our results, in conclusion, demonstrated that ECN interferes with
T4 phage infection of the tested K-12 strains very efficiently and this phenomenon was not

commonly observed among the tested commensal strains.
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Figure 4.5. 17: Influence on T4 phage infection of K-12 strains by E. coli strains:

(A) T4 phages were incubated either alone in LB medium (LB) or in a coculture set up with
SK22D/ E. coli K12 strains such as MG1655, HB101 and DH5a or in a triculture set up with
T4 phages:SK22D:K-12 strains (MOI of 1:1:1) (B) Similarly SE11/SE15/CFT073 was
employed in triculture set up, T4 phages: SE11/SE15/CFT073:K-12 strains (1:1:1).

In both (A) and (B), the incubation was carried out for 24 h at 37 °C after which the PFUs/ml
were determined by PPA. The statistical significance was calculated by unpaired t-test. The
significance of the triculture set up were calculated by comparing to the respective coculture
with the K-12 strains. *p<0.0332, **p<0.0021, ***p<0.0002 and ****p<0.000. Image A
was adapted from (Soundararajan et al., 2019)
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In summary, from this part of the study, we demonstrated a K5 polysaccharide capsule mediated
resistance of EcN towards lytic T4 phage. In addition, EcN also inactivated the T4 phages
during coincubation and EcN’s O6-type LPS was shown to play arole in the inactivation of T4

phages.

5. Discussion

5.1. Expression of probiotic factors in EcN fermenter culture

More than 100 years since its isolation, ECN is probably the most extensively researched
probiotic strain to date (Wassenaar, 2016). Yet, a complete understanding of the molecular
mechanism(s) behind ECN’s probiotic nature remains deficient. And thus, at the first part of our
study, we employed modern transcriptomics based approaches to get insights into the
expression of genes in EcN after the fermentation process, as this might closely resemble their
gene expression profile in the Mutaflor® capsule. Therefore, the transcriptomes of EcN cultured
in the Mutaflor production fermenter were compared to the transcriptome of ECN grown under
the laboratory conditions. The regulation of various fitness factors of ECN was analysed in the
fermenter cultures as these factors have been reported to contribute to several probiotic traits of
EcN (Grozdanov et al., 2004;Sonnenborn and Schulze, 2009). Transcriptomic analysis revealed
an astounding upregulation of the curli fimbrial determinant in both tested EcN fermenter
cultures. The curli fimbrial determinant of E. coli promotes biofilm formation (Barnhart and
Chapman, 2006;Beloin et al., 2008) and EcN had been reported to outcompete other intestinal
pathogens during biofilm formation (Hancock et al., 2010a). The other major upregulated gene
clusters in EcN fermenter cultures corresponded to iron uptake systems of ECN and this was
particularly interesting because the iron uptake systems of ECN were reported to be crucial for
outcompeting and reducing S. typhimurium colonization in mouse models of acute colitis and
chronic persistent infection (Deriu et al., 2013). In contrast, we observed the downregulation of
other fitness factors of EcN like Type 1 fimbriae, F1C fimbriae, K5 polysaccharide capsule, H1
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type flagella and the antibacterial microcins. Particularly, downregulation of microcins could
be attributed to the absence of any other non-EcN bacteria in the fermenter. Further, the O6-
type LPS of EcN showed a differential expression pattern with an insignificantly regulated waa
gene cluster and a slightly upregulated wbb gene cluster. To sum up, the findings from the study
are illustrated in the graphical representation (Figure 5. 1) in which red and green arrows

indicate the up and downregulation of respective gene glusters.
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Figure 5. 1: Graphical representation depicting the up/downregulation of various
fitness factors of EcN. Gene clusters of EcN’s fitness factors were outlined in the
chromosome of EcN. Iron uptake systems: aer — aerobactin, chu — hemin, ybt-
yersiniabactin, ent- enterobactin, cbt — salmochellin, cit- citrate dependent; mch & mcm —
microcin gene cluster encoding microcins H47 and M; Fimbrial determinants: fim — Type
1, foc — F1C, csg — curli fimbria; fla — H1 type flagella; kps — K5 capsule; rfb — O6 type
LPS; Red upward arrows — overall upregulation of the gene cluster, green downward arrows
—overall downregulation of the gene cluster.Image adapted from (Jacobi and Malfertheiner,
2011)

From these results, it can be presumed that ECN harvested after the fermentation process was
in a metabolic state suitable for biofilm formation and with an increased ability to compete for

iron. Both of these traits would aid in its effective temporary colonization of the gut which is
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one of the highly acclaimed positive traits of Mutaflor® (Lodinova-Zadnikova and Sonnenborn,

1997;Lodinova-Zadnikova et al., 1998;Barth et al., 2009).

5.2. EcN shows a discriminative response towards pathogenic and non-pathogenic E. coli

The pathogenic EHEC strain EDL933 is associated with the development of gastroenteritis in
humans. The major pathogenic factor is Stx, two of which are encoded by two prophages of
this strain known as stx-phages BP-933W and CP-933V (Herold S1, Siebert J, Huber A,
Schmidt H., 2005). These phages can lysogenize commensal E. coli and turn them into toxin-
producing pathogens (Schmidt, 2001). Antibiotic treatment can be detrimental as it induces the
SOS response of the EHEC strains resulting in an increased stx-phage production that can
worsen the disease progression (Pacheco and Sperandio, 2012). Research for alternative
treatment strategies revealed, that the probiotic E. coli strain EcCN reduced the CFUs/ml of
EHEC strains and additionally interfered with the toxin production when being cocultured
(Reissbrodt et al., 2009;Rund et al., 2013;Bury et al., 2018). Furthermore, studies have reported
that the reduction of toxin can be attributed to the transcriptional repression of the entire stx-
prophage (Mohsin et al., 2015;Bury, 2018). Increased availability of information on bacterial
genomes has now made it possible to understand the individual response of each bacterial strain
in the coculture with the help of transcriptome analysis. Therefore, it was critical to keep the
EcN separated from other bacterial strains in the coculture to isolate its RNA. To address this,
the coculture experiments with EcN and EDL933 strains were performed in a transwell system
with an insert of pore-size 0.4 uM that served as an impermeable barrier for bacteria but still
allowed the diffusion of the bacterial secretome. The initial reduction in the Stx level of
EDL933 compartment was observed after 5 h of incubation with ECN and the reduction was
persistent in the following time points investigated (Figure 4.3. 1). The results indicated that a
direct cell to cell contact was not necessary for ECN to exert its effect on EDL933. In addition,

determination of CFUs/ml of E. coli strains in the transwell indicated that there was no
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significant difference in CFUs/ml of EDL933 between monoculture and cocultures with EcN.
The observation was rather contradictory to the already reported coculture results without the
Transwell system, in which EcN was in direct contact with EDL933 (Rund et al., 2013;Bury,
2018). The reason for such a contact-dependent growth reduction of EDL933 by EcN could be
postulated to be the result of a complete type 6 section system (T6SS) determinant in EcN.
Previously, in our lab, it was found that EcN harbours all 13 core components of a T6SS, with

the help of T346Hunter (https://omictools.com/t346hunter-tool) — a web-based tool for

prediction of section systems in bacterial genomes (Bury, 2018). In addition, genome analysis
by Dr Oelschlaeger revealed that ECN has, in fact, the same T6SS determinants as the
uropathogenic strain CFT073. In general, T6SS is a pivotal player in mediating the killing of
other bacterial strains by direct cell contact and paves way for successful bacterial competition
(Journet and Cascales, 2016;Navarro-Garcia et al., 2019). However, studies with T6SS-deletion
mutant of EcN are required for proving the involvement of the secretion system in growth

inhibition of EDL933.

Further, to unravel the factor(s) in ECN that are responsible for its anti-shiga toxin effect,
transcriptomes of EcN were analysed at four different time points of incubation in the presence
and absence of a pathogenic strain EDL933 or non-pathogenic strain MG1655. The
transcriptome analysis revealed a striking difference in ECN’s response based on the E. coli that
was in the coculture. Especially, a dramatic change in the gene regulation was observed in ECN
as early as 3 h after coincubation with EDL933, whereas, ECN showed a very minimal
regulation in response to MG1655 (Figure 4.3. 5 and Figure 4.3. 6). Moreover, ECN not only
exhibited a remarkable difference in the kinetics of gene regulation over the time points of
coincubation but also the nature of genes up and down-regulated between EDL933 and
MG1655 coincubation were impressively specific (Figure 4.3. 7, Figure 4.3. 8 and Figure 4.3.

9). The functional prediction of up and downregulated genes in EcN aided us to gain a global
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outlook on the transcriptomic profile of ECN when cocultured with EDL933/MG1655. The
genes belonging to the same functional group were both up and down-regulated in EcN but
were absolutely different [Annexure 3 (Table 8.1 and Table 8.2)]. For example, in some of the
functional groups, namely, carbohydrate transport and metabolism, membrane proteins,
nucleotide metabolism, putative transporters, transcription and translation, an almost similar
number of genes were up and down-regulated. However, when examined closer, it was seen
that the most upregulated gene of the group: transcription and translation was ECN1917_3132
(Selenium-dependent molybdenum hydroxylase system protein), whereas the most
downregulated gene was ECN1917_4649 (Melibiose operon regulatory protein). This was also
the case with other functional groups, which was evident from analysing the list of up and
downregulated genes in EcCN 3 h post-incubation with EDL933 [Annexure 3 (Table 8.1 and
Table 8.2)]. In addition, there were some functional groups for which there was a notable
difference between the number of genes up and downregulated. For e.g. in the functional group
amino acid transport and metabolism, 26 genes were upregulated and only 5 genes were
downregulated. Similarly, in the groups like iron uptake and sequestration systems, and LPS
metabolism, 23 and 10 genes were upregulated whereas only 4 and 3 genes were
downregulated, respectively. Finally, there were also genes belonging to certain functional
groups that were exclusively up or downregulated. For instance, genes corresponding to
fimbrial proteins were only upregulated, whereas, genes corresponding to sugar transport and
anaerobic growth-related proteins were only downregulated. Very often, the E. coli
transcriptomics studies published focused on studying the transcriptional profile under different
monoculture conditions (Snyder et al., 2004;Hancock et al., 2010b;Yung et al., 2016;Hazen et
al., 2017;0Oladeinde et al., 2018). Rarely have coculture based transcriptomic studies been
performed and even then authors have looked only for the regulation of determinants of their
interest. For example, in a study by (McCully et al., 2018), the authors have concentrated on

studying the nitrogen starvation response of E.coli when cultured with phototrophic
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Rhodopseudomonas palustris. Hence to our knowledge, we have reported for the first time, a
global transcriptomics response of a probiotic E. coli strain (ECN) when cocultured with
pathogenic or non-pathogenic E. coli. However, from these transcriptomics results, it is difficult
to be conclusive in addressing our initial goal of identifying the factors in EcN that are
responsible for its ability to inhibit Stx production of EDL933. Though the initial inhibition of
Stx by EcN in the transwell system was observed at 5 h (Figure 4.3. 1), the maximum number
of genes up and downregulated in ECN was as early as 3 h post-incubation with EDL933 and
the number of genes regulated (both up and down) gradually decreased over time (Figure 4.3.
7). Hence, we speculate that the transcriptomic changes in ECN could have occurred already
immediately after sensing EDL933, and the time points we chose for transcriptomic analysis
were relatively late to notice these changes. Hence in future, analysing the transcriptome of
EcN after short exposure with EDL933 (15, 30, 45 and 60 mins post-incubation) could be a

probable strategy to unearth the factors or genes that might have been possibly missed at 3 h.

Overall, the specific response of ECN towards the E. coli strain EDL933 and MG1655 were
particularly startling, given the fact that they share 98.65 % genome identity. This unique trait
can be considered as an advantage for its application as a probiotic over the other chemical-
pharmaceutical preparations in the market which are known to act identically on all the target
E. coli. Moreover, one could envisage that ECN might recognise factors of specific bacterial
strains or unique factors of different bacterial strains or species which could initiate a specific

expression profile. Such a feature would make EcN an attractive therapeutic.

5.3. Effect of EcN on lysogenic lambda phages

Infection of bacterial strains by lysogenic phages is one of the main horizontal gene transfer
mechanisms in the gut (Chiang et al., 2019;Frazao et al., 2019). The lateral transfer of genes
encoding for virulence and antibiotic resistance had been reported as important factors

contributing to the emergence of new pathogenic strains and for the global spread of antibiotic
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resistance (Cheetham and Katz, 1995;Chen and Novick, 2009;Imamovic et al., 2009;Marinus
and Poteete, 2013;Haaber et al., 2016;Colavecchio et al., 2017). Therefore, being resistant to
lysogenic phages becomes one of the major safety aspects of a probiotic strain. Initially, the
resistance of ECN towards lysogenic lambda phages propagated from lysogenic E. coli K-12
strain 993 W was tested. Accordingly, possible lysogeny in EcN incubated with lambda phages
was assessed by screening for the lambda phage DNA that could have been integrated into
EcN’s genome. The PCR screening of EcN, which was incubated with the lambda phages
detected no amplicon which indicated that the phage DNA did not integrate into the genome of
the probiotic strain. The MG1655 control, on the other hand, was positively determined for the
prophage integration (Figure 4.4. 1). Similarly, to further confirm the absence of lysogeny, the
EcN incubated with lambda phages was induced for prophage production by addition of 1 pg/ml
MMC followed by enrichment of phages in the sterile filtrate by incubating with MG1655
(Figure 4.4. 2). The PCR results confirmed our finding that no phages were detected in the
supernatant of ECN even after forced lytic cycle induction by mitomycin C. In summary, with
two different experiments, which particularly confirmed the absence of genome integration of
phage DNA and phage propagation, we showed that ECN was not infected by the tested lambda

phages.

Phage-bacteria interactions and subsequent fight for survival led to the evolution of bacterial
and phage genomes. E. coli have continuously evolved many molecular mechanisms, driven by
gene expression to prevent phage infections (Labrie et al., 2010;Azam and Tanji,
2019;Mohammed, 2019). An attempt to understand the transcriptional changes in EcN that
were resulting in stx-phage resistance revealed an upregulation of genes of a lambdoid prophage
in ECN (Bury et al., 2018). Further analysis with PHAST - a fast phage search tool - predicted
the presence of six prophages in ECN’s genome, of which three were predicted as intact.

Particularly, upregulated prophage 3 was predicted to be a complete lambdoid prophage of EcN
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(Figure 4.4. 3). Though EcN was predicted to possess three complete prophages, none of these
prophages was induced by MMC, antibiotics or heat. The regulation of the other five predicted
prophages in ECN was also analysed and reported as not significantly changed in the presence
of stx-phages (Bury, 2018). One of the most upregulated genes in the presence of stx-phages
was EcN_1294, that encoded for the phage repressor gene (pr) of prophage 3. For further
investigations, the pr gene was selected as a candidate since, it was reported in Lactobacillus
to confer resistance against lytic infection (Ladero et al.,, 1998;Alvarez et al., 1999).
Upregulation of the pr gene in EcN incubated with lambda phages for 3 h was also confirmed
by gRT-PCR (Figure 4.4. 3_C). In line with the previous findings, the successful cloning and
overexpression of pr gene reduced the plating efficiency of lambda phages by ~ 215-fold on
the otherwise, sensitive MG1655 strain (Figure 4.4. 4). The phage repressor of lambdoid
phages is known to be responsible for lysogeny maintenance (Serra-Moreno et al.,
2008;Casjens and Hendrix, 2015), hence it is likely that in the MG1655 cells, the expression of
pr had reduced the lysis of the cells and promoted the lysogeny. However, in the case of ECN,
no lysogens could be detected, even 120 h post-incubation with lambda phages (Figure 4.4.
2). Moreover, because the pr gene provided only partial protection to the MG1655 strain,
presumably, there must be another unidentified additional factor(s) in EcN that contributed to
its complete resistance against lambda phages. In this regard, Bury (2018) analysed the presence
of prophage 3 of EcN in other E. coli strains that were also lambda phage resistant. The analysis
revealed that all investigated lambda phage resistant strains harboured all or most of the
prophage 3 genes, with 100 % identity in case of uropathogenic strain CFT073 and with slight
differences at sequences in case of commensal strains SE11 and SE15. Fascinatingly, only the
phage sensitive MG1655 strain lacked most of the prophage 3 genes. With this analysis, we
could hypothesize that the presence of the complete prophage 3 was imperative for the complete
resistance towards lambda phages (Bury, 2018). For the convenience of the reader, the results

of the analysis by Bury are also presented in the following table.
137



Tabel 5. 1: Presence of ECN’s prophage 3 genes in CFT073, the commensal strains SE11
and SE15 and the K-12 strain MG1655. Table modified from (Bury, 2018).

EcN | Description CFT073 SE11 | SE15 MG1655
1289 = Mobile element protein - - P

1290 | putative superinfection exclusion protein - - -

1291 ' hypothetical protein

1292 ' hypothetical protein

1293 | cl repressor protein

1294 | Phage repressor (pr)

1295 | Origin specific replication initiation factor
1296 ' Replication protein P

1297 | Phage NinB DNA recombination

1298 Phage DNA N-6-adenine methyltransferase
1299 | Phage NinX

1300 | Crossover junction endodeoxyribonuclease
1301 ' hypothetical protein

1302 | Phage antitermination protein Q

1303 | Outer membrane porin protein NmpC
1304 ' Phage holing

1305 | Phage tail fibre protein

1306 @ Phage outer membrane lytic protein
1307 | Lipoprotein Bor

1308 | hypothetical protein

1309 | hypothetical protein

1310 ' Terminase small subunit

1311  Phage terminase 2C large subunit
1312  Phage head-to-tail joining protein
1313 | Phage portal protein

1314 ' Phage capsid and scaffold

1315 | Head decoration protein

1316 = Phage major capsid protein

1317 A Phage DNA-packaging protein

1318 | Phage capsid and scaffold

1319 | Phage tail completion protein

1320 @ Phage minor tail protein

1321  Phage tail assembly

1322 | Phage minor tail protein

1323 | Phage minor tail protein

1324 | Phage tail length tape-measure protein 1
1325 | Phage minor tail protein

1326 A Phage minor tail protein

1327 | Phage tail assembly protein

1328 | Phage tail assembly protein |

1329 | Phage tail fibre protein

1330 | Phage tail fibre protein P P

P: gene present in the genome; -: gene not present; *: sequence not identical to EcN.
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Transcriptome analysis of ECN coincubated with lambda-phages revealed a strong upregulation
of transcripts (1,104 bp) that were transcribed from the antisense strand of genes sieB and anti-
termination protein N. Strand-specific qRT-PCR performed on EcN incubated with lambda
phages for 3 h, demonstrated an upregulation of transcripts from both the strands of sieB gene,
while expression of transcript was far higher for the antisense (fold change ~ 85) than the sense
strand (fold change ~ 19) (Figure 4.4. 5). Initially, the expression of antisense transcripts was
considered as a gene repression mechanism adopted by the host cell to switch off the gene in
response to environmental conditions. However, studies have also pointed out that the pairing
of sense and antisense transcripts of a gene is a self-regulatory circuit that controls the dynamics
of the expression of the sense transcript (Xu et al., 2011;Pelechano and Steinmetz, 2013). Based
on these findings, we can assume that the observed antisense regulation could directly or
indirectly regulate the expression of sieB gene which was reported to provide resistance against
phage infection by blocking the entry of phage DNA (Ranade and Poteete, 1993;McGrath et
al., 2002). In future studies, analysing the regulation of sense and antisense strand of sieB in
EcN at different time points of incubation with lambda phages could shed more light on
understanding the dynamics of sieB expression. Noteworthy, the cloning of sieB gene in
MG1655 did not confer resistance against lambda phage infection (Table 4. 2). However, this
effect could be attributed to lack of proper expression of sieB which was not validated in our
experimental setup. Anyhow, to clarify the speculations regarding the involvement of the ECN’s
membrane protein sieB in its lambda phage resistance, testing the phage sensitivity of a sieB

deletion mutant of ECN would be an ideal system.

In summary, we have reported for the first time the involvement of a prophage mediated
resistance against lambda phage infection in EcN. Similar prophage genes or prophage
mediated resistance mechanisms have been reported in several other bacteria and is termed as

superinfection exclusion (Ranade and Poteete, 1993;Hofer et al., 1995;Cumby et al.,
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2012;Bondy-Denomy et al., 2016). By preventing the superinfection of similar phages, the

prophage 3 of EcN could additionally be involved in maintaining its genome stability.

5.4. Investigation of EcN’s lambda phage resistance/defence mechanism

The human gut is home to as many phages as bacteria and thus it is inevitable for EcN to battle
phages in order to persist and efficiently colonize the gut (Mirzaei and Maurice, 2017). In this
regard, apart from being resistant to phage infection, it could be highly beneficial for EcN if it
can also neutralize the phages in its surrounding. To address this, ECN was incubated with
lambda phages (10:1) and its phage inactivation ability was determined by PPA after several
time points of incubation. To our surprise, the inactivation started as early as 2 h after incubation
and the phage-titre remained low at all the investigated time points. The corresponding
CFUs/ml determination also exhibited the immunity of EcN cells to lysis by lambda phages
(Figure 4.4. 6). Further, such an early inactivation of lambda phages by ECN prompted the idea
of phage binding mediated inactivation by EcN. Lambda phages use the LamB receptor for
their binding to the host cell surface (Randall-Hazelbauer and Schwartz, 1973;Schwartz,
1976;Chatterjee and Rothenberg, 2012). Sequence analysis revealed a 97 % sequence identity
between the LamB of the phage susceptible MG1655 and resistant ECN strains (Annexure 5).
In addition, we found that the LamB of EcN and a K-12 strain functionally complemented each
other (i.e.) no difference in lambda phage infection was observed when LamB from EcN was
expressed in LamB negative K-12 strain (Soundararajan, 2016). Our hypothesis on binding-
mediated phage inactivation was confirmed by PCR and the binding was further intensified in
the presence of 0.2 % maltose that was reported to upregulate LamB (Schwartz, 1976;Hoyland-
Kroghsbo et al., 2013). Moreover, the phage inactivation ability of ECN was preserved after
formaldehyde-treatment, but was lost when the receptor was denaturated by heat-treatment

(Mitsuzawa et al., 2006;Matsuura et al., 2015) (Figure 4.4. 8).
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Conclusively, with these results, we have clearly shown that lambda phages use LamB to attach
to the EcN cell surface. However, the phage attachment to ECN’s LamB did not progress to a
positive infection. Hence, there exist unidentified mechanisms which contribute to phage-
inactivation. The unidentified factor(s) that regulates further inactivation could be speculated
as to the superinfection exclusion related prophage genes in EcN that were upregulated in the
presence of lambda phages. The lambda phage inactivation by other E. coli strains that also
share the majority of prophage 3 genes fortifies our speculation. Furthermore, ECN exhibited a
strong interference with the lambda phage infection of sensitive E. coli K-12 strains. The LamB
mediated absorption of free lambda phages in the suspension to the EcN cells can possibly be
the reason for the observed K-12 protection. This quality can be considered as an added positive
attribute of the probiotic strain that might help in weakening the severity and progression of a
bacterial disease for a patient, by preventing the infection of other sensitive strains in the gut

by virulence gene transmitting phages.

5.5. Capsule mediated T4 phage defence in EcN

Extended survival and efficient colonization of the gut are preferred characteristics of a
probiotic strain (Fijan, 2014). Consequently, the encounter followed by an infection mediated
lysis poses a big threat for ECN’s application in prophylaxis or treatment. The sensitivity of
EcN to the lytic T4 phages was investigated by phage plaque assay. ECN demonstrated a
complete immunity to lysis by T4 phages (Figure 4.5. 1). Microscopic examinations and PCR
further proved that T4 phages were able to attach to ECN but were not able to infect it, whereas,
in case of MG1655, an attachment followed by infection-mediated lysis was clearly evident
(Figure 4.5. 2, Figure 45. 3 & Figure 4.5. 4). Bacteria-phage coexistence and the
corresponding evolution of factors contributing to phage resistance are observed widely
(Chibani-Chennoufi et al., 2004a;Labrie et al., 2010;Azam and Tanji, 2019). In hunt of probable

factors contributing to phage resistance, we initially focussed on the surface structures, as the
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attachment of T4 phages to EcN cell surface was clearly established. The K5 polysaccharide
capsule forms the outermost layer of ECN cell surface and it is reported to be involved in
immunomodulatory effects exerted by EcN in the host (Nzakizwanayo et al., 2015). We aimed
to test the participation of K5 capsule in ECN’s resistance against T4 phages. For this purpose,
the K5 capsule negative ECN mutant was used in our study. The deletion of the K5 determinant
in the mutant was confirmed by PCR and the phenotypic loss of capsule in the mutant was
verified by phage plaque assay with K5 capsule specific phages. Finally, the T4 phage plaque
assay with the capsule negative ECN mutant demonstrated T4 infection, highlighting the
importance of the K5 capsule in T4 phage resistance (Figure 4.5. 5). Bacterial capsules have
been reported previously in several bacteria to provide resistance by masking the phage
receptors in the cell membrane and thus preventing the phage adsorption to the receptors, which
in general leads to successful infection (Kauffmann, 1945;Scholl et al., 2005;Majkowska-

Skrobek et al., 2018).

5.6. Effect of EcCN on lytic T4 phages

Inactivation of phages in the bacterial environment by binding to surface structures of outer
membrane vesicles or to the extracellular matrix e.g. bacterial biofilms are considered as the
second line of defence provided by the bacteria apart from protecting itself from phage infection
by other means (Manning and Kuehn, 2011;Abedon, 2017;Vidakovic et al., 2018).
Correspondingly, our data revealed that EcN also inactivated the T4 phages in coincubation
experiments. Determination of phage inactivation kinetics declared a rapid neutralization of T4
phages by EcN, which started as early as 30 mins and was as high as ~ 1,240-fold at 24 h. The
corresponding determination of the viability of ECN cells demonstrated an early lag in the
growth of EcN. However, after 2 h, the CFUs/ml of EcN in the presence and absence of T4
phages were comparable again (Figure 4.5. 6). Transcriptomic analysis disclosed the

downregulation of genes belonging to major metabolic pathways and cell growth which was
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consistent with previous findings that had reported the inhibition in host cell metabolisms when
incubated with T4 ghost bacteriophages (Winkler and Duckworth, 1971;Fukuma and Kaji,
1972;Vallee et al., 1972). These studies have shown that despite the absence of DNA injection,
T4 ghosts disrupted the host cellular activities, which are in line with our findings (Figure 4.5.
7). Furthermore, from the coincubation experiment, it was observed that there was an increase
in the number of free phages available in the supernatant, 48 h post-incubation. This led to the
speculation that the T4 phage resistance by ECN might have been lost over a period of time,
which could be the probable reason for the increase in phage titer. However, this speculation
was eliminated by testing the sensitivity of the ECN from this time point, for infection with
fresh T4 phages. Similarly, the possibility of T4 phage adopting a strategy or mechanism to
evade EcN’s phage resistance was also eliminated, as these pre-incubated T4 phages were still
not able to infect the EcN in a lawn (Table 4. 3). In addition, EcN incubated with T4 phages up
to 96 h were still able to inactivate the freshly added T4 phages as efficient as fresh ECN (Figure
4.5. 8). Collectively, from these results, we could exclude the possibility of EcN turning
sensitive after 24 h of incubation with T4 phages. The other possible explanation could be the
release of attached T4 phages after 24 h, which was supported by T4-specific PCR results
(Figure 4.5. 9), where the intensity of phage DNA in the supernatant at 48 h was far higher
when compared to 24 h. There is also a possibility that a subpopulation of ECN was getting
infected and that the number of infected EcN cells was too low to be detected in any of our
experiments. However, the above speculation was not supported by the observation that even
after 120 h of incubation, the number of available phages in the supernatant was never higher
than the number of phages added at time point zero and there was no drop in the number of
viable EcN cells until 120 h of incubation. Therefore, the observed increase in phage titer was
rather assumed to be due to the release of attached phages. In future, transmission electron
microscopic examination of ECN and T4 phage coincubation at these later time points may shed

light on our assumption. In addition, quantifying the attachment of T4 phages to EcCN at
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timepoints like 24 h, 48 h and 72 h would clarify if the phage titer increase in the supernatant

is due to release of previously attached phages.

The human gut is a complex environment to sustain and to combat the interminable phage
attacks (Mirzaei and Maurice, 2017;De Sordi et al., 2019). Consequently, EcN like probiotics
might have acquired multiple weapons or strategies to compete in such an environment. As we
already knew that the K5 capsular polysaccharide of EcN is essential for the observed T4 phage
resistance, we were curious to examine whether any other factors in ECN could probably
mediate phage-inactivation. To this end, cells and supernatants of ECN and of the capsule
negative mutant of ECN were investigated for phage-inactivation capacity. The cells and cell-
free supernatant of ECN were able to neutralize T4 phages, suggesting that the factor responsible
for inactivation of T4 phages in ECN was not only cell-attached but also present in the
supernatant (Figure 4.5. 11). Noteworthy, though the EcN capsule negative mutant was phage-
sensitive, the supernatant of the mutant still inactivated the phages, thereby reassuring our
hypothesis on the presence of more than one phage defence associated factor in ECN. Heat and
proteinase K treatment of ECN samples disclosed that the phage inactivating factor in ECN was
heat stable and proteinase K resistant. Furthermore, heat and proteinase K treatment strangely
enhanced the phage reduction ability of the samples and this ability was significantly impaired
in the presence of SMP that additionally degraded the carbohydrate molecules in the sample
(Figure 4.5. 12). From these results, we hypothesized LPS to be the candidate in the EcN cell

and in the secretome that inactivated T4 phages (Sharma, 1986;Whitfield and Trent, 2014).

5.7. EcN’s LPS inactivated T4 phages

The antibiotic polymyxin B (PMB) binds to the LPS of gram-negative bacteria and it has been
reported that 25 pg/ml of PMB can destroy the structure of LPS, thereby destroying its phage
receptor activity (Koike and lida, 1971). Coincubation experiments revealed that the phage

reduction ability of ECN and supernatant samples were absolutely abolished in the presence of
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PMB (Figure 4.5. 13). The independent role of EcN’s LPS in phage inactivation was
established when isolated LPS from EcN inactivated the T4 phages by more than 90 % in 1 h
(Figure 4.5. 14). Itis well-known that LPS of E. coli K-12 strains is essential for the adsorption
of T4 phages to their cells (Lindberg, 1973;Furukawa et al., 1979;Furukawa and Mizushima,
1982). Nevertheless, in concurrence with previously reported findings (Mutoh et al.,
1978;Picken, 1981;Washizaki et al., 2016), we also observed that isolated LPS from E. coli K-

12 strain MG1655 and commercially purchased E. coli K-12 LPS failed to inactivate T4 phages.
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Figure 5. 2: Structural comparison of LPS from EcN and E. coli K-12 strain. LPS
structures were adapted from (Grozdanov et al., 2002) for ECN. The abbreviations used in
this figure are GIcN: N-acetylglucosamine, Man: mannose, Glc: glucose, Gal: galactose,
Hep: L-glycero-D-manno heptose, Kdo: 3-deoxy-D-manno-oct-2ulosonic acid, P:
phosphate, Gal: N-acetylgalactosamine. The dotted line in the K-12 core between GIcN and
Hep indicates GIcN being present only in some E. coli K-12 strains (Orskov et al., 1977).
Image modified from (Soundararajan et al., 2019)

A closer look at the molecular structures of EcN and generic K-12 LPS (Figure 5. 2) depicted
the remarkable differences between them. LPS of K-12 strains lack O-antigen and harbour a K-
12 type core oligosaccharide whereas ECN possesses O-6 type antigen with R1 core. The

terminal molecule of EcN’s O6 antigen, N-acetylglucosamine (GIcNAc), was tested for its

interaction with T4 phages. Determination of T4 phage adsorption to EcN established that in
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the presence of 0.6 M GIcNAc, the adsorption was completely inhibited (Figure 4.5. 15). A
similar observation was made in E. coli B cells, where not only GIcNAc, but also the addition
of other monosaccharides like glucosamine, 2-deoxyglucose, 3-O-methyl glucose, and
gluconolactone inhibited T4 phage adsorption (Dawes, 1975). On the other hand, in EcN, the
inhibition of T4 adsorption was GIcNAc specific, as the addition of 0.6 M Glucose did not
inhibit the adsorption as efficiently as in the presence of GIcNAc (Figure 4.5. 15). Moreover,
the cells and supernatants of other E. coli strains were tested for their T4 phage inactivation
ability and the results revealed that only the cells and supernatant of the uropathogenic strain

CFTO073 neutralized the T4 phages as efficiently as ECN.
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Figure 5. 3: The O antigen structures of different E. coli strains used in this study. The
abbreviations used in this figure are GIcN: N-acetylglucosamine, Man: mannose, Glc:
glucose, Gal: galactose, Hep: L-glycero-D-manno heptose, Kdo: 3-deoxy-D-manno-oct-
2ulosonic acid, P: phosphate, Gal: N-acetylgalactosamine, Rhap: rhamnopyranose,
GIcN(Slac): 2-acetamido-4-O-[(S)-1-carboxy-ethyl]-2-deoxy-D-glucose. LPS structures
were adapted from (Grozdanov et al., 2002) for EcN; (Orskov et al., 1977;Washizaki et al.,
2016) for E. coli K-12 MG1655; (Stenutz et al., 2006) for CFT073, SE11; (Perepelov et al.,
2007) for SE15. Image modified from (Soundararajan et al., 2019)
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Though the commensal strains SE11 and SE15 were not infected, their cells and supernatant
did not inactivate the T4 phages during coincubation (Figure 4.5. 16). The analysis of O-
antigen structures of all the E. coli strains exposed that among the tested E. coli strains, only
the strains with O6 type LPS inactivated the T4 phages. From these results, we can assume that
T4 phage neutralization could be O6 antigen-specific, however, studies with an O-antigen

deletion mutant of EcN are required to validate our inference.

Overall, for the first time, we deliver the role of ECN’s LPS in its phage defence. Further from
our results, we could hypothesize that using its LPS EcN sequesters the T4 phages and
inactivates them, thereby not only protecting itself but also the other sensitive bacteria in its
surrounding. Triculture experiment with ECN microcin deletion mutant SK22D demonstrated
the ability of EcN to protect the K-12 strains from being infected with T4 phages (Figure 4.5.
17). As discussed earlier, a similar protective effect by ECN on the K-12 strains was also
observed against lambda phages. Hence, in future, it would be worthwhile to focus on the
interactions between different players in the tri-culture set up, to elucidate the mechanism of

protection.

6. Conclusion

The risk of acquiring gastrointestinal infections and the degree of disease progression might be
connected to the balance in the microbiota composition (Bien et al., 2013;Molloy et al.,
2013;Pham and Lawley, 2014). Studies have recently discussed the role of gut phages in
maintaining the microbial composition and thereby becoming a dominant player (Lepage et al.,
2008;Chaffringeon et al., 2019). For centuries, the application of probiotics is known to be of
assistance in the treatment of gastrointestinal disorders and microbial dysbiosis (Sonnenborn,
2016). EcN, being one of the most extensively studied probiotic strains, is known for its ability

to inhibit Stx production in EHEC strains that are associated with the development of
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gastroenteritis in humans (Reissbrodt et al., 2009;Rund et al., 2013;Sahar H. Ali, 2017;Bury et

al., 2018).

In the first part of the study, the changes in the transcriptome of EcN were characterised upon
exposure to two E. coli strains namely, pathogenic EDL933 and non-pathogenic MG1655. For
the first time, we demonstrated a strain-specific response by EcN with the help of global
transcriptomic analysis. This very character of EcN, to differentiate and uniquely respond to
different E. coli strains, highlights the safety of using a probiotic strain in a microbiologically
rich environment such as gut, rather than chemical-based pharmaceutical preparations that
generally act in a relatively similar manner on the whole of bacterial population and thereby

posing a great threat for microbiota.

Furthermore, we have established for the first-time the lysogenic and lytic phage resistance as
a key probiotic and safety attribute of ECN. Apart from being resistant against tested phages,
EcN also drastically reduced the phage numbers during coincubation. In addition, EcCN
demonstrated a clear interference with the infection of phage susceptible E. coli strains. In the
case of lambda phages, the presence of prophage-related genes contributed to the resistance.
The binding to the phage receptor LamB, which normally would lead to infection, led to the

inactivation of the lambda phages.

The K5 polysaccharide capsule-mediated defence was shown for the first time in ECN against
T4 phages. In addition, the cell-attached and secreted LPS inactivated the T4 phages. These
properties (among others) are most likely important for ECN’s survival in the gut and for its

ability to execute its probiotic effects.

Our results from in vitro studies strongly suggest that the administration of ECN would be an
ideal alternative or supportive treatment strategy for gastrointestinal infections. In addition to

the already reported antagonistic effects of ECN against various pathogenic bacteria, the
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immunity to phage infection observed in this study emphasize the safety of employing EcN in
prophylaxis and/or treatment. Phage resistance is an inevitable safety feature of a probiotic that
promotes genomic stability and helps to colonize the host’s gut despite an established complex
microbial community. As an outlook, we strongly propose further in vivo studies of ECN to

investigate if ECN could exert the above mentioned probiotic traits in vivo.
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8. Annexure

Annexure 1: Details of deletion mutants of ECN used in this study

The genomic regions (blue arrows) and deletion regions (yellow arrows) of the mutants
EcNA mchC-F (SK22D), EcNA bcs, EcNA csg, EcNA k5, EcNA fliC, are indicated in this table.
The red arrows are the primers used for screening the mutants by amplicon sequencing which
was done previously in the lab by Dr Susanne Bury. Source:(Bury, 2018)

A
EcN genome L
EcN mutant Microcin genomic region Deletion region
EecNAmehC-F (SK22D) | 1.136.505 - 1.142.049 1.137.366 - 1,140,391
B
yhiQ
Daletion region besA 5B98,
Lhe—5 ‘Jf“‘"
EcN mutant Cellulose genomic region Deletion region
EcNAbcs 4.031.381 - 4.041.666 4.032.204 - 4.041.472
C
csgB 5B96;
5895 eletion region sgA IIC
EcN mutant Curli genomic region Deletion region
EcNAesg 1,219,402 - 1,220,774 1.219.405 - 1,220,381
D
K;-‘h
lm KpsE  KpsD
*Ihnuﬁen K! Zuv
EcN mutant Capsule genomic region Deletion region
EcNAKS 3.405.403 - 3.422.968 3.405.406 - 3.422.928
E
fic,
SB109 Deletion region $B110,
EcN mutant Flagellin genomic region Deletion region
EcNAfliC 2.099.443 - 2.101.230 2,099,435 -2.101.234
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Annexure 2: Regulation of ferrous iron transport system (EfeUOB) in the EcN fermenter
cultures

log2 fold change in fermenter culture

Genes Start of the stationary phase End of the stationary phase
efell 1,745 1,485
efeO 1,939 1,631
ofeB 1,499 0,812

Annexure 3: Details of up and downregulated genes in ECN when coincubated with
EDL933 for 3 h and their functional predictions*

Table 8. 1: List of upregulated genes in EcN (logz fold change > 1, padj < 0.05)*

Table 8. 2: List of genes downregulated in EcN (log fold change < -1, padj < 0.05)*

Annexure 4: Functional details of up and down-regulated genes in ECN when incubated
with T4 phages for 2 h*

Table 8. 3: Details of the genes downregulated in ECN when incubated with T4 phages after 2 h
(logz fold change < -2, padj < 0.05)*

Table 8. 4: Details of the genes upregulated in ECN when incubated with T4 phages after 2 h
(log fold change>2, padj<0.05)*

*The tables of Annexure 3 and Annexure 4 are provided as the soft copy in the DVD
attached to the thesis.
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Annexure 5: Alignment of the amino acid sequence of the lambda phage receptors (LamB)
of EcN and MG1655 uising CLC workbench

LamB_EcN MMITLRKLPLAVAVAAGVMSAQAMAVDFHGYARSGIGWTGSGGEQQCFQTTGAQS 55
LamB_MG1655 MMITLRKLPLAVAVAAGVMSAQAMAVDFHGYARSGIGWTGSGGEQQCFQTTGAQS 55
100%

Conservation
o
LamB EcN KYRLGNECETYAELKLGQEVWKEGDKSFYFDTNVAYSVAQQNDWEATDPAFREAN 110
LamB_MG1655 KYRLGNECETYAELKLGQEVWKEGDKSFYFDTNVAYSVAQQNDWEATDPAFREAN 110
100%
Conservation

[

LamB_EcN VQGKNL | EWLPGST IWAGKRFYQRHDVHMIDFYYWD I SGPGAGLENIDVGFGKLS 165
LamB_MG1655 VQGKNL | EWLPGST IWAGKRFYQRHDVHMIDFYYWDISGPGAGLENIDVGFGKLS 165
100%
Conservation
%

LamB EcN LAATRSSEAGGSSSFASNNIYDYTNETANDVFDVRLAQME INPGGTLELGVDYGR 220
LamB MG1655 LAATRSSEAGGSSSFASNNIYDYTNETANDVFDVRLAQME INPGGTLELGVDYGR 220
100N
Consarvation
o

LamB_EcN ANLRDNYRLVDGASKDGWLFTAEHTQSVLKGFNKFVVQYATDSMTSQGKGLSQGS 275
LamB_MG1655 ANLRDNYRLVDGASKDGWLFTAEHTQSVLKGFNKFVVQYATDSMTSQGKGLSQGS 275
100

Conservation

0%
LamB_EcN GVAFDNEKFAYNINNNGHMLRILDHGA I SMGDNWDMMYVGMYQD I NWDNDNGTKW 330
LamB_MG1655 GVAFDNEKFAYNINNNGHMLRILDHGA I SMGDONWDMMYVGMYQD I NWDNDNGTKW 330

e | TN

LamB EcN WTVGIRPMYKWTPIMSTVME IGYDNVESQRTGDKNNQYKITLAQQWQAGDS IWSR 385
LamB_MG1655 WTVGIRPMYKWTPIMSTVME IGYDNVESQRTGDKNNQYKITLAQQWQAGDS IWSR 385
100%

Conservation
%
LamB_EcN PAIRVFATYAKWDEKWGYDYTGSSSTNPYYGKAVSADFNGGSFGRGDSDEWTFGA 440
LamB_MG1655 PAIRVFATYAKWDEKWGYDYTGNADNNANFGKAVPADFNGGS FGRGDSDEWTFGA 440
100%
LAm—— 0001 (O

LamB_EcN QME IWW 446
LamB_MG1655 QME IWW 446
1o0%

Conservation
%
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9. Abbreviations

aa

abi
Amp
AS
ATP
BLAST
bp

°C
CaCl2
cDNA
CFUs
cm
CRISPR-Cas
CsCl
DAPI
dH20
dNTP
DTT
DMSO
DNA
ds
EAEC
ECC
EDTA
EcN

E. coli
e.g.
EHEC
ELISA
EtBr
EtOH
FA

FT

g

Gb3

Gl
GIcNAC

HCI
HK
HUS

amino acid

abortive infection
ampicillin

antisense

adenosine triphosphate
basic local alignment search tool
base pair

degree Celsius
calcium chloride
complementary DNA
colony forming units
centimeter

Clustered Regularly Interspaced Short Palindromic Repeats

Ceasium chloride

4' 6-diamidino-2-phenylindole
distilled water
deoxyribonucleotide triphosphate
Dithiothreitol

dimethylsulfoxide
deoxyribonucleic acid

double stranded
enteroaggregative E. coli
Chromogenic E. coli coliform agar
Ethylenediaminetetraacetic acid
E. coli Nissle 1917

Escherichia coli

exempli gratia
enterohemorrhagic E. coli
enzyme-linked immunosorbent assay
ethidium bromide

Ethanol

Formaldehyde

flow through

gram

Globotriaosylceramide
gastrointestinal tract
N-acetylglucosamine

hour

flagellum

hydrogen chloride

heat-killed

hemolytic uremic syndrome
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IPTG
K

kDa
kb

I

LB
LPS

m
MRNA
M

MA

1)

mins
MMC
MOl
MUSCLE
n

Nr.

nt

ns

oD
O/N
ONC
OMVs
PCR
PFUs
PHAST
PPA
P. I
PK
PMB
PPA
pr
gRT-PCR
r

R

RKI
RM
RNA
rpm
RT

SD
sec

Isopropyl B-D-1-thiogalactopyranoside
capsule

kilodalton

kilobase

liter

Luria-Bertani
lipopolysaccharide

Milli, meter
mitochondrial RNA
Molar, Marker, maltose
mean average

micro

minutes

Mitomycin C

Multiplicity of infection
multiple sequence alignment
nano

number

nucleotides

not significant

optical density

overnight

overnight culture

outer membrane vesicles
polymerase chain reaction
plaque forming units
PHAge Search Tool
phage plaque assay
proteinase inhibitor cocktail
proteinase K

polymyxin B
Phage-Plaque-Assay
phage repressor

Real-Time Quantitative Reverse Transcription PCR

ribosomal

rough LPS

Robert Koch Institute
restriction-modification
ribonucleic acid
revolutions per minute
room temperature
supernatant, sense
standard deviation
second

168



sie
SMP
sn

SS

Stx
SSIV RT
t

TAE
TEM
T6SS
U

ubD
UPEC
uv
WHO
Xg

%

*
**
*k*k

*kkk

superinfection exclusion
sodium meta periodate
supernatant

single stranded

Shiga toxin

SuperScript IV Reverse Transcriptase
transfer
Tris-acetate-EDTA
transmission electron microscope
type 6 secretion system
units

undiluted

uropathogenic E. coli
ultraviolet

World Health Organization
times gravity

percentage

p <0.0332

p <0.0021

p < 0.0002

p < 0.0001

169



10. List of Figures

Figure 1. 1: Schematic representation of various factors in EcN that contribute to the fitness of the
1 =] TS TSRS PR TP PSPPSR 20
Figure 1. 2: lllustration of bacteria and bacteriophage communities in the healthy adult gut............... 23
Figure 1. 3: Lytic and lysogenic cycle of bacteriophages. Stepwise illustration of lysis and
lysogenisation of bacteria by virulent and temperate phages. ........ccoocevvveevesiecie v 24
Figure 1. 4: Schematic representation of bacteriophage lambda attachment to E. coli......................... 25

Figure 1. 5: Model depicting the interactions between T4 phage tail and E. coli cell surface receptors.

...................................................................................................................................................... 26
Figure 1. 6: lllustration of various stages of bacteriophage life cycle that are targeted by different

phage resistance MECHANISMS. .......ciiiiiiieiieer ettt 28
Figure 3. 1: Purified T4 phage band visible after CsCl density centrifugation.............ccccocevveeiiienenne. 43
Figure 3. 2: Schematic representation of the Mutaflor fermentation process...... ....ccccoovvvieieieinnnne 59
Figure 3. 3: lllustration of a typical Transwell system used in this StUdY. .........ccccoovviriiiininiiiiene 60
Figure 4.1. 1: E. coli strain purity identification on ECC PIates ..........cccccvveveieeiieie i 64
Figure 4.1. 2: PCR screening to confirm the identity of ECN and K-12 Strains............ccoccocevereieinnnnne 65

Figure 4.1. 3: PCR screen to confirm the identity of the E. coli strains CFT073, SE11 and SE15....... 65

Figure 4.1. 4: PCR screen to check the purity of other E. coli strains (CFT073, SE11 and SE15)....... 66

Figure 4.1. 5: PCR screening to confirm the identity of ECN mutants used in this study.................... 67
Figure 4.1. 6: PCR screening to confirm the deletions in the ECN mutants. ...........cccccoeeevieeveceiievnenne. 68
Figure 4.2. 1: Gene regulation of different fimbrial determinants of ECN.............cccccoviiiiiiiiiiicinnns 70
Figure 4.2. 2: Gene regulation of six iron uptake systems in ECN fermenter-cultures.............ccccoc.o..... 71

Figure 4.2. 3: Gene regulation of the K5 capsule determinant (A) and the microcin gene cluster (B). 72

Figure 4.3. 1: Kinetics of Stx reduction by ECN in a Transwell System ..........cccccvvvviiiiiinevcie e, 76
Figure 4.3. 2: Graphical depiction of the Transwell setup for RNA isolation. ..........ccccccoeveviiiiiiennnnne. 77
Figure 4.3. 3: Stx reduction in EDL933 by EcN in the Transwell Set up.........cccooviviiiininiicicice 78
Figure 4.3. 4: Growth kinetics of E. coli strains in the Transwell set up for transcriptomics. .............. 79

170



Figure 4.3. 5: MA plots representing the differentially regulated genes in EcN after coincubation with
EDL933 for3h (A),5h (B), 7h (C) and 8 h (D) in a Transwell system...........ccccccoovevirrinennne 80

Figure 4.3. 6: MA plots representing the differentially regulated genes in EcN after coincubation with

MG1655 for 3h (A),5h (B), 7 h (C) and 8 h (D) in a Transwell system. .........c.cccccevevevvinennene. 81
Figure 4.3. 7: Kinetics of differentially regulated ECN geNeS.......cccoviiiiiiiii i 82
Figure 4.3. 8: Specific upregulation of genes in ECN as a response to EDL933 coincubation............. 84
Figure 4.3. 9: Specific downregulation of genes in EcN as a response to EDL933 coincubation ........ 85
Figure 4.3. 10: Functional grouping of upregulated genes in ECN..........c.ccocoivininiiniiniineneeseeeiae 87
Figure 4.3. 11: Functional grouping of downregulated genes in ECN..........ccccoovviiviininenencicieine 88

Figure 4.3. 12: Functional grouping of genes up and downregulated in EcN when coincubated with

EDLO33. ittt b e E bR £ bRt et E Rttt b R e etk r ettt n e e ntaras 90
Figure 4.4. 1: PCR to detect the lambda prophage lysogens in ECN and MG1655...........c..ccccceevvennenee. 92
Figure 4.4. 2: Identification of ECN and MG1655 lambda prophage lysogens by PPA............ccccccvee. 93
Figure 4.4. 3: Regulation of prophage 3 of EcN in the presence of lambdoid phages............c.ccccvevnnne 94
Figure 4.4. 4: Lambda Phage-Plague-Assay with recombinant MG1655 Strains ...........c.ccoeeeeeeeennenne. 95

Figure 4.4. 5: Antisense regulation of prophage 3 genes in ECN when incubated with lambdoid phages

...................................................................................................................................................... 97
Figure 4.4. 6: Lambda phage titer reduction kinetics and growth kinetics of E. coli strains. ............... 99
Figure 4.4. 7: Screening the deletion mutants of EcN to determine their effect on lambda phage titer

TERAUCTION. ...ttt bbb bbbttt bbb 100
Figure 4.4. 8: Influence of 0.2 % maltose on lamB induction and subsequent lambda phage titer

FEAUCTION TN ECN. ..ottt 102
Figure 4.4. 9: Lambda phage titer reduction by other E. COli Strains. ..........cccccovviniiniinineneieieee 104
Figure 4.4. 10: EcN’s influence on lambda phage infection of K-12 strains. .........cc.cccccvvveveivciennne 104
Figure 4.4. 11: Influence of commensal strains on lambda phage infection of MG1655 ................... 106
Figure 4.5. 1:T4 phage sensitivity test for E. coli strains MGL1655............cccooeiiiiiniiiieiecce 107
Figure 4.5. 2: Confocal micrograph of E. coli incubated with T4 phages........ccccccovvevievieiieevcieeiennne 108
Figure 4.5. 3: TEM micrographs showing the T4 phage attachment to ECN .............cccccooeveiiicinnnnn. 109

171



Figure 4.5. 4: Localization of T4 phage DNA with E. coli after coincubation..............ccccceeevvinenine 110

Figure 4.5. 5: Role of K5 capsule in T4 phage resistance of ECN.........cccocevoiiieiiiiiiienienee e 111

Figure 4.5. 6: T4 phage titer reduction kinetics (A) and EcN’s growth kinetics (B) during EcN and T4
[S1 T 1o e olo] [ el ] o> L1 o] PR S OPSP 112

Figure 4.5. 7: Kinetics of T4 phage titer reduction (A) and EcN's growth (B) for 120 h of coincubation

.................................................................................................................................................... 114
Figure 4.5. 8: T4 phage titer reduction by EcN pre-incubated with T4 phages for 96 h.................... 115
Figure 4.5. 9: Localization of T4 phage DNA with EcN cells/supernatant after coincubation........... 116
Figure 4.5. 10: Doughnut graphs representing the functional grouping of the genes that were

downregulated in ECN when incubated with T4 phages after 2 h. ..o, 118
Figure 4.5. 11: Phage titer reduction by EcN and cell-free supernatant.............cccoovevrvineninencinnnnnn. 120

Figure 4.5. 12: Effects of biochemical processing of ECN with SMP and PK on T4 inactivation...... 122

Figure 4.5. 13: T4 phage inactivation by EcN samples treated with PMB. ..........ccccocoiinininiiciinnn 123
Figure 4.5. 14: T4 phage inactivation by isolated LPS. ..........cccoooiiiiiiiniiec e 125
Figure 4.5. 15: T4 phage adsorption to EcN in the presence of 0.6 M GICNAC ........c..ccceveviiveienne 127
Figure 4.5. 16: Influence of E. coli strains and their supernatants on T4 phage titer.............cc.cccveve.. 128
Figure 4.5. 17: Influence on T4 phage infection of K-12 strains by E. coli strains................ccceeveniee 129

Figure 5. 1: Graphical representation depicting the up/downregulation of various fitness factors of

o N OSSPSR 131
Figure 5. 2: Structural comparison of LPS from EcN and E. coli K-12 strain...........c.cccceevevviveinennne 145
Figure 5. 3: The O antigen structures of different E. coli strains used in this study. .............cc.cccunee. 146

172



11. List of tables

Table 2. 1: List of laboratory equipment used in this StUAY .........cocveieiiiiieire e 30
Table 2. 2: Chemicals used iN thiS STUAY ........ccooiiiiiiiiire e 32
Table 2. 3: DNA and protein ladders used in this StUY..........cccceiiiieiiiecie e 34
Table 2. 4: List of E. coli strains used in this STUAY..........cooiiiiiiiiiee e 35
Table 2. 5: List of the phages used in this StUAY. .........ccccviiiiiiiiiri e 36
Table 2. 6: Oligonucleotides used in this STUAY.........c.ccciiieiiiiere e 36
Table 2. 7: Different media composition used in this STUY ..........c.coiririiineiiee e 38
Table 2. 8: KitS USE IN ThiS STUAY ......ooveiiiiiieieic e 39
Table 2. 9: Column preparation for CsCl density centrifugation .............ccocevoiiiiieninienic e 39
Table 3. 1: Description of processed E. COli SAMPIES.........ccoiiiiiiiiiiiieieeee e 47
Table 3. 2:Tag polymerase-based PCR Master Mix (2X) reaction St UP........cccceeveveevieieiiesieseeiennens 50
Table 3. 3: Phusion High-Fidelity DNA polymerase -based PCR reaction Set Up.........ccccccvevvrvevennnns 50
Table 3. 4: PCR conditions for localization of T4 phage DNA by T4 specific PCR.........cccccccevvinnene. 51
Table 3. 5: cDNA synthesis master mix | for step 1 of two-step RT PCR........ccccoceiviviiiiie e 56
Table 3. 6: cDNA synthesis master mix Il for step 1 of two-step RT PCR ......cccovviiiiiniiiiccee 56
Table 3. 7: PCR master mix for step 2 of two-Step RT PCR.......ccooiiiiiiicececc e 56
Table 4. 1: Regulation of genes related to flagella and LPS production in ECN............ccccoceniieninnnne. 73
Table 4. 2: Results of lambda PPA on the recombinant MG1655 Strains. ...........ccoceoveriennennennienns 98
Table 4. 3: Testing the T4 phage sensitivity of ECN that has been coincubated with T4 phages........ 115

Tabel 5. 1: Presence of ECN’s prophage 3 genes in CFT073, the commensal strains SE11 and SE15

AN the K-12 STrain IMIGLE55. .. .eeeee ittt ettt et e e e et e e s sttt e s st e e sabeeeesaraeeesanaeeesans 138

173



174



175



176



	Summary
	Zusammenfassung
	1 Introduction
	1.1. Gut microbiota
	1.2. Probiotics
	1.3. E. coli Nissle 1917 (EcN)
	1.4. Molecular characterisation of EcN
	1.5. Enterohaemorrhagic E. coli (EHEC) strains
	1.5.1. Influence of EcN on EHEC strains

	1.6. Phages in gut microbiota
	1.7. Bacteriophage infection cycles
	1.8. Bacteriophage receptors
	1.9. Bacteriophage resistance mechanisms
	1.10. Aim of the thesis

	2 Materials
	2.1 List of equipment
	2.2 Chemicals
	2.3 DNA and protein markers
	2.4 Bacterial strains and phages
	2.5 Oligonucleotides
	2.6 Bacterial growth media and solutions
	2.7 Commercially available assay kits
	2.8 Column preparation for caesium-chloride (CsCl) density centrifugation

	3 Methods
	3.1 Microbiological methods
	3.1.1 Overnight culture cultivation
	3.1.2 Bacterial stock preparation and storage
	3.1.3 E. coli strain identification
	3.1.4 Bacterial growth
	3.1.5 Phage propagation
	a. Lambda phage cultivation and storage
	b. T4 phage cultivation and storage

	3.1.6 Purification of phages
	3.1.7 Coincubation conditions
	3.1.8 Phage-Plaque-Assay (PPA)
	3.1.9 Lambda lysogeny detection in E. coli samples incubated with lambda phages
	3.1.10 Verotoxin ELISA
	3.1.11 Processing of E. coli culture and supernatants
	3.1.11.1 Heat killing (HK) or 1 % formaldehyde (FA) treatment:
	3.1.11.2 Proteinase K (PK) or sodium meta periodate (SMP) treatment
	3.1.11.3 Supernatant preparation
	3.1.11.4 Polymyxin B (PMB) treatment
	3.1.12 LPS isolation
	3.1.13 Testing the T4 phage adsorption to E. coli

	3.2 Molecular biological methods
	3.2.1 Polymerase Chain Reaction (PCR)
	3.2.2 Localization of T4 phage DNA by T4 specific PCR
	3.2.3 Agarose gel electrophoresis
	3.2.4 Purification of PCR amplicons
	3.2.5 Gel extraction
	3.2.6 Sequencing
	3.2.7 RNA isolation
	3.2.8 Quantitative Real-Time PCR (qRT-PCR)
	3.2.9 Two-step RT-PCR
	3.2.10 qRT-PCR data analysis
	3.2.11 SDS gel electrophoresis and LPS specific staining

	3.3 Microscopic methods
	3.3.1 Confocal microscopic examination of T4 phage and E. coli interaction
	3.3.2 Transmission electron microscopic examination of EcN after incubation with T4 phages

	3.4 Transcriptomics experimental setup
	3.4.1 Single culture: fermenter and LB culture set up
	3.4.2 Coculture: Transwell assay set up

	3.5 Bioinformatic analysis
	3.5.1 RNA library preparation for transcriptome analysis
	3.5.2 Analysis of deep sequencing data
	3.5.3 Functional prediction

	3.6 Statistical analysis

	4 Results
	4.1. E. coli strain identification
	4.1.1. Testing the purity of E. coli strains with ECC plates
	4.1.2. Strain identification by PCR
	4.1.3. EcN mutant verification using PCR

	4.2. Transcriptomic response of EcN in different culturing conditions
	4.2.1. Enhanced expression of fitness factors of EcN in fermenter culture condition

	4.3. Transcriptomic response of EcN coincubated with pathogenic E. coli strain EHEC EDL933 and non-pathogenic E. coli K-12 strain MG1655
	4.3.1. Shiga toxin reduction by EcN in a Transwell system
	4.3.2. Time point-based RNA isolation from EcN coincubated with EDL933 and MG1655
	4.3.3. Transcriptomic response of EcN towards EDL933 and MG1655

	4.4. Lambdoid phage resistance of EcN
	4.4.1. Testing the lambda lysogeny in EcN cells incubated with lambda phages
	4.4.2. Role of a lambdoid prophage gene of EcN: the “phage repressor (pr)” gene and its role in EcN’s lambda phage resistance
	4.4.3. Determination of lambda phage titer reduction by EcN
	4.4.4. Impact of EcN mutants on lambda phage inactivation
	4.4.5. Investigation of lambda phage inactivating mechanism(s) of EcN
	4.4.6. Impact of other E. coli strains on lambda phage inactivation

	4.5. Lytic phage resistance of EcN
	4.5.1. T4 phage plaque assay
	4.5.2. Microscopic examination of E. coli and T4 phage coincubation
	4.5.2.1. Confocal microscopy of DAPI stained T4 phages incubated with E. coli
	4.5.2.2. Observation of T4 phage attachment to EcN by Transmission Electron Microscopy

	4.5.3. T4 phage DNA localization by PCR
	4.5.4. Role of EcN’s K5 capsule in its T4 phage resistance
	4.5.5. T4 phage inactivation by EcN
	4.5.6. Transcriptomic analysis of EcN in the presence of T4 phages
	4.5.7. Biochemical studies to investigate the T4 phage inactivating factor in EcN
	4.5.8. Impact of other E. coli strains on T4 phages


	5. Discussion
	5.1. Expression of probiotic factors in EcN fermenter culture
	5.2. EcN shows a discriminative response towards pathogenic and non-pathogenic E. coli
	5.3. Effect of EcN on lysogenic lambda phages
	5.4. Investigation of EcN’s lambda phage resistance/defence mechanism
	5.5. Capsule mediated T4 phage defence in EcN
	5.6. Effect of EcN on lytic T4 phages
	5.7. EcN’s LPS inactivated T4 phages

	6. Conclusion
	7. References
	8. Annexure
	Annexure 1: Details of deletion mutants of EcN used in this study
	Annexure 2: Regulation of ferrous iron transport system (EfeUOB) in the EcN fermenter cultures
	Annexure 3: Details of up and downregulated genes in EcN when coincubated with EDL933 for 3 h and their functional predictions*
	Annexure 4: Functional details of up and down-regulated genes in EcN when incubated with T4 phages for 2 h*
	Annexure 5: Alignment of the amino acid sequence of the lambda phage receptors (LamB) of EcN and MG1655 uising CLC workbench

	9. Abbreviations
	10. List of Figures
	11. List of tables
	12. Curriculum Vitae



