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Abstract

The spread of antibiotic resistance genes is increasing, and the mechanisms involved need to
be established. Connections between the temperate bacteriophage P1 and antibiotic resistance
genes have been implied. Therefore, the role phage P1 may possess in the dissemination of
antibiotic resistance genes should be investigated. Since the mechanisms for transmission of
wild-type bacteriophage P1 are poorly understood, this thesis aims to determine potential

conditions that induce the lytic replication cycle.

Gene and protein expression of bacteriophage P1 were studied during different bacterial growth
phases and temperatures. By quantitative PCR and bottom-up proteomics, the effects of
exponential phase, stationary phase, 37°C and 42 °C were determined. In stationary phase at
42 °C, asignificant increase in copy number of the c1 repressor gene was detected. The increase
may imply derepression of c1. The difference in copy number of the lytic gene pcp was not
significant, and no proteins were identified, indicating that no phage particle formation had
occurred. A hypothetical protein with an ASCH resembling domain was significantly

upregulated.

In addition, the study investigated how the conditions affected the Tn21 transposon carried by
P1. The copy number of the transposase gene tnpA was higher in stationary phase at the 42°C,
compared to 37 °C, indicating that tnpA expression is temperature sensitive. Several antibiotic
resistance proteins encoded by Tn21 were identified. One of them was upregulated at both

temperatures.

In conclusion, stationary phase physiology combined with elevated growth temperature may
cause P1 prophage induction. However, in order to achieve lytic growth, additional inducing
factors might need to be present. The Tn21 transposon located in the P1 genome might have a
higher transposition rate at elevated temperatures. Under the investigated conditions, P1 might
contribute to the dissemination of antibiotic resistance genes by being a reservoir for

transposons.
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Sammendrag

Spredningen av antibiotikaresistensgener gker i omfang, og det er derfor et behov for a
kartlegge mekanismene som er involvert. Forbindelser mellom den temperate bakteriofagen P1
og antibiotikaresistensgener har blitt antydet. Derfor burde bakteriofag P1 sin mulige rolle i
spredningen av antibiotikaresistens undersgkes. Siden forstaelsen av mekanismene for
overfgring av villtype bakteriofag P1 er mangelfull, er malet med denne oppgaven a bestemme

mulige betingelser som kan indusere den lytiske replikasjonssyklusen.

Bakteriofag P1 sin gen- og proteinekspresjon ble studert under forskjellige bakterielle
vekstfaser og temperaturer. Ved hjelp av kvantitativ PCR og proteomanalyse, ble effektene av
eksponentiell fase, stasjonerfase, 37°C og 42 °C bestemt. | stasjonaerfase ved 42 °C ble det
detektert en signifikant gkning i kopitall for c1 repressor genet. @kningen kan tyde pa
derepresjon av cl. Forskjellen i kopitall for det lytiske genet pcp var ikke signifikant, og ingen
proteiner var identifisert, noe som tyder pa at produksjon av viruspartikler ikke har funnet sted.

Et hypotetisk protein med et domene som ligner ASCH-domenet var signifikant oppregulert.

I tillegg ble det undersgkt hvordan betingelsene pavirket Tn21 transposonet i P1 bakteriofagen.
Kopitallet til transposase-genet tnpA var hgyere i stasjonarfase ved 42°C, sammenlignet med
37 °C, noe som indikerer at ekspresjonen av tnpA er temperatursensitiv. Tn21 kodet for flere
antibiotikaresistensproteiner som ble identifisert i analysen. En av dem var oppregulert ved

begge temperaturer.

Den bakterielle fysiologien i stasjonarfase kombinert med forhgyet veksttemperatur kan trolig
fare til induksjon av P1 profagen. Imidlertid, for & oppna lytisk vekst, er det mulig at andre
induserende faktorer ma veere tilstede. Tn21 transposonet i P1 genomet har muligens en hgyere
transpososjonsrate ved forhgyede temperaturer. Under de undersgkte betingelsene er det mulig
at P1 kan bidra til spredningen av antibiotikaresistensgener ved & vere et reservoar for

transposoner.
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1 INTRODUCTION

1.1 The human gut microbiota

A microbiota is the group of microorganisms in a specific habitat, and the microbiome is
the collection of their genes (Turnbaugh et al., 2007). The term microorganisms include all
organisms, both prokaryotes and eukaryotes, that are too small to spot with the naked eye.
Bacteria, viruses, fungi, archaea and protozoa are examples of microbes that are part of the
human gut microbiota (Lozupone et al., 2012; Morton et al., 2015). The gut microbiota is
considered to be an essential organ (Eckburg et al., 2005). After many years of coevolution,
it has gotten specialized to perform important tasks for the human body (McFall-Ngai et

al., 2013). In return, the microbes get a warm and nutritious place to live.

Trillions of microbes coexist in the human gut in a symbiotic, commensal or parasitic way.
Their interactions with the host (human gut) can be indirect by impacting other microbes
or direct (Kapitan et al., 2018), and their influence affects the host digestion, immune
maturation and protection against harmful microorganisms (Candela et al., 2008; Fukuda
et al., 2011; Olszak et al., 2012; Sonnenburg et al., 2005). Compared to other microbial
communities, the vertebrate gut microbiota encompasses great diversity (Ley et al., 2008),
and its capacity in the gut is just partly understood. The most studied part of the microbiota
is the bacterial population, but to better understand the microbiota as a whole, research on
the other constituents is done as well. The fungal fraction, known as the mycobiota, is
involved in digestion and development of immune responses (Cuskin et al., 2015; Zhang
et al., 2016). The gut viral population is the densest in the body, and consist of viruses
targeting eukaryotes, archaea or bacteria. The gut virome comprises the collection of all
viral genes in the intestine. Viruses using bacterial cells as hosts are called bacteriophages,
and these make up the major part of the virome (Breitbart et al., 2003). The virome is
thought to be involved in immune system development as well as regulation of the gut
bacterial population and bacterial evolution (Breitbart et al., 2008; Takeuchi & AKira,
2009).



1.1.1  The gut mobilome

Collectively, the gut microbes harbor more genes than the human genome (Hamady &
Knight, 2009). Some of these genes are located on sequences of DNA called mobile genetic
elements (MGEs). MGEs can move around the genome or perform horizontal gene transfer
(HGT) events (Partridge et al., 2018). This moveable part of the microbiome and its genes
is known as the mobilome. Exchange of genetic information in the microbiome allows traits
to get spread among species, contributing to species evolvement (Broaders et al., 2013;

Huddleston, 2014). New traits can strengthen their fitness in the niches they are occupying.

1.1.2  The infant gut microbiota

Right after birth, the infant gut gets colonized by microbes. The following years the
microbiota undergoes a myriad of compositional changes before an adult microbial
composition is reached. The origin and type of microbes depend on delivery mode.
Vaginally delivered babies get exposed to fecal and vaginal microbes from the mother
while babies delivered by caesarean section get colonized by microbes derived from the
mother’s skin and the hospital environment (Backhed et al., 2015).

While there is a global effort to elucidate the composition of the microbiota throughout life,
there is a lack of knowledge on the recruitment of the gut virome. Nevertheless, several
hypotheses have been suggested. The environment has been proposed to be a source (Lim
et al., 2015). Another hypothesis is that bacteriophages colonize the infant gut via their
bacterial hosts (Breitbart et al., 2008). Bacteriophages make up a substantial part of the
infant virome and do also count as part of the mobilome. Considering that viruses and
MGEs may affect the gut bacteria, and thereby the establishment and development of the
microbiota, this should be looked more into. In fact, the infant gut has been proposed to be
a reservoir for MGEs (Ravi et al., 2015). A better understanding of the infant virome and
mobilome is important in order to tackle the increasing problem of multidrug resistance in

bacteria.



1.1.3 The preterm infant

One of the most vulnerable populations for microbial infections is the preterm infants. They
are born before 37 weeks of pregnancy and are often experiencing serious health challenges
(Ruiz et al., 2016). Their organs and immune system may not be fully developed, and they
are prone to develop necrotizing enterocolitis (NEC) and sepsis in which antibiotics is the
only treatment (Milani et al., 2017). Whether the preterm infant is colonized by pathogens
carrying MGEs containing AR genes or not can be crucial for its survival throughout the
first weeks of life (Ravi et al., 2017). Again, this emphasizes the importance of a better

understanding of the recruitment and characteristics of MGEs in the infant gut.

1.2 Antibiotic resistance

Antimicrobial resistance is an intrinsic defence mechanism in bacteria that occurs naturally
in a competing environment as a response to bacteria with antimicrobial activity. Bacteria
use two different strategies to adapt in an antimicrobial environment, 1) mutations in genes
that often result in modification of an antimicrobial target, and 2) acquisition of anti-
microbial resistance genes by horizontal gene transfer (Munita & Arias, 2016). This is seen
in many different microbial communities, including the gut (Forsberg et al., 2012; Rizzo et
al., 2013; von Wintersdorff et al., 2014). The presence of various AR genes in the gut
microbiome should therefore be no surprise, and the genes have even gotten their own
term; the gut resistome (Penders et al., 2013). Bacteria harbouring intrinsic antimicrobial
resistance is not the main focus of the raising AR problem. The core of the problem is that
pathogens acquire new AR traits, making it harder to combat bacterial infections (Munita
& Arias, 2016).

Antibiotics have been produced and used to combat bacterial infections for almost 80 years.
It has disarmed deadly bacterial pathogens and made cancer therapy, organ
transplantations, complex surgeries and management of preterm infants possible by
diminishing risk of complications caused by infection (Penders et al., 2013). Overuse of
antibiotics has increased the selective pressure towards multidrug resistance, and the
development of new treatments does not meet the accelerating cases of infections caused

by AR bacteria (Li & Webster, 2018). These infections pose a major cost for society due
3



to the need of prolonged hospital stays (OECD, 2018). As we are heading towards a post-
antibiotic era where bacterial infections will be one of the leading causes of death, WHO
has developed a global priority pathogens list to direct the research and development of
new antibiotics into where it is most critically needed (Tacconelli et al., 2018). Evaluation
of 20 pathogens with 25 different resistance patterns was done based on several criteria.
The criteria involved treatability and mortality, resistance trends and transmissibility, as
well as burden and preventability in both the community and in the health-care system.
The list was arranged into critical, high and medium priority. Out of the 20 evaluated
bacteria, three bacterial species were characterized to be of critical priority, six of high

priority and three of medium priority.

The three species of critical priority on the global priority pathogens list are antibiotic
resistant Gram-negative bacteria. Two of them are the carbapenem-resistant
Enterobacteriaceae and third-generation cephalosporin-resistant Enterobacteriaceae.
Carbapenems are broad-spectrum antibiotics and often used as last-line agents, but with the
emerging resistance in pathogenic bacteria, carbapenems life-saving capability is declining
(Papp-Wallace et al., 2011; Zilberberg et al., 2017). The same applies for cephalosporins.
Extended spectrum beta-lactamase (ESBL) is defined as an enzyme that can hydrolyse
extended spectrum cephalosporin (Ghafourian et al., 2015), thus disarming these drugs.
Nosocomial and community-acquired infections caused by ESBL-producing
Enterobacteriaceae (ESBL-E) are highly prevalent (Oli et al., 2017; Park et al., 2017; Pitout
et al., 2005). Enterobacteriaceae are common colonizers of the human gut (Lozupone et
al., 2012), but they are also associated with infections in the urinary tract (Karam et al.,
2019), gastrointestinal tract (Couturier et al., 2011), lower respiratory tract (Dong et al.,
2018), central nervous system (Xu et al., 2019), and blood system (Vihta et al., 2018).
Preterm infants are at risk to develop sepsis in the neonatal intensive care unit (NICU), and
although infections caused by Gram-positive bacteria are most prevalent, the mortality of
Gram-negative bacterial infections is higher (Shah et al., 2015). There has been shown that
mothers, without any previous symptoms of infections by ESBL-E, can transmit ESBL-E
to their preterm babies, causing infection (O'Connor et al., 2017). There has also been
observed that ESBL-E can spread from one colonized preterm neonate to other neonates in
the NICU by healthcare workers (Tschudin-Sutter et al., 2010). These scenarios depict how
easily antibiotic resistant bacteria can spread. Once the neonates are colonized, the ESBL
genes can spread to other colonizers of the neonate gut (Brolund et al., 2013). Luckily,

4



measures are being done to prevent dissemination, by performing ESBL-E screenings of
expecting mothers and improving hygiene routines. Nevertheless, no new effective
antibiotic class against Gram-negative bacteria has been approved in over 50 years, and as
WHO stresses with the priority pathogens list, the need is critical. In addition, novel ways

to tackle the dissemination of AR genes is essential.

1.3 Mobile genetic elements and horizontal gene transfer

MGEs include transposons, plasmids and bacteriophages (Naito & Pawlowska, 2016).
They are DNA sequences that can move around the genome, be exchanged between
bacteria or even between species. Transposons have intracellular mobility. Using their
self-encoding transposase (TnpA), they can change position in a genome, or “jump” to
other genetic elements in the same cell. The transposase makes a cut in the DNA sequence
at the target site, producing sticky ends. Then it cuts out the transposon and ligates it into
the target site (Levin & Moran, 2011). Transposon Tn21 is a common MGE found in
Enterobacteriaceae (Liebert et al., 1999). It can carry integrons and gene cassettes with
AR genes (Brown et al., 1996). Integrons are non-mobile genetic elements that can
integrate one or many gene cassettes. This is facilitated by its site-specific recombination
system (Domingues et al., 2012). Gene cassettes are DNA elements that often encode one
single gene, and many do not have a promoter. As a part of an integron, the genes can be
expressed by the promoter of the integron (Hall & Collis, 1995). Plasmids are
self-replicating genetic elements found in bacterial cells. Typically, the plasmid is circular
double stranded (ds) DNA, although linear plasmids with dsSDNA also exist (Shintani et
al., 2015). Incll is a conjugal plasmid associated with carriage of ESBL (Carattoli, 2013).

HGT is the exchange of genetic information between bacteria (Burmeister, 2015). It is a
form of homologous recombination, and occurs by transformation, conjugation or
transduction. The mechanisms are illustrated in figure 1.1. Transformation is the process
where cellular DNA is transferred between closely related bacteria (Johnston et al., 2014).
Both the transmitter cell and the receiver cell have genes in their genome that code for the
transformation. Conjugation is the transmission of a conjugal plasmid among bacteria, and

the whole process is encoded by the plasmid itself (Smillie et al., 2010). DNA transfer



mediated by bacteriophages is called transduction (Olson, 2016). During packaging of the
phage genome, sequences from the bacterial genome can get packed with it by mistake,
thus resulting in transmission to a new bacterial cell. Transposons can get horizontally
transferred by plasmids and bacteriophages if it has been translocated into these MGEs
(Partridge et al., 2018).

Plasmid Plasmid
Intracellular
mobility

Transduction

Transposon
Conjugation
I
MEED:' Transformation

[E—

Integron Intracellular

mobility
Intercellular mobility
Donor cell Recipient cell

Figure 1.1: Mobile genetic elements and horizontal gene transfer. The figure gives an overview
of MGEs and the different modes of MGE transmission. A gene cassette can be a part of an
integron, which can be a part of a transposon. The transposon in the donor cell in the figure can
translocate intracellularly between the phage genome, the plasmid, and different locations on the
host genome. The phage and the plasmid are MGEs that have intercellular mobility. In the figure,
the transposon gets transferred to the recipient cell by transduction, carried out by the phage. The
plasmid transmits from the donor to the recipient cell by conjugation. In the recipient cell, the
transposon can translocate to the host genome and the plasmid. Sequences of DNA can be
exchanged between the donor and recipient cell by transformation (not illustrated). Transduction,
conjugation and transformation are mechanisms of HGT. The figure is modified and redrawn from
(Partridge et al., 2018).



1.4 Bacteriophages

Since Twort and d’Herelle independently discovered the bacteriophage in the beginning of
the last century, its abilities have been appreciated in a wide range of fields (Chan et al.,
2013; loannou et al., 1994; Lennox, 1955). The bacteriophage, meaning something that
devour bacteria, is a prokaryotic virus that hijack the replication machinery of its bacterial

host in order to reproduce and make viral progeny.

The estimated number of bacteriophages in the biosphere is 103! (Comeau et al., 2008),
making them the most numerous biological entity on the planet. Phages are the most
abundant viral entity and they are believed to be found in every ecosystem (Sharma et al.,
2017). Because of their abundance and bacteria residing nature, they are significant

influencers of bacterial populations and their environment.

1.4.1 Bacteriophage characteristics

There exists great diversity between phages when it comes to size, shape, complexity and
genome composition. Their length varies from 24-200 nm. In comparison, the size of
bacteria ranges from 0.2-2 um. More than 6000 phages are described and a vast majority
have a head-tail morphology, comprising an icosahedral capsid attached to a tail (Wittebole
et al., 2014). Three families in the Caudovirales order possess this morphology and their
tail is either long and have a contractile sheath (Myoviridae), long and noncontractile
(Siphoviridae) or short and noncontractile (Podoviridae). Bacteriophages can also have a
filamentous, polyhedral or pleomorphic morphology (Ackermann & Prangishvili, 2012).

Phage genomes can be single stranded (ss) or double stranded RNA or DNA but are most
commonly dsDNA (Hatfull & Hendrix, 2011). The genome sizes can range from 3.4 kilo
bases (kb) to 500 kilo base pairs (kbp), and they are extensively mosaic (Casjens &
Thuman-Commike, 2011; Hatfull & Hendrix, 2011). This means that the different
segments of genes derive from different evolutionary histories. HGT is the reason for this

complex genome structure.



1.4.2 Cell entry mechanism

The genomic material gets injected into the bacterial host cell after recognition and
adsorption to the cell membrane. The latter is coordinated by the baseplate at the end of the
tail and facilitated by the attached tail fibers. Phage tail fibers recognize specific receptors
on the bacterial surface, and once all the fibers are bound to receptors, a conformational
change in the subplate induces the genome injection. If the phage has a contractile sheath,
the induction makes the sheath contract in a wavelike motion, exposing a tail tube that

serves as a delivery channel for the genetic material (Leiman & Shneider, 2012).

1.4.3 Bacteriophage replication cycles

After genome delivery into the host cell, various scenarios can be played out depending on
the type of phage. There exist four different replication cycles for bacteriophages.
Filamentous phages can undergo a chronic replication cycle in which the phage replicates
continuously and leaves the cell by a budding mechanism (Smeal et al., 2017). In
pseudolysogeny, the phage does neither propagate nor synchronize the replication of its
genome with the host to maintain a stable copy number. This viral growth is often seen
when access on nutrients is low (Cenens et al., 2013). The two cycles best described are
the lytic and lysogenic cycle, and these are elaborated in the following paragraphs and

illustrated in figure 1.2.



Host recognition Adsorptlon

Establishment of
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\
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genome injection
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Figure 1.2: The lytic and lysogenic replication cycles of bacteriophages. The figure illustrates
the lytic replication cycle, starting with recognition and adsorption to the host and injection of the
genome into the host cytoplasm. Obligate lytic phages continue the lytic cycle proceeding with
phage genome replication, while temperate phages, depending on external stimuli, may establish a
lysogenic replication cycle. This illustration shows the prophage as a circular plasmid, but
integration of the prophage into the host genome can also happen at this stage. The prophage
replicates with the host. When external stimuli induce the prophage, it enters the lytic cycle and
proceeds with lytic genome replication, phage particle production and lysis. Upon host cell lysis,
phage particles are released and can infect new susceptible hosts. The figure is redrawn and modified
from (Doss et al., 2017).

1.4.3.1 Lytic replication cycle

The lytic replication cycle involves production of phages and cell lysis as the virus gets
released and spread to new cells. The genomic material of the phage gets inserted into the
host cell, and by use of the bacterial metabolic machinery, progeny virus is produced in
great numbers (Sharma et al., 2017). dsDNA genomes are directly transcribed to mRNA
and translated to viral proteins, while ssDNA genomes are converted into dsDNA first.
sSRNA genomes get synthesized to DNA by the viral enzyme reverse transcriptase before
transcription (Choi, 2012). First, early genes involved in replication and transcription
regulation are expressed. Then genes categorized as late genes like phage capsid protein
and lysis protein encoding genes are expressed (Horcajadas et al., 1999; Lavysh et al.,
2017). The nucleic acids are packed into synthesized capsids, before the cell bursts, letting

phages infect new susceptible hosts.



1.4.3.2 Lysogenic replication cycle

Bacteriophages that can carry out a lysogenic cycle are called temperate phages and their
bacterial hosts are called lysogens upon lysogenic growth. Temperate phages can integrate
their genome into the host genome or be present in the cell as plasmids (Weinbauer, 2004).
Whether the phage should lysogenize the host or enter the lytic life cycle right away is
decided straight after infection. There are several factors affecting this decision. Pour
physiological state of the host and low bacterial cell density are factors that favour lysogeny
(Howard-Varona et al., 2017). During lysogeny, the virus is called a prophage, and it is
dormant. It replicates with the host and makes no harm to it (Weinbauer, 2004). The host
becomes immune against infection of the same phage. The immunity is caused by a lytic
repressor protein expressed by the prophage (Bondy-Denomy et al., 2016). The functions
involved in maintenance of lysogeny are therefore called the immunity system of the phage.
External stress to the host, like UV radiation, chemicals or change in temperature cause
prophage induction. Prophage induction involves several steps, leading to a lytic replication
cycle (Choi et al., 2010; Nanda et al., 2014).

1.5 Bacteriophage P1

In 1951, microbial geneticist Giuseppe Bertani discovered bacteriophage P1, a phage that
infects Escherichia coli and other enteric bacteria (Bertani, 1951). As it is a temperate
phage, it lysogenizes its host cell and persists as a low-copy-number plasmid. Usually there
is one plasmid per each bacterial chromosome, and it replicates independently of the host
(Austin et al., 1981). Belonging to the Myoviridae it has a typical head-tail morphology; an
icosahedral head attached to a tail tube with a contractile sheath and baseplate with six tail
fibers. Even though P1 has been utilized in the laboratory because of its transducing
abilities for decades, playing an important role in the progression of molecular biology,
little is understood of the underlying mechanisms of transduction (Pierce & Sternberg,
1992; Sternberg, 1990).

10



1.5.1 The P1 genome, replication and immunity

The P1 genome is approximately 93 kilo kbp dsDNA, and it contains approximately
117 genes divided into 45 operons (Lobocka et al., 2004). An operon is a cluster of
co-regulated genes that often have related functions (Osbourn & Field, 2009). In the
P1 genome, four operons are crucial in the determination of lysogenic or lytic pathway, and
four others are involved in plasmid maintenance. Most of the remaining operons are
associated with lytic growth (Lobocka et al., 2004).

1.5.1.1 Lysogenic replication and copy number control

The P1 replicon for lysogenic replication contains two operons and two regions of iterons.
Iterons are repeated DNA sequences involved in plasmid copy number regulation
(Chattoraj, 2000). One of the operons contains the gene that encodes replication protein A
(RepA). RepA is an initiator protein involved in both replication initiation and control. It
can bind to iterons in the origin region (incC) upstream for the repA gene and to iterons in
the control region (incA) downstream for the repA gene. The repA promoter is situated in
incC. The replicon is illustrated in figure 1.3 a. The operon involved in plasmid partitioning
is located downstream of incA and it contains the two genes parA and parB (Lobocka et
al., 2004).

During lysogeny the prophage replicates to ensure inheritance in the cell line. Replication
starts at the origin of replication (oriR), initiated by bound RepA, and proceeds in both
directions on the genome. incC is a part of oriR. The plasmid partitioning protein A and B
(ParA, ParB) are involved in the partition of the plasmid to host daughter cells (Lobocka et
al., 2004). P1 replication is strictly regulated by several mechanisms. One mechanism is
the autoregulation of RepA synthesis. Replication is initiated when RepA reaches a
threshold concentration. For this reason, suppression of the RepA concentration is
necessary to repress replication (Lobocka et al., 2004). This is attained as the iterons in
inCA sequester RepA.
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Figure 1.3: The lysogenic replicon. a) The replicon is depicted. The repA gene lies in between
the upstream incC region and the incA region downstream of the gene. These regions contain
iterons in which the RepA protein can bind. The repA promoter, indicated by a black circle, is
situated among the iterons in incC. oriR precedes repA. b) illustrates the handcuffing mechanism.
The iterons in incA are handcuffed to the iterons in incC by bound RepA. This leads to blocking of
oriR and the repA promoter, resulting in inhibition of genome replication and repA transcription.
The figure is adapted from (Pal et al., 1986).

Since RepA is autoregulated, the natural consequence of sequestered RepA is
replenishment of the protein. Phage P1 has a mechanism that avoids this by “handcuffing”
the incA iterons to the iterons in incC via bound RepA. This pairing of iterons is illustrated
in figure 1.3 b. The handcuffing cause sterical hindrance, blocking for both the replisome
assembly and the repA promoter in incA (Chattoraj et al., 1988). Consequently, the genome

replication and repA transcription are inhibited.

1.5.1.2 Lytic replication of the P1 genome

The lytic replication of the genome is executed by the rolling circle mechanism (Cohen,
1983). This replication mechanism begins by forming a nick in one of the circular DNA
strands. Then the nicked strand gets elongated by DNA polymerase at the 3’ end using the
unnicked strand as a template, resulting in a linear, SSDNA sequence. The linear strand is
the lagging strand, and it is synthesized with a series of Okazaki fragments. This rolling
circle replication results in a continuous linear DNA sequence of identical genomes, called
a concatemer. The concatemer gets packed into the phage head until it is full (Coren et al.,
1995). The sequence is cut, a new head gets packed, and then the sequence is cut again.
The head holds approximately 110 kbp DNA, and consequently a bit more than the genome
gets packed (Sternberg et al., 1990). Upon viral DNA delivery, the genome gets
circularized into a plasmid in the host. Because of the DNA being cut out of a concatemer,
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the phage genome is terminally redundant and cyclically permuted. The former meaning
that the ends of the DNA molecule are identical, which enables DNA circularization, and

the latter meaning that a given genome can start at any location on the circular genome.

1.5.1.3 P11 immunity

The immunity system of phage P1 encompasses the regions ImmC, Imml and ImmT on the
genome. The genes in these regions are involved in the decision-making between lytic and
lysogenic establishment, and lysogenic maintenance (Heinrich et al., 1994; Heinzel et al.,
1990; Heinzel et al., 1992; Schaefer & Hays, 1990). The C1 protein is the key protein in
lysogeny, repressing the lytic functions of P1 by binding to 17 different operators dispersed
throughout the genome, in addition to regulate its own transcription (Lobocka et al., 2004;
Osborne et al., 1989). An operator is the area upstream of an operon in which a repressor
binds and repress transcription of the genes in the operon (Normanno et al., 2012). The
cl gene is located in the ImmC region. Another gene within the ImmC region is the
C1 antirepressor encoding coi gene (Heinzel et al., 1990). c1 and coi belong to two different
operators. Both operators are under the control of C1. The Imml region contains an operon
of three genes. ant1/2 encodes an antirepressor protein of C1. icd encodes an inhibitor of
cell division and is required for ant expression. c4 encodes an antisense RNA that represses
Icd and Ant1/2 synthesis. The ImmT region is located far away from the two other regions
and contains the gene Ixc. The Lxc protein is a corepressor of C1. It enhances operator
binding of C1 by making a ternary operator-C1-Lxc complex. In addition, Lxc protects C1
against inhibition by Coi. In contrast to the two other regions, ImmT is not controlled by
the C1 repressor. The connection between the repressors and their antirepressors is depicted
in figure 1.4.
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Figure 1.4: The P1 immunity system. The figure shows the connection between repressors and
antirepressors of lytic growth. The C1 repressor, C4 antisense RNA secondary repressor, and
Lxc corepressor maintain the lysogenic growth. C1 represses lytic growth. C4 and Lxc aid C1 by
preventing C1 inactivation, and by enhancing the C1 effect, respectively. Ant1/2 and Coi induce
Iytic growth by inactivating C1. The illustration is made for this work. It is based on (Heinrich et
al., 1995).

When bacteriophage P1 infects a cell, it either enters the lytic cycle right away or chooses
lysogeny. The transcription of c1 and coi is believed to happen simultaneously at this point
and P1’s lifecycle is determined by the protein that predominates. If that protein is Coi, C1
gets inactivated by becoming non-covalently bound to Coi (Heinzel et al., 1990; Heinzel
etal., 1992). Consequently, operons regulated by C1 get expressed and lytic growth begins.
If C1 synthesis prevails, C1 represses coi transcription by binding to its operator, initiating
lysogeny (Heinzel et al., 1990). When lysogeny is established, the C1 repressor, the
secondary repressor C4 antisense RNA and the corepressor Lxc ensure maintenance of the
lysogeny. (Citron & Schuster, 1990; Heinzel et al., 1990; Schaefer & Hays, 1990).

14



1.6 Methods to measure gene expression

Gene expression is the conversion of genetic information into a functional protein
(Segundo-Val & Sanz-Lozano, 2016). When a gene is activated, many mRNA containing
the genetic information of the gene are made in a process called transcription. The mMRNA
is transferred from its production site in the nucleus to the cytoplasm, where it serves as a
template for synthesis of the protein. The protein synthesis is called translation (Guo, 2014).
The study of the transcripts of a cell can indirectly give an overview of the gene expression
of a cell. Gene expression studies reveal gene functions and elaborate characteristics of
organisms by studying the mRNA expression (Wang, Z. et al., 2009). Due to the rapid
degradation rate of MRNA, it is necessary in gene expression studies to convert mRNA

into the more stable complementary DNA (cDNA).

1.6.1 Microarray

Microarray is a gene expression technique widely used for studying expression of many
genes in a cell at the same time. The technique requires known genome information of the
cell which is used to make DNA probes on a DNA chip. mRNA from the cell is extracted,
converted to cDNA, fragmented and labelled with a fluorescent molecule. The microarray
principle is based on hybridization of complementary sequences. When a cDNA fragment
hybridizes to a complementary DNA probe, fluorescence is emitted and detected by a
computer. Analysis of the emitted signals reveals all the genes expressed by the cell
(Govindarajan et al., 2012).

1.6.2 RNA sequencing

Another technique for studying the transcripts of a cell is RNA sequencing (RNA-Seq).
Unlike microarray, RNA-Seq does not solely rely on genome annotation, and a sequencing
platform is used to identify transcripts instead of a hybridization-based approach (Rao et
al., 2015). RNA from a cell is converted into cDNA, and all the fragments are gathered into
one sample. The collection of all the fragments is called the cDNA library. The cDNA
fragments get sequencing adapters on one or both ends, and the library is sequenced using
high throughput sequencing like for instance Illumina 1G (Morin et al., 2008). The

sequence information from the sequencing is aligned to a known genome or known

15



transcripts. It can also be assembled de novo, meaning putting together the sequence

information without a reference genome (Wang, Z. et al., 2009).

1.6.3 Real-time quantitative polymerase chain reaction

Real-time quantitative polymerase chain reaction (RT-qPCR or just gPCR) is yet another
gene expression study approach. It is limited to studies done on a lower number of genes.
RNA from the cells are extracted and converted to cDNA. The amount of cDNA for the
genes of interest is analysed by qPCR using a dye that emits fluorescence when bound to
dsDNA. The gPCR machine measures the fluorescence emitted in the end of each PCR
cycle. The gPCR gives the results in Cq values which correspond to the number of cycles
needed for the fluorescent signal to reach a predetermined threshold. The amount of each
gene transcript, commonly referred to as the copy number, can be determined using a
standard curve of the gene. By doing the same for a reference gene, the quantification can
be normalized and used to observe gene expression under different conditions (Bustin et
al., 2005). The reference gene should be expressed equally in all the observed cells. The
16S rRNA gene is widely used as a reference gene in prokaryotes (Edwards & Saunders,
2001; Zhao et al., 2019). However, it has been shown that expression of this gene varies
depending on the conditions the prokaryotes are put under (Vandecasteele et al., 2001).

Hence, it does not serve as an ideal reference gene.

1.7 Proteome analysis

A proteome is the total amount of proteins expressed by an organism (Encarnacion-
Guevara, 2017). The proteome can be analysed using advanced technology, identifying the
proteins expressed at a given time and their abundance. While genomics and

transcriptomics show the potential of an organism, proteomics unveil the actual functions.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) is widely used in
proteome analysis for identification of proteins (Karpievitch et al., 2010). The method
separates the compounds in the sample by liquid chromatography. Further, the mass-to-

charge ratios (m/z) of the compounds are detected and used for identification. The
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compound detection results in a mass spectrum where the m/z and abundance of the
compound is illustrated as a peak. The most abundant compounds are chosen for a MS/MS
analysis where they are fragmented, resulting in smaller constituents with their own m/z,
and measured by the detector. Several fragmentation events increase the sensitivity of the

proteome analysis.

Bottom-up proteomics is a method used in the protein characterization of a proteome
(Zhang et al., 2013. In this method the isolated proteins are proteolyzed into peptides, and
the characterization is achieved by analysis of these peptides, typically by LC-MS/MS. The
raw data from the analysis are processed and used to search a protein database. Matches to
the database are based on the accurate mass of the intact peptide (precursor mass) and on
the fragments generated in MS/MS (sequence data). Further processing is necessary to
remove false hits and potential contaminants. The number of peptides matched to a protein
and the number of unique peptides matched to the protein indicate the confidence of the
protein identification. Unique peptides are peptides that only match to one protein. The
protein identification is strengthened by many matched peptides and in which many of them
are unique. Additionally, the sequence coverage can be evaluated, indicating how much of
the protein sequence that is covered by the matched peptides. Statistical analysis like t-tests
and volcano plots are done to evaluate proteomics results, and heatmaps are used for
visualization (Oveland et al., 2015). To identify proteins with high fold changes in
expression and high statistical significance, VVolcano plots are used to identify proteins with
high fold changes in expression and high statistical significance. A heatmap show the
expression levels of proteins. By using colour intensity, heatmaps visualize down- and

upregulation.
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1.8 Aim of thesis

This thesis is a continuation of research executed by Mari Hagbg as part of her master thesis
(Hagbg, 2017). The research involved a conjugation experiment where the wild-type
bacteriophage P1 got transferred from a clinical isolate to the recipient strain. To our
knowledge, wild-type P1 transmission has not been observed before. The mechanisms for
transmission are poorly understood, and as associations between P1 and AR genes have
been drawn (Billard-Pomares et al., 2014; Yang et al., 2017), the transmission of the

bacteriophage should be investigated more thoroughly.

Therefore, the aim of this thesis was to better understand bacteriophage P1 transmission by
determining potential conditions that induce the lytic replication cycle. To investigate this,
several sub goals were included.

e Characterize the growth and cultures of the P1 transconjugants and the recipient
strain E. coli DH50-RifR,

e Explore effects of growth phase and temperature on gene expression of specific P1
genes involved in repression of the lytic cycle, genome replication, structure of the
phage particle, and a Tn21 transposition gene.

e Explore effects of growth phase and temperature on the P1 proteome.

e Create a model for the early phase of prophage induction.
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2 MATERIALS AND METHODS

A schematic overview of the experiments is given in figure 2.1.

Figure 2.1: Flow chart of the experimental set up. The figure gives an overview of the
experiments.

2.1 Background information and overview of bacterial strains

The donor strain in the conjugation experiment performed by Mari Hagbg was E. coli
isolated from a fecal sample of a Spanish preterm infant (Hagbg, 2017). The gestational
age of the infant was 30 weeks, and it had been delivered by emergency caesarean section.
The infant was breastfed and had not been treated with antibiotics prior to the sample
collection. The collection had taken place 20 days after delivery. Several mobile genetic

elements were found in bacterial isolates in addition to the P1 phage, including the conjugal
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plasmid Incl1 and the transposon Tn21. During the conjugation experiment, incidences of

Tn21 translocation to bacteriophage P1 had occurred.

In this work, the experiments were performed on two transconjugants and the laboratory
strain E. coli DH50 - RifR as a control. E. coli DH5a - RifR is a mutant of resistant to
320 pl/ml rifampicin. The transconjugants were MGE containing E. coli DH5a - Rif® and
derived from the mentioned conjugation experiment. Transconjugant 16 (T16) contained
bacteriophage P1, and transconjugant 30 (T30) contained both bacteriophage P1 and the

Incl1 plasmid. The P1 phage in this experiment carried the Tn21 transposon.

2.2 Growth conditions

Growth media used in the experiments were Muller Hinton (MH) agar (Oxoid Ltd, UK)
containing 320 pl/ml rifampicin (Sigma-Aldrich, Norway AS), Luria-Bertani (LB) agar
and LB broth. See appendix A for the reagents used in LB agar and broth.

Bacterial cells from glycerol stocks were spread on LB agar plates and incubated at 37 °C
over night. LB broth was inoculated with one colony isolated from an agar plate and
incubated at 37 °C or 42 °C, and 120 rpm.

For colony counts, 10-fold dilutions of the bacterial culture were made, and 100 pl was

spread on LB agar plates. The agar plates were incubated at 37 °C over night.

Optical density (ODeoo) of the strain cultures was measured in a McFarland densitometer
(BioSan, EU). The method measures the time that light uses to pass through a liquid
solution. The more cells there are in a culture, the more time the light uses.

Exponential phase was reached when the cultures had an ODsoo around 0.5. This was
measured in a McFarland densitometer (BioSan, EU). Stationary phase was reached over
night.
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2.3 Polymerase chain reactions

Detailed information about the primers used in the PCR reactions is given in table 2.1

2.3.1 Primer design

Primers for several genes of interest were designed using Geneious (version 10). The
primer design based on sequencing data of bacteriophage P1- and Incll-containing
transconjugants produced by Mari Hagbg. The desirable characteristics of the primers were
a GC-content between 50-60%, a melting temperature between 55-65 °C and a G or C
located at the end of the primer sequence. The sequence length of the amplicon should be
about 150 bp. These characteristics were plotted into the Geneious primer design function,
and the primers that best matched the qualifications were selected and designed to be used

in the experiments.

2.3.2 Qualitative PCR

The reaction mix consisted of 1x HOT FIREPoI® (Solis BioDyne, Estonia), 0.2 uM of
each primer, nuclease-free water and 1 pl DNA template. It all added up to a final volume
of 25 ul per reaction. Amplification was performed on 2720 Thermal Cycler (Applied
Biosystems, USA) using the following program: 15 min of initial denaturation at 95 °C
followed by 25 cycles of denaturation at 95 °C for 30 sec, annealing at 60 °C for 30 sec and
elongation at 72 °C for 30 sec before final elongation at 72 °C for 7 min.

Gradient PCR was performed to determine optimal annealing temperatures of the primers.
This was accomplished using the reaction mix and program mentioned above on a
Mastercycler® gradient (Eppendorf, Germany). The temperature gradient was set at
+ 7 °C, resulting in annealing temperatures spanning from 53-67 °C. The PCR products

were analysed with gel electrophoresis.

2.3.3 Quantitative PCR

The reaction mix contained 1x Hot FIREPol® EvaGreen qPCR supermix (Solis BioDyne,
Estonia), 0.2 ul of each primer, nuclease-free water and 1 pl DNA template. The final

volume was 20 pl per reaction. The amplification was performed with the following
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program on the CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, USA):
Initial denaturation at 95 °C followed by 40 cycles of denaturation at 95 °C for 30 sec,

annealing at 60 °C for 30 sec and elongation at 72 °C for 45 sec.

Table 2.1: Primers used in PCR. There are two different sets of primers for each of the P1 genes
(repA, c1, pcp and repA); primer pair 1 and primer pair 2.

Target Primer Amplicon Primer sequences F/R Reference
gene length (bp) (5°-3Y)
repA repA_1 F 150 TCGCGGATCGTCAGTTACAA/ This work
repA 1 R GTTATGCCCACCCACACCTT
repA_2_F 150 CTCCGCGTTGTTTGACTACG/
repA_2 R GTCTGCTGAATGCGTGTCAG
cl cl1F 150 AGTGCCTAACATCCTTCGCG/ This work
cl 1R GCACTGTGCTCATTGATCCC
cl2F 200 TGTCTACGGCGAACAACTGT/
cl2R TTCCAGTTCTCGCGCCATTA
pcp pcp_1 F 150 ATCGAAAATTCCCGGCCAGA/ This work
(phage pcp_1 R TCGCGTAGTTGATTTGGCCT
capsid
protein) pcp_2 F 150 AGGCCAAATCAACTACGCGA/
pcp 2 R CATCGCGTTGGTTTTGGCTT
tnpA tnpA_1 F 150 GCCCAGGACGGACTTTCTAC/ This work
tnpA_1 R CGGTGTAGTGCTCCTCGATC
tnpA_2_F 150 ATCACGTCTTCGCCCTGATG/
tnpA_2 R CGTGCTTGATGTTGAGCGTG
16S rRNA PRK341F 466 TCCTACGGGAGGCAGCAGT/ (Nadkarni et
(V3 and PRKB806R GGACTACCAGGGTATCTAATCCTGT al., 2002)
V4 region)
23SrRNA  EC23S857F 88 GGTAGAGCACTGTTTtGGCA/ (Chern et al.,
(E. coli) EC23S857 R TGTCTCCCGTGATAACITTCTC 2011)

2.3.4 Purification of PCR product

PCR products were purified by size selective precipitation. Ampure XP beads (Beckman
Coulter, USA) with a final concentration of 1.5x was used in order to extract DNA
fragments of the size of the amplicons. The ampure XP beads are paramagnetic and have
affinity for DNA. Using a magnet, the beads with the DNA were pelleted and the

supernatant was removed and discarded. The beads were washed two times with 80 %
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ethanol before DNA elution was achieved using nuclease-free water as elution buffer. The

same volume as the sample volume was used.

2.4 Gene expression

2.4.1 Sample preparation

Cultures of the transconjugants and E. coli DH5a - RifR were grown, and samples of 1 ml
and 500 ul were taken during exponential growth phase and stationary growth, respectively.
The samples were pelleted and washed with 1x Phosphore Buffered Saline (PBS)
corresponding to the initial volume. See appendix A for PBS reagents. The cells were
dissolved in a small volume of 1x PBS, and RNALater (Invitrogen, USA) was added in a

1:5 ratio for RNA stabalization. The cell suspensions were stored at -20 °C.

2.4.2 RNA extraction

RNA was extracted from the cell suspensions both manually and automatically with
KingFisher Flex robot (Thermo Scientific, USA) using the MagMax™-96 Total RNA
isolation kit (ThermoFisher Scientific, USA). The kit employs a guanidinium thioacetate-
based lysis buffer that dissolves the cell membranes and inactivates nucleases.
Paramagnetic beads with affinity for RNA removed the RNA from the suspension in the
presence of a magnet, and contaminants were washed away. The nucleic acids were treated
with DNase to remove DNA. A low concentrated salt buffer eluted the RNA from the
beads.

2.4.3 Additional DNase step

To remove excess DNA in the RNA eluates, an additional DNase step was performed
manually using the TURBO DNA-free™ Kit (ThermoFisher Scientific, USA). TURBO
DNase is more efficient compared to the DNase used in the MagMax™-96 Total RNA
isolation kit and ensures considerably improved DNA contamination removal. The
treatment was performed in correspondence with the manufacturer’s recommendations,

following the routine DNase treatment (<200g pg nucleic acid per ml).
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2.4.4 cDNA synthesis

cDNA synthesis was performed on the DNase treated RNA eluates using the FIREScript
RT cDNA Synthesis Mix (Solis BioDyne, Estonia). The reaction solution consisted of 1x
RT Reaction Premix with Random Primers, 1.5 pl FIREScript Enzyme Mix, approximately
65 ng template RNA and nuclease free water. The final volume was 20 pl. The synthesis
was executed using the following program: Primer annealing at 25 °C for 5 min, reverse

transcription at 50 °C for 30 min and enzyme inactivation at 85 °C for 5 min.

2.5 DNA and RNA quantification and qualification

2.5.1 Qubit quantification

DNA and RNA were quantified using Qubit® dsDNA HS Assay Kit and Qubit® RNA HS
Assay Kit (Invitrogen, USA), respectively. The former assay includes a dye highly selective
for dsDNA, and the latter uses a dye highly selective for RNA. The dye, when bound to the
nucleic acids, emits fluorescence which can be detected in a Qubit Fluorometer (Invitrogen,
USA). The assays were executed according to the manufacturer’s recommendations using

2 il sample and 198 pl working solution.

2.5.2 Gel electrophoresis

Qualification of nucleic acid fragments was achieved by gel electrophoresis in 1.5 %
agarose gel consisting of agarose (Invitrogen, USA) and 1x tris-acetate EDTA (TAE)
buffer. The agarose molecules in the gel create a network, and when electrical voltage
makes the negatively charged fragments migrate through the gel, they get separated by size.
Voltage, ampere and time were set to 80 V, 400 amp and 30 min, respectively. The bands
were stained with the dye PeqGreen (Peglab, Germany) which binds to nucleic acids and
emits fluorescence when bound. The bands were visualized by UV light using the
Molecularlmager® Gel Doc™ XR Imaging system with Quantity One 1-D analysis
software (v. 4.6.7) (BioRad, USA). As reference, a 100 bp ladder (Solis BioDyne, Estonia)

was used.
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2.5.3 High resolution melting analysis

High resolution melting (HRM) analysis make use of the fact that different amplicons
contain different amounts of the bases G and C. The GC-content determines the melting
point of an amplicon, and in this way, amplicons can be identified. The method is used to
verify the presence of desired amplicons after gPCR analyses. At the end of each run, a
HRM analysis was performed by rising the temperature from 60 °C to 95 °C in the CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad, USA)., and the melting temperatures

of the amplicons were detected.

2.6 Microscopy

Two microscopy methods were performed. Light microscopy is a quick method to observe
cell morphologies present in a culture. Fluorescence microscopy of stained bacterial cells
visualize the viability of bacterial cells. LIVE/DEAD BacLight Bacterial Viability Kit
(LIVE/DEAD stain, Invitrogen™, Molecular Probes Inc., USA) include two nucleic acid
binding fluorescent dyes that can help distinguish between viable and non-viable cells. The
dye SYTOQ stains cells with an intact cell membrane and they appear fluorescent green in
the microscope. Propidium iodide stains cells without or partly without a cell membrane
and they appear fluorescent red. Dying cells appear yellow. The procedure was performed

after the manufacturer’s recommendations.

2.7 Proteome analysis

The LC-MS/MS analysis and processing of proteomics data were performed by Senior

Engineer Morten Skaugen.

2.7.1 Protein extraction

The bacterial cells were grown in LB broth at 37 °C and 42 °C, and sampled in the

stationary growth phase. The samples were pelleted and resuspended in 500 ul 4 % SDS,
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50 mM Tris and 10 mM dithiothreitol (DTT). The proteins solubilized in the solution after
lysing of the cells using a combination of heating and shaking with acid washed glass beads
(106 pum) using FastPrep96 (MP Biomedicals, France). The samples were centrifuged. The
supernatants were retained and stored at -20 °C awaiting further processing.

2.7.2 Peptide isolation

The method used for peptide isolation is based on Zougman, Selby and Banks suspension
trapping sample preparation method (Zougman et al., 2014). A column for each sample
was made using two types of filters, a quartz filter on top of a C18 filter, and installed in a
collection tube. This made up the centrifuge assembly. The column was filled with
suspension trapping (STrap) solution (90 % methanol, 100 mM Tris pH 7.1). The protein
sample was incubated at 47 °C to dissolve the SDS in the sample. lodoacetamide (IAA)
(Sigma-Aldrich, Norway AS) was added to the samples to a final concentration of 50 mM
before incubation in the dark for 20 min. The sample was acidified by phosphoric acid (PA)
(Sigma-Aldrich, Norway AS), resulting in a final PA concentration of 1.2 %, and added in
the top third of the STrap solution in the column. Due to the acidic sample and the neutral
methanol in the STrap solution, the proteins precipitated. Upon centrifugation, the proteins
got trapped in the quartz filter, while contaminants, together with the SDS, flowed through.
The column was first washed with STrap solution to remove SDS remnants, then with 50
mM ammonium bicarbonate (NH4)HCOs3) (Sigma-Aldrich, Norway AS) to make the
column alkaline before trypsin digestion. The proteins were incubated with trypsin
(33 ng/ul in 50 mM (NH4)HCO:s) at 47 °C for 1 h. After incubation, the assembly was
centrifuged briefly. The flow through was mixed with trifluoroacetic acid (TFA) solution
1 (0.5 % in H2O) (Sigma-Aldrich, Norway AS) and added to the column before re-
centrifugation. At this point, the peptides had gone through the quartz filter and gotten
trapped in the C18 filter. The column was washed by TFA solution 2 (0.1 % in H.O) before
elution solution (80 % acetonitrile, 0.1 % TFA solution 1) was added. The assembly was
centrifuged briefly to facilitate contact between peptides and elution solution and incubated
for 2 min. The elution was completed by centrifugation. The eluted peptides were dried
down in a SpeedVac and re-dissolved in loading solution for LC-MS/MS.
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2.7.3 LC-MS/MS

Analysis of the peptides was carried out in a Q-Exactive hybrid quadrupole-orbitrap LC-
MS/MS (Thermo Scientific Bremen, Germany) with nanoelectrospray ionization.
Chromatographic separation of 1 g peptides was conducted in a trap column (Acclaim
PepMap100, C18, 5 um, 100 A, 300 pm i.d. ~ 5 mm) coupled to a 50 cm analytical column
(Acclaim PepMap RSLC C18, 2 um, 100 A, 75 umi.d. ~ 50 cm, nanoViper) with an elution
gradient. The mobile phase consisted of 80 % acetonitrile and 0.1 % formic acid, and in the
timespan of 120 minutes, a gradient from 4 to 40 % of this solution was used to achieve
peptide separation. The flow rate was set to 300 nl/min. The LC-MS/MS was set to the
Top12 method which included a full scan of 70.000 resolution (at m/z 300-1600) and 12
MS2 scans of 35000 resolution. The NCE setting used was 28 eV. Precursors with 1 charge
or more than 5 were excluded for MS/MS. The dynamic exclusion of precursors was set to

20 sec.

2.7.4 Proteomics processing

The software platform MaxQuant (v. 1.6.3.3) was used for computational analysis of the
proteomics data. The genomes used for protein identification were an inhouse sequence of
E. coli DH50. - Rif? and the P1 genomes MH445380.1 and MH445381.1. The former P1
genome contains transposon Tn21. The Perseus software (v. 1.6.5.0) was used for quality
filtering and heatmap creation.

2.8 Data analysis

2.8.1 Calculation of generation time

Generation time (G) is expressed as a relation between number of generations (n) and the

time (t) needed to reach this number of generations: G = %

Bacteria grow by binary fission, and that is explained in this equation: b = B X 2™, where
b is the number of bacterial cells in the end of a time interval, B is the number of bacterial
cells in the beginning of the time interval, and n is the number of generations in this time

interval.
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Solving the binary fission equation for n:
log(b) = log(B) + nlog(2)

_log(b) — log(B)
T 1og®@

The calculation of E. coli DH5a can be found in appendix B.

2.8.2 Absolute and relative quantification using standard curves

Copy number calculations were done using standard curves generated by gPCR
measurements of DNA dilutions of each gene of interest. The number of copies was
calculated using equation 1. The amount of each gene amplicon was determined by Qubit.
The equation assumes one gene copy per cell, and an average base pair weight of 650

g/mole.

Equation 1

amount of amplicon (ng) X 6.022 x 10*3molecules/mole
(amplicon length (bp) X 650 g/mole) x 1 X 10°ng/g

Number of copies =

Standard curves showing Cq values as a function of log copy number was made for all the
genes. By the use of the equation of a standard curve for a specific gene, the Cq value
measured for that gene in a sample could be converted to log copy number. Equation 2 is

that of the standard curve, and equation 3 is the result of a rearrangement of equation 2.

Equation 2
Cq = slope X log copy number + Cq intercept

Equation 3

log copy number — (4=C4 intercept

slope

The amplification efficiency of each designed primer and 16S rRNA gene primer was
determined by equation 4.
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Equation 4

-1
Amplification ef ficiency = (10store — 1) x 100 %

A relative quantification of copy numbers was done using 16S rRNA gene as reference
gene. Copy number relative to the 16S rRNA gene is the ratio of copy number of interest

and copy number of 16S rRNA (specific gene:16S rRNA gene).

Standard curves of all the genes used in the calculations of copy numbers are given in
appendix C.

2.8.3 T-tests

Paired t-test was performed to determine the significance of bacterial growth phase on
bacteriophage P1 within each temperature group. The t-tests were executed in Excel using
a 95 % confidence interval.

Two-sample t-tests were performed to determine statistical significance between the two
temperature groups. The t-tests on the gene and genome copy number data were performed
in Excel, and the proteomics data were tested in Perseus (v. 1.6.5.0). A 95 % confidence

interval was used.

2.8.4 Volcano plot

Volcano plot was generated using Perseus (v. 1.6.5.0). The p-values from two-sample t-
tests were used, and the fold change (FC) between the two groups was on a log: scale. The
significance level was set to p<0.05 and a FC=2.

2.8.5 The Basic Local Alignment Search Tool

The Basic Local Alignment Search Tool (BLAST) was utilized through the website of
NCBI https://blast.ncbi.nim.nih.gov/Blast.cgi. The tool finds regions of similarity between

a query sequence (sequence of interest) and sequences in a database. The query can be a
nucleotide sequence or a protein sequence. The tool calculates the significance of similarity

between the query and hits in the database.
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3 RESULTS

3.1 Culture and growth characteristics of bacterial strains

Light microscopy revealed that some E. coli DH5a - RifR cells have acquired a filamentous
morphology. The same morphology was observed for T16 and T30, see figure 3.1. There
were not any noticeable differences between the strains or between cultures grown at
different temperatures. All strain cultures contained cells of many different lengths. gPCR
with specific E. coli primers was done as a check to verify the presence of E. coli in the
cultures used in the experiments. The gPCR gave low Cg-values. Growth in the presence
of rifampicin was another approach used for verification of the strains. The strains could
grow on agar infused with 320 pl/ml rifampicin.

Figure 3.1: Light microscopy of culture
grown at 37 °C. The picture shows cells
from a monoculture of T16. Some cells
show a higher degree of filament
formation compared to other cells in the
culture. The arrows indicate cells of
different lengths.

The progression of E. coli DH5a cell growth in cultures at 37 °C was investigated by cell
counts. The data resulted in a mean growth curve, and this was used for generation time
estimation. The generation time of E. coli DH5a was estimated to be 44 minutes. See
appendix B for growth curve and calculations. Further, exponential and stationary growth
phase of the transconjugants and E. coli DH5a were determined by optical density (ODsoo)
measurements of cell cultures. The observations are visualized as growth curves in figure
3.2 and reveal that the exponential growth phase was reached about ODgg=0.5. The
bacterial cells grown at 42 °C had a longer lag phase, and reached ODg0o=0.5 at a later point
compared to the cells grown at the optimal temperature of 37 °C. Stationary phase was
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reached over night. The ODsoo at this point for T16, T30 and E. coli DH5a was 5.43+0.06,
5.55+0.04 and 5.54+0.11 for the cultures incubated 37 °C, respectively, and 3.56+0.23,
4.57%0.08 and 4.19+0.5 for the cultures grown at 42 °C.

2.0 2.0
T16-37°C T30-37°C
1.5 1.5
510 $10
o} o
0.5 0.5
0.0 0.0
0 60 120 180 240 300 0 60 120 180 240 300
Time (min) Time (min)
2.0 2.0
E. coliDH5a - 37 °C T16-42°C
1.5 15
S10 S10
o o
05 0.5 J
0.0 0.0
0 60 120 180 240 300 0 60 120 180 240 300
Time (min) Time (min)
2.0 2.0
T30-42°C E. coliDH50 - 42 °C
1.5 1.5
510 $10
@] o
0.5 0.5
0.0 0.0
0 60 120 180 240 300 0 60 120 180 240 300
Time (min) Time (min)

Figure 3.2: Bacterial growth curves for two incubation temperatures. Growth curve (A), (B)
and (C) depict bacterial growth at 37 °C over time, using mean ODeqo Of triplicate cultures of
T16, T30 and E. coli DH5a, respectively. Growth curve (D), (E) and (F) show bacterial growth
at 42 °C over time. The mean ODe is calculated from duplicate cultures of T16, T30 and E. coli
DH5a, respectively.
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The viability of the strain cultures in stationary phase at 42 °C was empirically determined
using live/dead staining. About 50 % of the cells were viable. A visualization of the stained
cells can be found in appendix D. Initial examination of T30 gave high Cq values when
using primers for phage P1 genes. The Cq values were as high as for E. coli DH5a,
suggesting that P1 was lost to the T30 cells. On that ground T30 was withdrawn from the

experiments.

3.2 Gene expression and genome copy number

3.2.1 Primer design and optimization

Two primer pairs were designed for each of the genes repA, c1, pcp and tnpA. Optimal
annealing temperature was determined by gradient PCR. Visualization of gradient PCR
products on agarose gel revealed that all primers gave single bands at the expected size at
all tested temperatures. See appendix E for gel results. Therefore, the same annealing
temperature could be used for all primers, and this was set to 60 °C. The correlation
between DNA dilutions of a specific gene and the measured Cq values was determined for
all primers by gPCR. Purified PCR amplicons of the genes repA, cl, pcp and tnpA were
used to make DNA dilutions. The correlation was R?=0.99 and the amplification efficiency
was close to 100 % for all the primers. The same was done for the PRK primer using
dilutions of purified 16S rRNA amplicons, resulting in a standard curve with R?=0.99 and
69 % amplification efficiency. All the standard curves are listed in appendix A. Results
from HRM analysis showed that the melting point of each amplicon was the same in every
gPCR run.

3.2.2 Optimizing RNA extraction protocol

Initially, most of the Cq values of the RNA eluates were below 26, suggesting DNA
contamination. To optimize the DNA removal from RNA eluates, the effect of an additional
DNase treatment was tested. After the treatment, the Cq values increased considerably, the
lowest being 32. Cq values from the gPCR runs of RNA eluates derived from T16 are listed
in appendix F.
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3.2.3 Effect of growth phase and temperature on phage P1

In the stable transconjugant (T16), Cq values indicated changes in phage P1 transcription
between the growth phases and cultivation temperatures. Copy numbers of the phage P1
and Tn21 genes (repA, c1, pcp and tnpA) in each sample were calculated and made relative
to 16S rRNA. Mean copy number relative to 16S rRNA of all genes were estimated.
Statistical significance within temperature groups were determined in a paired t-test, and a
two-sample t-test was used to calculate significance between temperature groups. The
results generated with primer pair 1 are depicted in figure 3.3. As shown, the mean relative
copy number of all the P1 and Tn21 genes increased significantly in stationary phase in the
cell cultures incubated at 42 °C, compared to stationary cells at 37 °C. There was also a
significant increase of mean relative copy number of repA and cl per cell in stationary
phase compared to exponential phase at 42 °C. Appendix G contain the results generated

for primer pair 2.
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Figure 3.3: Effect of growth phase and temperature on phage P1 transcription.
Schematic diagrams of phage P1 transcription of P1 and Tn21 genes in T16 during
exponential and stationary bacterial growth phase, cultivated at both 37 °C and 42 °C. The
effect is shown as copy number relative to 16S rRNA of (A) the repA replication protein
A gene, (B) the c1 repressor gene, (C) the phage capsid protein (pcp) gene and (D) the tnpA
transposase gene. The values are the mean of triplicates and are log transformed. The
standard deviations of the values are indicated. Primer pair 1 is used. *p<0.05, **p<0.01
and ***p<0.001.
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3.2.4 Effect of temperature on phage P1 copy number

Since all of the P1 related genes in T16 were overexpressed in stationary phase at 42 °C, it
was investigated whether this could be related to the copy number of phage P1. A non-
significant tendency of phage P1 genome amplification, calculated by a two-sample t-test,
could be observed in stationary phase at 42 °C. This is illustrated in figure 3.4. Primer pair
1is used. The repA copy number (figure 3.4 a) show a high increase with a p-value of 0.06,
which is close to the set significance level, but not significant. Calculated p-values for c1,
pcp and tnpA copy numbers ranged from 0.1-0.3. Schematic diagrams of P1 copy numbers

generated by primer pair 2 is to be found in appendix H.
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Figure 3.4: Effect of cultivation temperature on phage P1 copy
number. Schematic diagrams of copy number relative to 16S rRNA of
phage P1 related genes in T16 at stationary growth phase at 37 °C and
42 °C. The genes shown are (A) repA replication protein A gene, (B)
cl repressor gene, (C) phage capsid protein (pcp) gene and (D) tnpA
transposase gene. Notise that the axis in (A) deviates from the other
diagrams. The increase that can be observed in P1 copy number is not
significant in any of the diagrams. The values are log transformed

means of triplicates, and the standard deviations are indicated. Primer
pair 1 is used.



3.3 Proteome analysis

The proteome analysis was performed on T16 grown at 37 °C and 42 °C. Samples were
collected in stationary phase. The analysis resulted in 1346 identified proteins, and a great
majority, among them the SOS response regulator LexA, originated from E. coli DH5a.
Of all the proteins, 11 derived from phage P1. In a two-sample t-test, five of the P1 proteins
showed a significant difference between the two cultivation temperatures. The 11 proteins
from phage P1 are listed in table 3.1, which in addition to protein name and accession
number, provides information from the protein identification process and two-sample
t-test. Five of the proteins in the table have just one accession number. They were only
identified by the MH445380.1 phage genome. The MH445381.1 genome did not contain
the genes encoding for these proteins.

A BLAST search of all the 11 P1 related proteins was performed. The hypothetical protein
resembling C1 repressor got several hits of the C1 repressor, all with E value=0.0 and
99 % identity. Streptomycin 3-O-adenylyltransferase (AXN57520.1) got a hit of the protein
streptothricin acetyltransferase (E value=0.0 and 100 % identity).
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Table 3.1: Proteins identified in the proteome analysis originating from phage P1. The table
shows the 11 identified P1 proteins and the number of peptides that mapped to each protein in total,
as well as the number of unique peptides that only mapped to these specific proteins. The sequence
coverage describes how many percent of the protein that is covered by the peptides. Some proteins
have two accession numbers because their respective genes occured in both P1 genomes used for
identification.

Protein name Accession Peptides Unique Sequence
peptides coverage

Beta-lactamase AXN57509.1 12 12 65.0 %

Chromosome (plasmid) AXN57571.1/ 18 18 63.9 %

partitioning protein A* AXN57461.1

Chromosome (plasmid) AXN57570.1/ 8 8 35.7 %

partitioning protein B AXN57460.1

Dihydropteroate synthase AXN57514.1 10 10 67.0 %

Hypothetical protein ASCH AXN57596.1/ 6 6 42.7 %

resembling domain®* AXN57485.1

Hypothetical protein AXN57613.1/ 23 23 721 %

resembling AXN57502.1

C1 repressor*

PmgP (putative AXN57592.1/ 6 6 6.0 %

morphogenetic function) AXN57481.1

Putative outer membrane AXN57562.1/ 6 6 78.3 %

lipoprotein* AXN57450.1

Short chain dehydrogenase AXN57513.1 12 12 69.3 %

Streptomycin 3-O- AXN57518.1 6 6 32.8 %

adenylyltransferase

Streptomycin 3-O- AXN57520.1 24 24 71.6 %

adenylyltransferase®*

* Significant in a two-sample t-test. p<0.05
2 Significantly upregulated at 42 °C based on volcano plot.

b A BLAST search gave hits of the protein streptothricin acetyltransferase, indicating an error in the
protein annotation.

After statistical testing of the 1346 proteins using volcano plot, 72 proteins showed
significant difference (p<0.05 and FC=2) in expression between the two temperature
groups. 71 of these were proteins synthesized by E. coli DH5a. There was not detected any

heat shock proteins among these, and neither was LexA.

The heatmap in figure 3.5 visualize the protein expression of the 11 P1 proteins in the two
temperature groups. Only one of the P1 proteins was found to be differently regulated with

statistical significance when a volcano plot of the 1346 proteins was made, and that was

38



the hypothetical protein containing an ASCH resembling domain. This protein is

downregulated but is significantly upregulated at 42 °C compared to 37 °C. As shown, the

C1 resembling protein is upregulated in the two groups, and there can be seen a slight

increase in upregulation at 42 °C. The increase is not significant in the volcano plot.

Streptomycin 3-O-adenylyltransferase (AXN57520.1) shows high degree of upregulation

at both temperatures.
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Figure 3.5: Heatmap of the P1 proteins identified by proteome analysis.
The heatmap shows upregulations (red) and downregulations (green) in
expression of P1 derived proteins at 37 °C and 42 °C. The colour intensity
indicates the degree of expression. The figure shows the triplicates in each
temperature group.
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4 DISCUSSION

4.1 Stationary growth at 42 °C as potential trigger of prophage induction

P1 lysogens grown at 42 °C showed significantly increased levels of c1 copy number
relative to 16S rRNA gene in stationary phase (figure 3.3 b), both when comparing to
lysogens at 37 °C and lysogens in the exponential phase at 42 °C. One of the hypothetical
proteins had 23 peptides, in which all of them were unique, and 71 % sequence coverage
in the proteome analysis, supporting the identification. This protein got hits of the C1
repressor in a BLAST search, and it is therefore likely to assume that the identified
hypothetical protein is the C1 repressor of bacteriophage P1. Further, the proteome analysis
revealed that expression of this C1 resembling protein was upregulated at 37 °C (figure
3.5), which is in consistency with lysogenic growth of the bacteriophage. A non-significant
trend of C1 upregulation was detected in stationary phase lysogens at 42 °C compared to
37 °C. In a study performed by Heinzel et al. (1990), a raise in c1 expression was observed
as a response to coi expression. The Coi inactivation of C1 lead to immediate increased C1
synthesis as the C1 autorepression was abolished (Heinzel et al., 1990). Based on this, the
increased c1 expression observed in this thesis might be due to derepression of the c1 gene
operator, which can be a consequence of Coi synthesis. Heinzel et al. (1990) further
suggested that prophage induction could be caused by Coi synthesis because of Coi’s ability
to derepress lytic functions. Transcription of coi has been proposed to be regulated by the
transcriptional repressor LexA (Lobocka et al., 2004). LexA is a repressor of the bacterial
SOS response and gets inactivated by cleavage, leading to expression of SOS responses
(Little et al., 1980). A LexA binding site has been found to overlap the predicted promoter
region upstream of the coi gene in the P1 genome, indicating induction of coi transcription
upon LexA inactivation (Lewis et al., 1994; Lobocka et al., 2004). Despite findings that
might imply coi synthesis, the Coi protein was not identified in this work. This result might
be due to expression below detection level of the proteome analysis. The LexA protein,
however, was identified, but there was no detectable difference in expression. The analysis
may not be able to distinguish between active LexA, and LexA that has been inactivated
by cleavage. Taking previous research into consideration, together with the current finding

of increased cl expression, elevated cultivation temperature and stationary growth phase
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may induce the lytic state of wild-type bacteriophage P1. A potential model for the early
phase of P1 prophage induction is depicted in figure 4.1.
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Figure 4.1: Model of an early stage of P1 prophage induction. Based on findings in this thesis,
a model of the early stage of P1 prophage induction is proposed. The model is centralized around
the increase of cl repressor gene expression at 42 °C. It illustrates possible implications of this
observation, with support from expression of pcp phage capsid protein gene, repA replication
protein A gene, LexA repressor protein and hypothetical protein with an ASCH resembling
domain. The model depicts a state in which the prophage changes the expression of lysogenic genes
(c1 and repA) and the hypothetical protein, while expression of late genes of lytic replication (pcp)
remains unchanged. It is proposed that the increase in c1 copy number is a response to C1
derepression of the Coi antirepressor protein. LexA may be involved in Coi synthesis. As Coi is a
driver of lytic gene expression that further implies that the prophage is induced.

A significant increase in repA copy number relative to 16S rRNA was observed in
stationary phase lysogens at 42 °C (figure 3.3 a), compared to lysogens at 37 °C and
lysogens in exponential phase at 42 °C. It is anticipated that the degree of transcription of
an autoregulated gene varies as the cell grow, to keep up the concentration of the protein
(Norris, 1995). In order to accomplish initiation of replication, the RepA concentration

needs to reach a threshold. Consequently, the rate of transcription is at its highest when the
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cell has grown and is on the verge of cell division. However, it seems unlikely that this
transcription hypothesis can explain the differences observed in repA copy number level.
Replication needs to be performed either the cell is in exponential or stationary phase, and
the event happens at equal rates. A potential interpretation of the significant elevated
number of repA transcripts may be that the genome replication in stationary phase lysogens
at 42 °C is upregulated. However, the finding of non-significant difference in P1 genome
copy number in stationary phase when comparing the two temperatures (figure 3.4)
suggests that this is not the case. The difference in genome copy numbers generated by the
repA_1 F/R primers (figure 3.4 a) was found to be close to the set significance level. A
potential explanation for the increase might be that a portion of the cells in the cell cultures
was executing genome replication. oriR is situated close to the repA gene. As the two
genomes get synthesized during replication, the repA gene is represented on each genome
from the beginning of replication, while other genes further away from oriR exist twice for
a shorter period. This might explain why the repA copy number is higher than for the other
genes. Interestingly, RepA was not found in the proteome analysis, but the plasmid
partitioning proteins ParA and ParB were identified. All these proteins are involved to
ensure preservation of the phage in the bacterial cell line, and therefore the absence of RepA
in the proteomics results was unexpected. A possible explanation for this might be that the
RepA concentration was too low to be detected in the analysis. Considering the strict
regulation of repA transcription, the increase in repA copy number is quite striking. It is
difficult to give an explanation for the increase based on the repA regulation model. Too
little information about P1 prophage induction is known to comprehend the observed raise
in repA copy number, but it is plausible that this result is a response to a) the elevated
temperature the lysogens are exposed to and b) the physiological conditions in the lysogens
caused by stationary growth. The possibility of this result to be a sign of lytic state
activation should not be ruled out, considering the previously discussed aspects of c1 copy

number and their implications for lytic functions.

pcp copy number relative to 16S rRNA was significantly higher in P1 lysogens at 42 °C
compared to 37 °C in stationary phase (figure 3.3 ¢). There was a non-significant difference
of the matter regarding lysogens in exponential and stationary phase. These findings
indicate that pcp transcription remains repressed in stationary phase of the lysogens, which
is consistent with the proteome analysis results. No pcp encoded proteins were discovered
in the proteome analysis. That further implies that no occurrence of phage particle
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formation has taken place, since the pcp encoded protein is a constituent of the phage
capsid. The significant increase in copy number in stationary phase between the two
temperatures may be due to a lapse in regulation of the gene. The results for pcp in this
work are compatible with the previous debated suggestions of a prophage induction
supported by the observed c1 expression. As previously elaborated, the increase in c1 copy
number may suggest that the phage is observed in a stage of prophage induction. pcp and
other structural genes belong to the late genes of bacteriophages, meaning that they are
expressed after lytic replication. With that in mind, the absence of pcp expression does not
necessarily exclude the possibility of achieved activation of lytic functions in the lysogens.

It might imply that P1 is in an early phase of prophage induction.

The hypothetical protein with an ASCH resembling domain was significantly upregulated
at 42 °C compared to 37 °C (figure 3.5). ASCH domains have been proposed to be involved
in transcriptional coactivation and regulation of translation (lyer et al., 2006), and an ASCH
containing protein has been found to degrade ssSRNA (Kim et al., 2017). Little information
exists on the identified hypothetical protein, but the presence of the ASCH resembling
domain may suggest that it is involved in one of the mentioned processes. Possibly as a

driver of prophage induction.

The current findings indicate that the P1 prophage is affected by temperature and
physiological state of its bacterial host. Even though the results might imply prophage
induction, there were not detected any signs of lytic activity in form of increased
transcription of capsid proteins or identified proteins involved in lytic functions. A possible
explanation might be that the P1 phage is induced by the unfavourable conditions of the
host but is unable to carry out lytic growth at the current physiological state of its host.
Lytic growth has been found to be dependent on bacterial growth rate and the availability
of the bacterial machinery used for phage particle formation, favouring lytic growth (Golec
et al., 2014; Hadas et al., 1997). A previous study showed that few phage particles were
released from cells in stationary phase, but when the conditions improved by addition of
nutrients, the phage production exploded (Middelboe, 2000). In the light of this research,
the observation of increased c1 copy number in the P1 lysogens might be compatible with
the absence of phage particles in stationary phase. Another possible function of the
hypothetical protein containing an ASCH resembling domain may be regulation of the
prophage induction state, not allowing the phage to enter lytic growth until the physiology
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of the host changes. It is plausible that the P1 prophage is induced, possibly preparing for

environmental changes that favours bacterial growth.

4.2 Stationary growth at 42 °C as potential trigger of Tn21 translocation

In this study, tnpA copy number relative to 16S rRNA was found to be significantly higher
in stationary phase lysogens at 42 °C compared to the lysogens at 37 °C (figure 3.3 d). This
result is consistent with previous studies that have found transposases to be temperature
sensitive and that translocation happens more frequently at 42 °C (Haren et al., 1997;
Ohtsubo et al., 2005). When comparing the two growth phases at 42 °C, the difference in
tnpA copy number is not significant, implying that growth phase does not have the same
inducing effect as temperature on the matter. Haren et al. (1997) found that regulation of
transposase decreased gradually with an increase in temperature from 30 °C to 42 °C. An
implication of this is that the human gut, holding 37 °C, or a human gut holding
temperatures above 37 °C due to fever, is an inducer of transposition of transposons and
other transposase-containing genetic elements. This can contribute to the dissemination of
AR genes if these are accessory genes of the MGEs. Even though a raise in tnpA copy
number was detected, no TnpA proteins were identified. The P1 phage in this thesis was
found to synthesise proteins that only the transposon containing P1 genome encoded for.
This suggests that these proteins derive from transposon Tn21. One of the streptomycin 3-
O-adenylyltransferase proteins identified did significantly resemble the AR protein
streptothricin acetyltransferase, indicating an error in the annotation of this protein in the
MH445380.1 genome. In addition to these proteins, a third AR protein, beta-lactamase, was
detected. It is worth noticing that the streptomycin 3-O-adenylyltransferase protein that
resembled streptothricin acetyltransferase showed high degree of upregulation (figure 3.5)
at both temperatures. Taking into account that the lysogens not were put under antibiotic
pressure, this finding is quite striking. The Tn21 transposon in this work derives from the
gut of a preterm infant. Considering the observed level of tnpA transcription, it is plausible
that Tn21 can translocate between MGEs in the infant gut microbiota and disseminate AR
genes through horizontal gene transfer. It is alarming that AR genes that are highly
expressed in bacteria grown at 37 °C without the presence of antibiotics may spread among

bacteria in the infant gut.
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4.3 The relation between bacteriophage P1 and transposon Tn21

Translocation of Tn21 to bacteriophage P1 has been seen in vitro (Hagbg, 2017), and the
current findings imply that its transposase can be active in conditions like the human gut.
Although this work was unable to detect P1 transmission, the possibility of transmission in
the gut microbiota should not be excluded. P1 transmission has occurred before in vitro
(Hagbg, 2017), and the current work has shown that stationary growth at temperatures
above optimum of the lysogens may cause prophage induction. Regardless of this, P1-like
phages carrying AR genes have been characterized from clinical isolates (Billard-Pomares
et al., 2014) and domestic animal isolates (Yang et al., 2017), and as part of the floating
genome, bacteriophage P1 may contribute to dissemination of AR genes. Th21 may be

involved in this process.

4.4 Methodological considerations

Studying the P1 phage in the laboratory strain E. coli DH5a - Rif? may be a limitation of
the study as the strain might have mutations that could affect the bacteriophage. The cells
are developed to become resistant to rifampicin and have probably acquired a filamentous
morphology because of that, and the physiology of these cells might have impacted the
results (Fux et al., 2005). However, the extensive knowledge that exists on laboratory
strains has made them suitable for laboratory experiments, and they are therefore widely
used (Blount, 2015).

The standard curves used in quantification was based on purified DNA amplicons while
the actual samples investigated were more complex. They consisted of cDNA derived from
all RNA extracted from the cells. Efficiency and accuracy of gPCR depend on DNA
quality, and in quantification the amplification efficiencies of sample and standard should
be the same (Brankatschk et al., 2012). The quantification performed in this thesis might
have been compromised since the amplification efficiency of cDNA samples not has been
determined.
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Regarding the relative quantification of copy numbers using a reference gene, the
amplification efficiencies of target gene and reference gene should be approximately equal
(Livak & Schmittgen, 2001). The amplification efficiency of the reference gene was below
that of the target genes, due to the large amplicon size (Debode et al., 2017). Nonetheless,
the 16S rRNA gene was chosen because it is a well-studied housekeeping gene and widely
used as a reference gene (Sun et al., 2017; Takle et al., 2007; Wang, S. et al., 2009).

The results generated by primer pair 2 (appendix G, figure G.1, and appendix H, figure
H.1) show a bigger variance between replicates than the results generated by primer pair 1
(figure 3.3 and 3.4). Therefore, the results from primer pair 1 was chosen. Some of the same
trends can be seen in the results from both primer pairs, yet, the differences that these pairs

create should be investigated further in future studies.
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5 CONCLUSION AND FURTHER RESEARCH

A significant increase in c1 copy number at the elevated temperature in stationary phase
lysogens was found, suggesting that prophage induction has occurred. A protein resembling
the C1 repressor was identified. The C1 antirepressor Coi was not identified. Significant
increase in repA copy number was detected under the same conditions as for cl, but
unfortunately, we cannot provide a reasonable explanation for this. There was a non-
significant raise in pcp copy number between exponential and stationary phase at the
elevated temperature and no phage particle proteins were identified, indicating that phage
particle production not had taken place. A hypothetical protein with an ASCH resembling
domain, possibly involved in transcription and translation, was significantly upregulated at
the elevated temperature compared to the optimal temperature.

When comparing optimal and elevated growth temperature, the tnpA copy number was
higher at the latter one, suggesting that tnpA expression in Tn21 is temperature sensitive.
Several antibiotic resistance proteins were found expressed from the Tn21 transposon, and

one of them were upregulated at both temperatures.

The infant gut microbiota is suggested to be a reservoir for MGEs and AR genes, and its
relevance in the multidrug resistance development needs to be established. The current
work has provided new insight regarding circumstances that induce the wild-type P1
prophage and its involvement in dissemination of AR genes. To bridge the gaps between
P1 immunity, prophage induction and lytic growth, future studies should investigate the
roles of antirepressor Coi and its putative repressor LexA during prophage inducing
conditions. The function of the hypothetical protein containing the ASCH resembling
domain should also be established. In addition, the impact accelerated bacterial growth
might have on the P1 prophage after a period of stationary growth may contribute to a better

understanding of the activation of lytic functions.
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Appendix

Appendix A: Growth medium and solutions

LB agar/broth (400 ml)
4 g Tryptose (Merck)

4 g NaCl (VWR)

2 g yeast extract (Merck)
6 g agar* (VWR)

400 ml H.0O

*For LB broth, leave out the agar

PBS (1x, 1 L, pH 7.4)
8 g NaCl

200 mg KCI

1.44 g Na2HPOA4

240 mg KH2PO4

1L H0
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Appendix B: Calculation of E. coli DH5a generation time

Values used in the E. coli DH5a growth curve is given in table B.1. The growth curve is

depicted in figure B.1. The calculation of E. coli DH5a is shown.

Table B.1: Number of colony forming units (CFU) per ml per hour during growth of E. coli
DH5a in LB broth at 37 °C.

Hours Mean Mean log
CFU/ml  CFU/ml
1 30.6 X 106 7.4
2 86.3 x 10° 7.9
3 15.3 x 10’ 8.2
5 72.3 X 107 8.8
6 10.8 x 108 9.0
7 13.0 x 108 91
8 16.0 x 108 9.2
24 89.6 x 108 10.0
12
10 ........................................... '
S S
< 8 ®
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Figure B.1: Growth curve of E. coli DH5a. Graphic visualization of bacterial
growth expressed as CFU/mI per hour. The first hour the bacterial cells are in the
exponential growth phase. After 24 hour the stationary phase is reached. The
values are the mean of triplicates and are log transformed.
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Calculating generation time of E. coli DH5a:

Time interval: 1 to 4 hours
t =180 min
B = 30.6 x 10° CFU/ml

b =53.6 x 10’ CFU/ml
_log(b) —log(B) _1og(53.6x107) —log(30.6 x10°)
— log(2) B log(2) -

t _ 180 min
n 4.1

= 43.9 min = 44 min
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Appendix C: Standard curves

Each gene has been amplified using two different sets of primers (primer pair 1 and 2).

Therefore, standard curves using each of the primer pairs have been made, and these are

listed in table C.1. They are all used for copy number calculations of each specific gene.

Table C1: Standard curves. Values for the standard curve equation, correlation, amplification
efficiency and copy numbers are given.

Target Primer
gene
repA repA_1 F/R
repA_2 F/IR
cl cl 1 F/R
cl 2 FIR
pcp pcp_1 F/R
pcp_2_F/IR
tnpA  tnpA_1 F/R
tnpA_2 F/R
16S PRK341 F
rRNA PRKB806 R

Slope  Cq
intercept

-2.93 36.2
-3.03 35.7
-3.10 35.8
-3.12 36.7
-3.14 36.7
-3.37 38.9
-3.32 37.8
-3.16 36.9
-4.39 47.7

RZ

0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99

Amplification = Linear range (gene

efficiency
119 %
114 %
110 %
109 %
108 %
98 %
100 %
107 %
69 %

copies per 2 ul DNA)

40.8 x 10— 40.8 x 107
10.7 x 10 - 10.7 x 108
15.3 x 10® - 15.3 x 108
82.5 x 10° - 82.5 x 10’
11.5x10%-11.5x 108
80.9 x 102 -80.9 x 10’
90.2 x 102-90.2 x 107
84.6 x 102 —84.6 x 107
92.4 x 10* - 92.4 x 10°
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Appendix D: Visualization of cells cultivated at 42 °C

The viability of T16 cells grown at 42 °C was determined using live/dead staining. The

cells are shown in figure D.1.

Figure D.1: Microscopy of culture grown at
42 °C using live/dead staining. The figure
shows cells that are viable (green colour), dying
(yellow colour) and dead (red/orange colour).
The culture is a monoculture of T16, and
different morphologies of the cells are
represented.
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Appendix E: Gel electrophoresis of gradient PCR products

Gel electrophoreses of gene fragments amplified with designed primers at different
annealing temperatures are shown in figure E.1-E.4. In each well on the gel, amplicons
produced with a specific annealing temperature is loaded. An overview of the annealing
temperatures is given in table E.1.

Table E.1: Overview of annealing temperatures in gradient PCR. The wells in this table
correspond to the wells on the gels.

Well 1 2 3 4 5 6 7 8 9 10 11 12
Degrees (°C) | 52.9 | 53.2 | 54.0 | 55.2 | 56.8 | 58.7 | 60.6 | 62.5 | 64.3 | 65.8 | 66.9 | 67.5

1 207 3 ASSE RGNS O S ORI 2051 S RN SR G SR/ SR O T O 11 1D

cl . €152

Negative control Negative control

Figure E.1: Gradient PCR products and negative controls generated by c1 1 F/Rand c1_2 F/R
primers.
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859510511512 1807 S S SE o011 12

Negative control

1y 2 3 4SSN GeRd SR 9510:11 12

repA_1

829108 11 1D

Figure E.2: Gradient PCR products and negative controls generated by repA_1 F/R and
repA_2_F/R primers.
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1 2 344 SE6asiee8ROSiONINN 2R I0E)E SEE 40 S GMNAR R RO =10, 11 12

pcp_1 pcp_2

Negative control

2, AR 6 NS 8 QA A2 s 3 SE S bR SO N 1011 12

pcp_1 pcp_2

Figure E.3: Gradient PCR products and negative controls generated by pcp_1_F/R and
pcp_2_F/R primers.
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9101149 4 208 3 AL 586870 891011 12

tnpA_2

Negative control

9" 10 3312 URDTS ARSI /NSRS 0" 11 112

thpA_2

Figure E.4: Gradient PCR products and negative controls generated by tnpA_1 F/R and
tnpA_2_F/R primers.
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Appendix F: Effect of DNase treatment

Cq values before and after additional DNase treatment of T16 RNA eluates are listed in
table F.1.

Table F.1: Effect of DNase treatment based on Cq values. The table shows an overview of
difference in DNA concentrations in RNA eluates before and after DNase treatment based on
Cq values generated with specific primers. The RNA eluates derive from T16, both from cells in
exponential and stationary growth phase at 37 °C. There are triplicates of each condition.
Cq values of RNA eluate triplicates Cq values of RNA eluate triplicates
before DNase treatment after DNase treatment
Exponential phase = Stationary phase Exponential phase Stationary phase
1 2 3 1 2 3 1 2 3 1 2 3
repFIB_1 23 25 24 25 25 24 36 35 34 32 32 32
repFIB_2 23 24 24 24 24 23 N/A 39 N/A  N/A 38 N/A

cl 1 23 24 24 24 24 23 39 39 38 39 37 38
cl 2 24 25 25 25 25 24 33 N/A 34 35 34 36
pcp_1 24 25 25 25 24 24 38 36 34 35 36 36
pcp_2 26 28 27 28 27 27 37 36 37 37 36 36

tnpA_1 23 24 24 24 24 24 35 35 36 34 35 35
tnpA_2 27 29 28 28 27 27 35 36 35 38 N/A | 39
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Appendix G: Effect of conditions on phage P1 - Primer pair 2.
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Figure G.1: Effect of growth phase and temperature on phage P1 transcription.
Schematic diagrams of phage P1 transcription of P1 and Tn21 genes in T16 during
exponential and stationary bacterial growth phase, cultivated at both 37 °C and 42 °C. The
effect is shown as copy number relative to 16S rRNA of (A) the repA replication protein
A gene, (B) the c1 repressor gene, (C) the phage capsid protein (pcp) gene and (D) the
tnpA transposase gene. The values are the mean of triplicates and are log transformed. The
standard deviations of the values are indicated. Primer pair 2 is used. *p<0.05 and
**p<0.01.



Appendix H: Effect of conditions on P1 copy number - Primer pair 2.
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Figure H.1: Effect of cultivation temperature on phage P1 copy
number. Schematic diagrams of copy number relative to 16S rRNA of
phage P1 related genes in T16 at stationary growth phase at 37 °C and
42 °C. The genes shown are (A) repA replication protein A gene, (B) cl1
repressor gene, (C) phage capsid protein (pcp) gene and (D) tnpA
transposase gene. Notise that the axis in (D) deviates from the other
diagrams. The values are log transformed means of triplicates, and the
standard deviations are indicated. Primer pair 1 is used. *p<0.05 and
*p<0.01.
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