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Abstract 

 

 

The temperate bacteriophages in the Peduovirinae subfamily can either grow lytical-

ly or integrate into their bacterial host and form lysogeny. Which one of the two life 

cycles the phage will enter after infection is controlled by a transcriptional switch. 

The switch also controls the induction of genes necessary for an integrated phage, a 

prophage, to excise out of the host genome and propagate lytically. In its most sim-

ple form, the transcriptional switch consists of two proteins repressing each other’s 

promoters, which are oriented face to face in close proximity. In phage P2, the C 

gene is transcribed from the Pc promoter, which can be repressed by the Cox protein, 

and the cox gene is transcribed from the opposing Pe promoter that can be repressed 

by the C protein. Since the C gene is the first gene in the lysogenic operon, and the 

cox gene the first in the lytic operon, the expression governed by the switch will 

determine the growth mode of the phage. Integration into the host genome is accom-

plished by the integrase, encoded by the second gene in the lysogenic operon, but it 

also requires the ”host integration factor” protein, IHF. Excision of the phage ge-

nome is also carried out by the integrase and the IHF, but it cannot be done without 

the Cox protein which represses the Pc promoter and thereby paradoxically down-

regulates the production of the integrase. Peduovirinae phages other than P2 and its 

close relatives have a slightly more complex transcriptional switch, including three 

promoters and an additional protein required for establishment of lysogeny. 

The two switch types were studied with phylogenetic methods to deter-

mine their evolution and distribution. The bioinformatic analyses showed that there 

were several new E. coli integration sites and new inferred immunity classes among 

the Peduovirinae phages. The two switch types fell into two distinct groups, with no 

overlap in any of the proteins, but these groups were not defined by host barriers. 

The in vivo distribution of Peduovirinae phages P2, Fels-2 and 186 in E. coli and 

Salmonella sp. collections were studied through DNA-DNA hybridization. The 

results showed a high prevalence of P2 phages in E. coli and a high prevalence of 

Fels-2 phages in Salmonella sp. Phage 186 was only detected in a few strains. Thus 

a host preference might show if a larger part of the phage genome is part of the bio-

informatics studies. 

The P2 C protein was crystallized and its 3D structure determined. It 

forms a symmetrical dimer in vitro, with an unstructured C-terminal end. The DNA 

binding domain was determined to lie in alpha helix three and narrowed down to 

three residues. The C terminal end of the protein is suggested to be part of tetrameri-

zation, but a nine amino acid truncation does not affect activity in vitro. 

In an attempt to discover the mechanism between the switch from lyso-

geny to lysis in phage P2 the interactions between the two switch proteins and the 

proteins of its host E. coli was analyzed. Eight E. coli proteins interacted with pro-

tein C or Cox, but no interaction between the two switch proteins was detected. Two 

E. coli proteins showed a distinct effect on the expression of C, and several affected 

the level of phage lysis. The mechanisms behind these effects are still unclear. 
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α  alpha  

Aa amino acid 

Amp Ampicillin 

ATP Adenosine triphosphate 

attB attachment site bacterial 
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attP  attachment site phage 
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β  beta 
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ε  epsilon 

ECOR Eschericia Coli Reference Collection 
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γ gamma 
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IHF integration host factor 

Int integrase 

Kan kanamycin 

kb kilobases 

λ  lambda 

nt nucleotides 

NTP nucleoside triphosphate 

Φ  phi 



 

phage bacteriophage 

RNA ribonucleic acid 

RNAP RNA polymerase 

rut Rho utilization site 

σ  sigma 

SARA Salmonella Reference Collection A 

SARB Salmonella Reference Collection B 

ss single stranded 

UP upstream promoter 

UTR untranslated region 

UV ultra violet 

wt wild type 

Y2H Yeast-two-hybrid 
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Introduction 

 

 

 

 

The origin of viruses is unknown. When, in the long history of evolution, did 

viruses first occur? Some say from an RNA world, some say with the pro-

karyotes, some say both and more or less everything in between (Holmes, 

2011). Their unclear background has not hindered this heterogeneous group 

of parasites from infecting all cellular life (Calisher et al., 1995). With the 

viruses we know as bacteriophages things get a little easier. There is still the 

question of when they appeared, but few argue against that the phages we 

see today have evolved together with their hosts, the bacteria (Veesler and 

Cambillau, 2011)(Groisman and Casadesús, 2005)(Ackermann, 1998). 

 

The intimate relationship between phages and their hosts is evident if we 

look at the DNA level. The unenlightened might guess that bacteria are the 

most abundant entity on this planet, but we know that for each bacterium 

there are 3 to 20 bacteriophages. Most of the sequenced bacterial genomes 

contain remnants of phages or complete phages that have their DNA incor-

porated into the bacterial chromosome, and thus have become part of bacte-

rial speciation (Brüssow et al., 2002)(Hambly and Suttle, 2005)(Hendrix et 

al., 2000)(Rohwer, 2003). Phages have had a major impact on the evolution 

of, and on the prevalence of, bacteria in different niches; they are common in 

soil, on plants and in water, but have also reached and conquered the depth 

of the oceans, and the guts and skin of our bodies. As manufacturers in the 

dairy industry have noticed, phages have a keen way of being wherever there 

are bacteria, whether we humans want them there or not. 

The impact of phages on humanity 

 

The evolution of phages continued unnoticed until the early 20
th
 century. 

When virology was still in its cradle, the microbiologists Twort and 

d’Herelle more or less at the same time made observations that led to the 

discovery of bacteriophages (Duckworth, 1976). This was the beginning of a 

long story of research and discoveries, that is now winding it ways into the 



 17 

realms of nano technology, gene therapy and therapeutic antibacterial agents 

(Mattey et al. 2008)(Gazit, 2006)(O’Flaherty et al. 2009). But the road to-

wards applied use of phages has not been a straight one. The early use of 

phages was as pre-antibiotic bacterial killers, and as a handy model-system 

for genetic research. With the arrival of modern antibiotics in the early 1940s 

only the latter application prevailed in the western world. Eastern Europe 

and Russia maintained the use of phages in medicine and are now the only 

places where phage therapy is available for human use. It took the arrival of 

multi-resistant antibiotics for the western world to once again open their eyes 

for phages as a putative cure of bacterial disease. The curiosity of their ap-

plication as therapeutic agents has led to a renewed general interest for 

phages in research, and since the early 1990s the numbers of peer reviewed 

articles on phages have boomed. In some countries phages are already avail-

able for routine use as surface disinfectants, they are tried out, and to some 

extent used, as additives in food to prevent bacterial contamination, and are 

used on several types of plants and animals instead of, and as a complement 

to, antibiotics (Abuladze et al., 2008)(Fig 1).  

 

Apart from their therapeutic use, phages and their proteins are commonly 

used in many established laboratory techniques such as phage display and 

recombination assays. There are also several common polymerases and en-

zymes that are phage based. Industrially, phages are used as indicators, both 

of bacterial contamination and as harmless indicators of viral inactivation. 

(Ullman et al., 2011)(Dale and Ow, 1991)(Jones et al., 1981)(Coulliette et 

al., 2010)(Santiago-Rodríguez et al., 2010)(Guenther et al., 2009). 

Phage morphology and lifecycles 

 

Bacteriophages come in different shapes and sizes. Their genomes have been 

found to have a range between approximately 5 kb and 670 kb (Sanger et al., 

1978)(Serwer et al., 2007). They can have single stranded DNA, double 

stranded DNA or RNA, be icosahedral or filamentous, with and without 

tails, and with or without the ability to integrate into the host genome.  
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Fig 1 The figure depicts a few of the important events in phage history over the last 

century. It focuses mainly on the applied therapeutic use of phage rather than on the 

massive input phage genetics has given to the field of molecular genetics. The dark 

blue squares indicate time points for the parallel history of antibiotics. Photo credit: 

Science photo library 
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With “consensus through debate” (Calisher et al., 1995) as a commandment 

the bacteriophages were divided into 13 families and 31 genera, where the 

tailed phages, Caudovirales (Ackermann, 1998), is a dominant order, encap-

sulating 3 families and 96% of the known phages (Maniloff and Ackermann, 

1998).  

 

As an “organism on the edge of life” (Rybicki, 1990) viruses parasites all 

branches on the tree of life but due to the lack of ancient viral RNA or DNA, 

and a lack of common marker genes, their unknown and possibly polyphy-

letic origin must at best be an educated guess (Bandea, 1983)(Forterre, 

2003)(Hendrix et al., 2000). Bacteriophages are selective in the sense that 

they only infect bacteria but, like all viruses, they are a taxonomist’s night-

mare (Ward, 1993). 

 

The general lifecycle of most phages involves attachment to the host bacte-

ria, injection of the DNA or RNA from the phage envelope and genome rep-

lication followed by encapsulation and release of progeny. An alternative 

pathway allows some phages to share the bacterial lifecycle, either as an 

integrated part of its genome or as a plasmid. This integrative state is termed 

lysogeny, the integrated phage is denoted a prophage and its operative mode 

temperate. Not all phages have the capacity to enter lysogeny. 

 

The filamentous phages employ yet another mechanism. They enter the host 

and replicate inside it, and continuously produce progeny that is threaded 

through the cell wall and released without killing the bacteria. 

Temperate phages in the lab 

 

The lifestyle of the temperate phages makes them ideal subjects for studies 

on fundamental biological questions. They have a short generation time, 

small genomes, and are dependent on their host for proliferation, but they 

can also affect the bacterial fitness as prophages. For example, studies on co-

evolution are hard to conduct on complex organisms but the host-parasite 

relationship of a temperate phage allows for a model system that can easily 

be contained in the laboratory and the phages have genomes small enough to 

monitor every single mutation if needed. 
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Phages are comparatively easy to study, both within evolutionary- and genet-

ic model systems. The nucleotide sequences of the common phages are 

mostly available, or at least possible to come by, there are wide ranges of 

related, as well as outlying, species to choose from, and the genomes are of a 

manageable size. And, as if that is not enough, the smaller phages have re-

duced their genomes to an extent that, in the better studied ones, almost eve-

ry gene has an established function. So, as with so many other things, the 

study of phages itself should not be the particular difficulty, but interpreting 

the results still pose a real challenge. 
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Evolutionary mechanisms 

 

 

 

 

In all likelihood all the complexities of evolution will never be completely 

mapped, and many of our current efforts are based on generalized assump-

tions about the underlying mechanisms. Also, the notions of where to start a 

discussion on evolution are many and entangled, as many concepts blend in 

with others. In this thesis I will separate between two distinct outlooks for 

discussing evolutionary processes: Either divide the evolutionary processes 

with regard to the mechanism in which the genetic material is transferred to 

the offspring, in which case the major difference lies between sexual repro-

duction and asexual/clonal reproduction; or look at the directionality of the 

DNA transfer, thus dividing the two types of evolution into vertical and lat-

eral/horizontal (Sleator, 2011)(Tibayrenc et al., 1991).  

Sexual and asexual reproduction 

 

In sexual reproduction the genetic variation arises when the two gametes 

from different individuals melt together during fertilization and, in many 

organisms, through homologous recombination, when the genetic material is 

divided during meiosis. Additional variation is added through mutations. 

Gametes from an individual that does not reach fertile age, or live to repro-

duce, will no longer be part of the evolution. Thus, genetic combinations and 

mutations might become fixed or lost in the population, either through genet-

ic drift or through differences in fitness (Székvölgyi and Nicolas, 2010)(Otto 

and Lenormand, 2002).  

 

Asexual, or clonal, reproduction is most common in prokaryotes and unicel-

lular organisms. It occurs in some plants and animals, but in higher organ-

isms sexual evolution is commonly present as a complement to it (De Witte 

and Stöcklin, 2010)(Foucaud et al., 2007)(Miller and Ayre, 2004). Asexual 

reproduction is defined as offspring arising from a single parent and does not 

involve meiosis or fertilization. Genetic variation in prokaryotes arise mostly 
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through acquisition of genetic material through lateral gene transfer as well 

as mutation, presumably the result of a less stringent repair system than in 

eukaryotes (Sankoff, 2003)(Lynch, 2010)(Drake, 1991). 

Horizontal gene transfer and vertical evolution 

 

Horizontal gene transfer (HGT) is the acquisition of genetic material from an 

organism that is not a direct ancestor to the receiver. It is the counterpart to 

the vertical evolution as proposed by Darwin, where genetic material is 

transferred to offspring and changed through the fixation of mutations (Koo-

nin et al., 2001). HGT occurs in prokaryotes through three mechanisms; 

transformation, transduction and conjugation (Fischer et al., 2001). Bacteri-

ophages are responsible for transduction but are, as prophages, also subject 

to the effects of all three mechanisms of HGT. The DNA acquired through 

HGT is either broken down by the cell after uptake or incorporated into the 

genome through recombination (Fischer et al., 2001). 

Recombination 

 

Recombination can occur in many ways, but is divided into three major 

groups; illegitimate-, site specific- and homologous-recombination (Clark 

and Margulies, 1965)(Holliday, 1964)(Ikeda et al., 1995)(Shimizu et al., 

1997)(Ghosh et al., 2010). If DNA is studied on gene level, and the assump-

tions made are based on a constant evolutionary rate over all branches, strict-

ly vertical evolution provides a tree like structure. But even in a eukaryotic 

gene tree there is likely to be evidence of horizontal gene transfer events 

through endosymbiontic gene transfer, and through uptake of bacterial and 

eukaryotic DNA. Undoubtedly all genomes that undergoes replication shows 

a strong influence of vertical evolution, but in prokaryotes the tree for the 

full genome is rarely the same as the trees from the single genes (Koonin et 

al., 2001)(Botstein, 1980). If you were to follow the evolution of a bacterium 

the clones would soon acquire stretches of novel DNA, in addition to point 

mutations and deletions that are made in vertical evolution. This flexibility 

in the genomes is created by an array of recombination events, where ho-

mologous recombination may be the most important mechanism, as it is the 

pathway mainly responsible for integration of transferred DNA into bacteria, 
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as well as for the genomic reshuffling common in bacteriophages (Walsh 

and Sharma, 2009)(Botstein, 1980).  

 

Homologous recombination 

Homologous recombination requires long sections of nearly identical DNA 

between the two strands involved. In eukaryotes this is the mechanism be-

hind the repair of double strand breaks and behind the recombination that 

occurs during meiosis. The efficiency of the recombination is dependent on 

the length of the homologous region. An identity of less than 214 bp signifi-

cantly reduces the efficiency, but there are still low frequencies of recombi-

nation observed with as little as 14 bp (Holliday, 1964)(Rubnitz and 

Subramani, 1984). In prokaryotes homologous recombination repairs dam-

aged DNA, but most noticeable it is the mechanism behind the uptake of 

foreign DNA that is made available through transduction, conjugation and 

transformation (Fischer et al., 2001). 

 

Since bacteriophages are parasitic they commonly utilize the recombination 

proteins of their hosts, the bacteria. Of the three possible pathways for ho-

mologous recombination in Escherichia coli the RecBCD is the most im-

portant (Camerini-Otero and Hsieh, 1995). This enzyme complex creates the 

free single stranded ends that invade the complementary DNA in a RecA 

mediated strand exchange that forms a hetero-duplex with two single strand 

breaks, initially stabilised by the identity between the sequences. DNA ligase 

seals the gaps and creates a Holliday junction. This structure is dynamic and 

allows for ATP-driven branch migration that determines the length of the 

strand exchange. When the branch migration stops at the termination motif, 

the Holliday junction can be resolved in two ways. One that restores the 

original structure with only minor recombination and one that gives a cross-

ing-over of the DNA strands (Yamada et al, 2004).  

 

Site-specific recombination 

The type of specific recombination that does not require long stretches of 

identity is called site specific recombination. The cross-over takes place at 

short recognition sequences that determine the polarity of the reaction. Site 

specific recombination is not dependent on the RecBCD system, instead it 

uses transposases or recombinases and, in some cases, their accessory factors 

(Rice and Baker, 2001)(Grindley et al., 2006). 
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If the cross-over is mediated by a transposase, the recognition sequence is a 

short inverted repeat at both ends of the mobile element. This recombination 

can be both conservative and replicative (Rice and Baker, 2001). Conserva-

tive recombination means that the mobile element will move from one place 

to another, whereas replicative recombination involves the duplication of the 

mobile element (Sadowski, 1993). Transposases are commonly encoded by 

mobile elements known as transposons, but there are also occurrences of 

phages encoding them and using them for replication, the most common 

example being bacteriophage Mu (Shapiro, 1979)(Arthur and Sheratt, 1979) 

 

If the cross-over is mediated by a recombinase, it is at all times conservative. 

The recombinase acts on a cross-over region on the mobile element where 

two inverted repeats are the binding sites and flank a short overlap site. De-

pending on the orientation of the recognition sites, and whether they are in a 

relative cis or trans position, the outcome can be either integrative or exci-

sive (Sadowski, 1993). Conservative site specific recombination is used to 

resolve multimeric structures created by homologous recombination, as well 

as in the integration and excision of phages into the host chromosome (Van 

Duyne, 2001). 

 

The recombinases that mediate conservative site-specific recombination are 

in many ways resembling topoisomerases in both the manner of reaction and 

in their independency of ATP and DNA replication. The Vaccinia topoiso-

merase has been shown to have similarities over the catalytic domain to the 

recombinase of both phage λ and phage HP1 (Cheng et al., 2000). The re-

combinases are divided into two families, the serine family of recombinases 

and the tyrosine family of recombinases, both aptly named after the nucleo-

philic amino acid positioned at their active sites (Grainge and Jayaram, 

1999)(Smith and Thorpe, 2002).  

 

Illegitimate recombination 

Illegitimate recombination is a general cause of genomic instability among 

both prokaryotes and eukaryotes. There are two subtypes, one that is de-

pendent on a short identity (4-10bp) between the two sequences and one that 

is completely identity independent (less than 1,7bp). The mechanism is not 

clear but it is known that the short homology-independent illegitimate re-

combination is mediated by DNA gyrase and the short homology-dependent 

recombination is induced by DNA damage then resolved in a RecE mediated 
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manner (Shimizu et al., 1997)(Ashizawa et al., 1999)(Ikeda et 

al.,1995)(Shiraishi et al. 2002). 

Mosaicism  

 

Bacteria are a common example of clonal evolution. A sequence comparison 

of two related bacterial strains would result in an even distribution of muta-

tions broken by bits and pieces of very dissimilar DNA. At a closer look, this 

strain-specific DNA would mostly consist of phage genes (Hartl, 1992). 

Bacteriophage sequences show a similar pattern. The phages and the bacteria 

both have stretches of newly acquired DNA, but in the bacteria this DNA is 

often from external mobile elements, such as phages, whereas in the phages 

the DNA replacements can be more extensive, potentially covering a sub-

stantial part of the phage genome, and most events occurring between phag-

es.  

 

The modular theory of evolution is based on the high frequency of recombi-

nation seen among some bacteriophages (Botstein, 1980). According to this 

theory each phage genome can be divided into a number of functional mod-

ules that maintain an approximate order but whose multiple variants can be 

interchanged independently of each other through recombination. This lat-

eral exchange allows for a great genomic variation between and within 

phages, but poses a taxonomical challenge as each module follows its own 

evolution. This modular evolution has proven to be widespread among phag-

es (Lucchini et al, 1999).  

 

As bacteriophages were classified long before HGT was established as one 

of the main forces behind their evolution, this discovery should have torn 

phage classification apart. But, despite their promiscuous behaviour, there 

are still distinctive phage groups, presumably because the barriers of host 

specificity, recombination, DNA diversity and modus operandi are rarely 

bridged. With this in mind, it seems like the amount of modularity and verti-

cal exchange is fluid, allowing some phages to have a more vertical evolu-

tion e.g. following the path of their hosts.  

 

Examples of conserved phages with little or no horizontal replacements in 

the essential phage genes are the temperate P2-like phages found in E. coli. 
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They have been sampled from different parts of the world and share an over-

all gene order. But not only that, they also have a high degree of sequence 

similarity in the genes responsible for integration and excision of the phage 

and an even higher degree of similarity in the sequenced structural genes, 

above 96% (Nilsson and Haggård-Ljungquist, 2001). In all, their specificity 

brings to mind the characteristics of a vertical evolution more than a hori-

zontal. The only obvious HGT modules among these phages seem to be 

within three regions, all which have shown to contain genes of a different 

GC-content and a function potentially increasing the fitness of the infected 

host (Nilsson et al, 2004).  
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Phages of the order Caudovirales 

 

 

 

 

Due to the high occurrence of horizontal gene transfer between the phage 

genomes, the definition of genera among bacteriophages is difficult but yet 

crucial. Several thousand defined phages make classification necessary, both 

to simplify and promote a further understanding of the viral world, but also 

to be able to apply general ideas of phage research, as for example phage 

therapy. Phage classification on a level higher than genera has been done 

based mainly on morphological characters and 96% of the known phages fall 

into the order Caudovirales, the tailed phages (Ackermann, 1998).   

Classification 

 

The tailed bacteriophages share distinguishing characters in morphology and 

function as well as in their genomes, and their functional modules are con-

sidered to have a common origin (Veesler and Cambillau, 2011). There are 

varying opinions on to what degree amino acid sequences can be used to 

determine phage relationships, abundant occurrence of gene transfer has 

obscured the traces of common ancestry that could otherwise have been de-

rived though sequence analyses (Hendrix et al. 2003). Even so, phages be-

longing to Caudovirales have sufficient characteristics to firmly separate 

them from other bacteriophages. They have an icosahedral head and a helical 

tail that is unique among viruses. The virions have no envelope and rarely 

contain lipids. Head, tail and tail fibres are synthesized separately and a sin-

gle, double stranded DNA is packed in the head during phage maturation 

(Ackermann, 1998). Even though this division is strict, Caudovirales is the 

most differentiated of all taxonomically defined virus groups and though the 

presence of the tails is one of the more distinguishing characters, the signifi-

cant variation in tail morphology is what supports further division into three 

families (See fig 2).  
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Bacteriophages belonging to the family Myoviridae have a contractile tail 

and a neck and are represented by e.g. phage P2 and T4. Siphoviridae is the 

largest family encapsulating more than 60% of the tailed phages and is 

commonly represented by the λ-like phages. The last family is Podoviridae 

and it contains the short tailed phages, among others represented by the T7-

like viruses (Maniloff and Ackermann, 1998). The subsequent division into 

genera is a long way from completion. Genus is the first taxonomic resolu-

tion where differences among phages are assessed on DNA level. This is 

done by analysing presence or absence of distinguishing genes and sites, the 

formation of concatemers, as well as sequence similarities (Ackermann, 

2005). The formation of new genera will probably continue as long as new 

phages are discovered but will never lead to a nicely branched species tree 

with whole genomes. More likely, the discovery of new phages will lead to a 

larger and larger web-like phylogeny due to genes being interchanged be-

tween different phage genomes and multiple branches connecting the differ-

ent genera. 

Fig 2 The only defined order of phages is the Caudovirales. It is divided into three 
families based on the shape of their tails. The P2-like phages are found within the 
sub family Peduovirinae of the Myoviridae that is characterized by their long con-
tractile tails. 
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Phage interactions 

Host recognition 

 

Phages of the order Caudovirales recognizes and adsorbs to their host with 

their tails. The phage tail is a molecular machine that has a very varied level 

of complexity. The adsorbtion occurs at the distal tail end, which might only 

consist of a few molecules in a tail-tip or be an advanced macromolecular 

baseplate. The structure of the distal tail mirrors the structure of the cell sur-

face and thereby the host range of the phage, but for most phages the host 

surface structures involved in the specific interaction is unknown. The Si-

phoviridae phage λ interacts with its host E. coli K-12 surface protein LamB. 

It binds to it with the C-terminal portion of protein J. In phage T4 it has been 

shown that by duplicating mutations of the tail fiber protein, 37, the phage 

host range is expanded. In gram negative bacteria, the host receptor proteins 

recognized by phages can be divided into 5 classes: structural proteins that 

interact with the peptidoglycan layer, specific and non-specific porins, en-

zymes, substrate receptors with high affinity and transport proteins responsi-

ble for secretion (Wang et al., 2000)(Veesler and Cambillau, 2011)(Tétart et 

al., 1996)(Rakhuba et al., 2010). 

 

The steps of a Myovirus host adsorbtion can be exemplified with phage P2. 

It is presumed to have a contractile tail, a baseplate, six tail fibres and six tail 

spikes. The first step of adsorption is a reversible surface binding by the tail 

fibres, followed by irreversible binding of the tail spikes. Phage P2 binds to 

the cell surface with the C-terminal domain of tail-spike protein gpV (Yama-

shita et al., 2011). It binds to unknown surface proteins. In phage T4 it has 

been shown that during recognition, the baseplate and tail undergoes con-

formational changes that trigger the injection of the phage DNA into the host 

(Kostyuchenco et al., 2003). 

Lysis and lysogeny 

 

A phage belonging to the Caudovirales is genetically determined to follow 

one of two different lifestyles once it has entered the bacterium; either it is a 

lytic phage and acts as a predator that attacks, kills and proliferates on its 

host. Or it is a temperate phage that, in addition, has developed a sometimes 
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almost mutualistic relationship with the bacterium which means that it can 

stay for an undetermined time either as part of the host genome or as a plas-

mid dividing with the bacteria (Boyd and Brüssow, 2002)(Fig. 3). A func-

tional prophage has most of its genes turned off and only expresses the genes 

necessary for maintenance of lysogeny. Many temperate phages have addi-

tional genes, with no explicit phage function, and their own promoters. The-

se genes have frequently been shown to encode fitness factors beneficial for 

the bacteria (Juhala et al., 2000). It has been shown that lysogenic E. coli 

strains have a higher growth rate than prophage free E. coli of the same 

strains even if the additional genomic size gives a slower replication time 

(Edlin et al. 1975).  

 

 

 

Fig 3 A schematic picture showing the lifecycle of a temperate phage of P2-like type 

that infects the bacteria by injecting its DNA and then either directly proceeds with 

the lytic cycle or enter lysogeny. It depicts the lysogenic phase as an entrance of the 

phage into the bacterial genome, in the manner of eg. phage P2, but it should be 

observed that another phage type might reside in the bacterium as a plasmid. Once 

lysis is induced the phage replicates and it exits the bacterium in a holin/endolysin 

dependent manner by penetrating the bacterial cell wall. The process of phage re-

lease might also be different depending on phage type. A lytic phage has a general 

lifecycle such as is depicted above the dotted line. 
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The fitness factors allow the phage to lie dormant in an environment that is 

protected and gives the infected bacteria an evolutionary benefit. If its in-

creased fitness is enough for the bacteria to survive one more division than 

its uninfected clones then the infection has been beneficial for both partici-

pants, even if the phage subsequently is induced and enters the lytic cycle. 

Induction of temperate phages is known to be triggered by environmental 

factors such as sunlight, starvation of the host, or increased ion levels in its 

surroundings. These exposures either activates the SOS response or by other 

means affects the ability of the phage to repress its lytic genes (Shkilnyj and 

Koudelka, 2007)(Łoś et al, 2007)(Lamont et al, 1989). Though SOS mediat-

ed lysis is occurring in many phages, spontaneous induction, or what looks 

like it, is yet to be explained (Hendrix and Cajens, 2005)(Liu et al, 1997).  

Infection and co-infection 

 

As phages are naturally abundant, two or more phages sometimes happen to 

infect the same bacteria. If the phages are lytic they will end up in a replica-

tive arms race where the one first ready for lysis will be the evolutionary 

winner. Thus lytic phages can be very extreme; some carry no unnecessary 

genetic baggage due to the disadvantage in replication speed, some have 

genomes containing enough genes to allow them to replicate at a higher 

speed and not be as dependent on host proteins. The genome of phage T4 

contains genes important for recombination, replication and DNA repair as 

well as several origins of replication, features that all contribute to high 

speed copying of its DNA (Kreuzer and Brister, 2010). 

 

Resident prophages are likely to be found at different integration sites as 

well as expressing different repressor proteins and it is not uncommon for 

bacteria to carry several prophages at the same time. If a lysogenic bacterium 

is superinfected by another phage, with the same integration site and immun-

ity, they can integrate in tandem with the present prophage. Such relations 

can be unstable, as in phage P2 (for further explanation see p. 49), where a 

common solution is either the degradation of the infecting phage or the inte-

gration into secondary integration sites. Or stable, as in phage λ where tan-

dems are commonly found (Kholodii and Mindlin, 1985)(Bertani, 

1971)(Campbell, 1992).  
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The prophages does not necessarily affect one another until one of them 

enters the lytic cycle, then the phage that is last to “leave the sinking ship” 

will most probably perish together with the bacteria. But if a phage infects a 

bacterium containing a closely related prophage they might share both inte-

gration sites and repressor proteins. This hinders lysis caused by the infect-

ing phage by repression of its lytic genes and is known as “immunity” 

(Westöö and Ljungquist, 1980). Some phages carry extra genes that prevent 

specific, unrelated, phages from infecting their hosts; the so called lysogenic 

conversion genes. An example of this is the tin and old genes in phage P2. 

Old affects the growth of phage λ after infection and Tin inhibits DNA syn-

thesis and growth of T-even phages (Ghisotti et al., 1983)(Mosig et al, 

1997).  

 

A bacterium with several prophages has to carry the burden of an enlarged 

genome, but this might be compensated by the benefits derived from several 

genes that confer selective advantage. Point mutations or deletions rendering 

the phage unable to induce are common, and most studied bacteria show 

plenty of evidence of old phage infections. Sometimes phages are left as part 

of the bacterial genome. Sometimes the only thing left is an integrase or 

some of the genes increasing the fitness of the host (Canchaya et al., 2003a). 

From what it seems, the incorporation and degradation of phages is part of 

bacterial evolution. 

Co-evolution 

 

The battering all genomes undergo through interactions with other genomes 

or by the elemental forces is what moulds future organisms. With this in 

mind it is hard to look on the evolution of a species as an isolated event.  

 

The evolution of bacteria would never have looked the same without the 

interactions with bacteriophages, and the reciprocal situation is true in more 

than one way due to the parasitic nature of phages (Lindell et al., 2007). 

When bacteria are sequenced it is common to find several complete pro-

phages scattered in their genomes (Canchaya et al., 2003a). Even so, the fact 

that bacterial genomes do not contain more phage DNA reflects the ability of 

bacteria to control the size of their genomes by inactivating and deleting 

phage genes. The efficiency of this genome control can be shown by a com-

parison of the closely related bacterial strains of E. coli K-12 and S. flexneri. 
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They diverged approximately a million years ago but their content of pro-

phage remnants shows no similarity (Brüssow et al., 2004). This could be 

interpreted as phages being responsible for the short term adaptation of bac-

teria, functioning as an easily accessible pool of genes; tapped when needed 

but flushed away by evolutionary pressure when the circumstances change. 

An extraordinary example of such a phage uptake can be shown when com-

paring E. coli K-12 with E. coli O157:H7 Sakai. These two strains share a 

conserved core of genes but the genome of O157 is markedly larger. An 

analysis of its genome showed that it had incorporated 18 prophages consti-

tuting 16 % of its DNA (Ohnishi et al. 2001)(Canchaya et al. 2003b).  

 

There is a continuous arms race between bacteria getting new ways of ac-

quiring immunity against phages and phages gaining mutations circumvent-

ing these blockades. Brockhurst et al. (2004) showed that addition of phage 

to an otherwise homogenous population of bacteria significantly increased 

the observed diversity. 

 

The general benefit of phage infection can be assumed to be lower than the 

profit it gives, as bacteria are constantly developing new ways to fend them 

off. And the reciprocal adaptation of the lytic phages comes with a trade off 

in fitness in other environments (Jessup and Forde, 2008) thus fulfilling the 

criteria for an antagonistic host-parasite co-evolution. 
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Peduovirinae 

 

 

 

 

In 1951 when a “large plaque phage” was isolated by Bertani, he called it P2 

(Bertani, 1951). Subsequently as new phages were isolated, P2 became the 

type phage for a class of related temperate phages, similar in size, gene order 

and in their non-inducibility in UV-light. These phages were, up until a few 

years ago, known as the P2-like phages, but the current classification places 

them under a new subfamily denoted Peduovirinae. This change enlarged 

the group of P2-like phages as the new classification is mostly dependent on 

sequence similarities (Lavigne et al., 2009). Many members of the Peduovir-

inae phages have been sequenced as free phages and they are subject to 

much research. The most well-known phage, within the subfamily, is still the 

type phage P2 (Bertani, 1951), closely followed by phage 186 (Jacob and 

Wollman, 1956) and the Salmonella phages PSP3 and Fels-2 as well as the 

Haemophilius phages HP-1 and HP-2. No complete P2-like virus has been 

found outside of γ-proteobacteria (manuscript 1).  

 

Fig 4 Schematic drawing of the two different transcriptional switch types of the 

Pedouvininae phages. The features and functions of the P2-type is mirrored in the 

more complex 186-type that also features gene CII. As in the lamboid phages, CII of 

186 controls establishment of lysogeny. The lytic repressor is denoted C in P2 and 

CI in 186. The lysogenic repressor has several functions in both phages and is 

called in P2 and Apl in 186. The 186 like repressor also features the tum gene that 

enable SOS activated induction in phage 186 and other phages of that switch type 

(see text for more details). 
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At the level of gene order, content and organisation of the regulatory circuits 

the phages of the Peduovininae have a lot in common (Karlsson et al., 

2006). Noteworthy variations within the genera consist of the presence of the 

tum gene in for example phage 186. This gene encodes an anti-repressor that 

makes the otherwise non-UV inducible phages of Peduovirinae sensitive to 

SOS-activation (Lamont et al., 1989). Another disparity lies within the regu-

latory region where the phages of Peduovirinae can have one of two differ-

ent types of lysis-lysogeny switches. One, represented by phage P2, has a 

protein called C responsible for repression. The other, represented by phage 

186, has a more λ-like switch where the CI protein is needed for establish-

ment and maintenance and CII are needed for establishment of lysogeny (Fig 

4). Variations notwithstanding, the differences between phages within the 

Peduovirinae are small compared to phages within other established phage 

groups, such as the λ-like phages.  

 

Fig 5 The subfamily Peduoviri-

nae is further divided into P2-like 

phages and HP1-like phages. 

Within these genera we find 

phages with transcriptional 

switches of two types. Within the 

genera HP1-like phages there are 

so far only known to be phages 

with the 186-typ switch. Thus the 

reference to P2-like switches 

always refers to phages within 

the P2-like phages but the 186-

like switches might be found 

within both genera. 

 

The subfamily Peduovirinae is further divided into two genera, the P2-like 

viruses and the HP1-like viruses, based on gene similarity (Lavigne et al., 

2009)(Fig. 5). This division is taxonomic and gene correlation is constrained 

by a 40% identity criterion. From a functional genetic standpoint this divi-

sion adds little distinction to the subfamily as these 40% might as well be in 

the head morphology genes as in the regulatory region. In the papers of this 

thesis we have focused mainly on the P2-like phages P2 and phage 186. 

These two phages also contain the two types of transcriptional switches 

found within Peduovirinae. I will from now on sometimes refer to the differ-
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ent switch types rather than the genera. The two ways of dividing the sub 

family do by no means exclude each other but the 186–like switches are 

present both in P2-like viruses and the HP1-like viruses (See fig. 5 for depic-

tion of the two concepts). 

The specificity and distribution of Peduovirinae phages 

 

Little is known about the host preference and distribution of phages. The 

metagenomic sequencing effort being done will be very helpful in giving 

clues about the natural prevalence. But most of the data from those sources 

has yet to be analysed. The species directed sequencing is continuous but 

still biased towards pathogens. Most research on phage evolution and fitness 

is done in the laboratory and does not say a lot about effects in a natural en-

vironment. As no complete P2-like phage has been found in bacteria other 

than γ-proteobacteria, their general specificity is thus likely to be mainly 

restricted to this suborder (Nilsson et al., 2004). Genes from phages of the 

subfamily Pedouvirinae have been discovered in many different proteobac-

teria but it is unknown if they are acquired through lysogenic infection or 

through horizontal gene transfer.  

 

Most identified P2-like prophages have been found in E. coli. This could be 

due to the use of E. coli as a model system, which makes it a popular target 

for sequencing, and which also has given rise to diverse bacterial collections. 

A study on the prevalence of P2-like phages in ECOR (the E. coli Collection 

of Reference) demonstrated that almost 30% of the collection strains con-

tained P2-like prophages (Ochman and Selander, 1984)(Nilsson et al., 

2004)(manuscript 1).  

 

Another study on P2-like phages isolated from E. coli in various parts of the 

world revealed that these phages had a very high similarity in the late genes, 

showing that they were all close relatives to the type phage P2 (Nilsson and 

Haggård-Ljungquist, 2001). Although this result does not say anything about 

the general host preference of Peduovirinae phages, it does suggest that E. 

coli is at least one of the common hosts for P2-like phages. Peduovirinae 

phages with less similarity to the type phage are commonly reported to be 

found in Salmonella sp. (Kropinski et al., 2007).  
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The P2-like type-phage is not induced by UV or other DNA-damaging 

agents and the prophage only form plaques spontaneously (Bertani, 

1958)(Bertani, 1962). Many temperate phages are easily induced by e.g. UV 

that activates the SOS system of the bacteria. This means that, unlike the 

temperate phages that can be gathered by induction, free P2-like phages are 

hard to find even if you are actively looking for them. It is not an exaggera-

tion to say that we know little of the distribution of the P2-like viruses, less 

about the distribution of the HP1-like viruses and next to nothing about the 

diversity and distribution of these phages in natural environments. 

The gene expression of Peduovirinae phages 

 

In the P2-like phages, transcription is executed by the host RNA polymerase 

(RNAP) in an ATP driven manner. The bacterial RNAP is constituted of 

four subunits; two α-subunits, one β and one β’-subunit. These four subunits 

form the core enzyme (Darst, 2001). For promoter recognition an additional 

factor, σ, is needed. The σ-factor is an elongated protein that binds to the -35 

and -10 regions of the promoter enabling the formation of the first closed 

RNAP-DNA complex (Wilson and Dombroski., 1997). The essential genes 

of the P2-like phages are transcribed in two main steps; early and late tran-

scription. In the early transcription two mutually exclusive promoters regu-

late the decision between lysis and lysogeny. The lytic cycle initiates the late 

transcription. It occurs from four promoters in phage P2 and three in phage 

186 (Christie and Calendar, 1983)(Christie and Calendar 1985)(Portelli, 

1998). In phage P2, late transcription is dependent on an active replication 

and the expression of a transcriptional activator denoted, ogr (Christie et al., 

1986). Ogr and Ogr-like activators are thought to interact with the α-subunits 

of RNAP by upstream binding to the DNA (Wood et al., 1997)(Christie et 

al., 2003). In phage 186, late transcription is dependent on the Ogr analog B, 

but independent of replication (Kalionis et al., 1986)(Dibbens and Egan, 

1992).  

Initiation 

 

Initiation is the first step of transcription in prokaryotes. It is preluded only 

by the unspecific binding of RNAP to DNA. The σ-factor binds to the  
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Fig 6 Cartoon showing the different subunits of the RNAP initiation complex inter-

acting with DNA through the σ-factor. The β and β’ subunits are depicted in green, 

the σ-factor with its four intrinsic subunits in beige and the α-subunits connected 

through a DNA string with the α-CTD in dark blue. The boxes show the location of 

the binding sites on the DNA. Picture is modified from Browning and Busby, 2004. 

 

promoter by anchoring the RNAP helix-turn-helix (HTH) motif to the hex-

americ -35 region followed by a stabilizing binding to the -10 (Ghosh et al., 

2010). A consensus σ70 E. coli promoter is constituted of a -35 with the 

sequence TTGACA and a -10 with the sequence TATAAT. These two hex-

amers are separated by a spacer of 17 +/- 1 nucleotide. Deviations from these 

promoter sequences often lead to reduced promoter activity (McClure, 

1985)(Harley and Reynolds, 1987). At this stage, RNAP-binding can be 

further enhanced by UP-elements located downstream of the -35 region and 

recognized by the α-CTD of RNAP (Fig.6).  

 

Seven different σ-factors have been identified in E. coli, but the numbers 

vary greatly between other species and, depending on their specificity, they 

recognize different promoters and have different functions (Mooney et al., 

2005). Some are very stringent in their recognition while others can recog-

nize several different promoters allowing deviations from the perfect pro-

moter recognition sequence.  

 

σ70 is the most common σ-factor in E. coli. It is responsible for transcription 

of the housekeeping genes and is also the factor that poorly recognizes the 

late promoters of phage P2 (Darst, 2001). Since phage P2 utilizes the tran-

scriptional machinery of the host it has host-like promoter sequences. The 

consensus recognition sequence for the late gene promoters of the P2-like 

phages is T-gcg- at -35 and g-AaacT at -10. This phage consensus shows a 

low similarity to the bacterial consensus sequence, but transcription is en-
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hanced by a region centered at -55 that has proven to be essential for pro-

moter activity (Grambow et al., 1990)(Van Bokkelen et al., 1991). This en-

hancement of transcription occurs through RNAP recruitment by the tran-

scriptional activator Ogr (Christie et al., 2003). 

 

The establishment of the first complex leads to conformational changes in 

the DNA and the formation of the RNAP-DNA closed complex. This com-

plex is opened up by isomerization and separates the strands of DNA around 

the transcriptional start site, readying it for elongation (Perez-Martin et al., 

1994).  

Elongation  

 

The elongation starts when σ70 is released from the RNAP. Before that, only 

short abortive RNA transcripts are synthesized. Once the elongation com-

plex is established, the RNAP has a stable association with the DNA and 

elongation proceeds. The average speed of elongation in bacteria is estimat-

ed to be around 50 nt/s (Wagner, 2000), but the movement along DNA is 

discontinuous and often involves both pause sites and arrested sites. For a 

phage, fast transcription is one of the components of a rapid lytic cycle and 

thus a competitive advantage.  Slow transcription can have several causes 

such as hairpin structures in nascent transcripts, where the strength of the 

pause is dependent on the GC content of the secondary RNA structure. Low 

levels of NTP can also pause transcription and many phage proteins have an 

adjusted amino acid content that matches their hosts’. In addition to this, 

host factors such as the E. coli NusA can affect the speed of the transcription 

(Wagner, 2000). If transcription merely has paused, it will eventually resume 

without external factors, whereas the pausing caused by NusA can be active-

ly counteracted by NusG, another E. coli protein. When transcription is ar-

rested it has need for external factors to proceed otherwise it will terminate 

(Borukhov et al., 1993)(Stepanova et al., 2009). 

Termination 

 

When transcription is to be terminated, it happens either in a factor inde-

pendent or a factor dependent manner. The factor independent termination 

relies on transcriptional arrest due to a stable hairpin structure followed by a 

U rich RNA sequence. The weak interactions between U and A destabilizes 
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the DNA-RNA binding, which gives free RNA that is subsequently released 

from the polymerase (Lee et al., 1990). 

 

The factor dependent termination is, in most bacteria, based on the actions of 

the hexameric protein Rho. Rho binds to the rut site on the RNA, upstream 

of the termination site. Rut covers approximately 50 nt and consists of two 

unstructured binding sites (Grahan and Richardson, 1998). The primary 

binding occurs at rutA and the secondary at rutB. Once the association with 

RNA is established the RNA:DNA helicase activity of Rho is activated and 

it moves along RNA towards the RNAP-elongation complex at the 3’-end 

(Richardson, 1996). Once it reaches the RNAP it unwinds the strands lead-

ing to termination of transcription and dissolves the RNA-transcript from the 

RNAP in an ATP dependent reaction (Platt, 1986). 

Regulation of transcription 

 

The regulation of transcription occurs at all steps mentioned, but mostly at 

initiation or the early stages of elongation. The regulation is depending on a 

variety of different transcription factors and on the structure of the DNA. It 

is not uncommon for several transcription factors to work in concert, or for a 

protein to auto-regulate itself, or for a protein to have effect on multiple 

promoters. Most transcriptional regulators form even numbered oligomers 

when they bind to DNA, often to inverted repeats (Wagner, 2000). The most 

common DNA binding motif is the helix-turn-helix (HTH) structure. 248 of 

314 transcriptional activators in E. coli use it (Pabo and Sauer, 1992)(Perez-

Rueda and Collado-Vides, 2000). Both the C and CI immunity repressors of 

P2 and 186 bind their operators with a HTH-motif (Shearwin et al., 

2002)(Manuscript 2). The motif consists of two α helices connected by a 

turn region often containing a glycine at the second position to create the 

sharp 120 degree bend needed for optimal binding. The first helix of the 

motif is stabilizing the DNA interaction whereas the other binds to the major 

groove of DNA. The core of the helix is often hydrophobic. (Aravind et al., 

2005)(Harrison et al., 1990) Other common DNA binding motifs are the 

zinc-finger and the leucine zipper (Pavletish and Pabo, 1991)(Ellenberger, 

1992). 

  

To wrap around the RNAP the DNA needs a 60 degree curvature. (Perez-

Martin et al., 1994) Most intrinsic sharp bends of DNA are placed after pro-
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moters (Wagner, 2000) since affecting the curvature of DNA is an effective 

way of regulating transcription.  

 

Transcription factors are often a product of a long chain of events and could 

be the direct response to an environmental change for the bacteria, a timed 

signal allowing the expression of a new set of genes, or a self-regulating 

protein maintaining a steady supply of certain proteins. 

 

Most repressors bind to operators overlapping the promoter sequences or 

bind directly downstream of them, but some also bind at upstream locations. 

The most common method of repression is steric hindrance, which occurs 

when the repressor-DNA complex have a higher affinity than the RNAP-

DNA complex. But repression can also occur by preventing formation of the 

open complex, through direct interaction with the RNAP or through bending 

of the DNA (Wagner, 2000)(Rojo, 2001).   

 

Most activators bind upstream of the RNAP. They can act by recruiting the 

RNAP to the DNA, by stabilizing its binding, by enabling formation of the 

open complex, or by bending the DNA in such ways that it is more easily 

accessible (Ptashne and Gann, 1997)(Wagner, 2000)(Ptashne and Gann, 

2002). 

Genome and genome organisation of the Pedouvirinae 

phages 

 

The genome of the Peduovirinae phages can be divided into two blocks of 

genes; the early genes and the late genes. In addition to this division there 

are genes that lie under their own promoters. These genes often have a dis-

parate AT content, are presumed to be horizontally acquired, and cause lyso-

genic conversion of the host (Juhala et al., 2000)(Fig. 7). 

 

The genes that regulate the lytic-lysogenic pathway are part of the early 

genes. In a P2-phage only C and, to some degree int, the transcripts of the 

operon initiated at promoter Pe, are expressed in the lysogenic cycle. The C 

protein maintains the lysogenic state and suppresses the expression of the 

remaining phage genes, except for the lysogenic conversion genes that often 

have their own promoters. The remaining early genes consist of an operon of 
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9, 12 and 11 genes in P2, 186, and HP1 respectively (Bertani and Bertani, 

1971)(Portelli et al., 1998)(Nilsson and Haggård-Ljungquist, 2006)(Esposito 

et al. 1996)(Table 1). The expression of this operon initiates the lytic cycle 

mainly by enabling excision from the bacterial genome (through Cox in P2 

and through Apl in 186) and through the initiation of replication (through A 

in P2 and through rep in 186) (Esposito and Scocca, 1997)(Liu et al., 

1993)(Sivaprasad et al., 1990).   

 

 

 

Fig 7 Gene maps of phage P2, 186 and HP1 of the Peduovirinae. Lines connect 

genes with sequence similarity. The green coloring represent the late genes and the 

blue coloring the early genes. The colored boxes mark genes with a different AT 

content and no known similarity to other phage proteins. Gene function is listed in 

table X and X. The figure is based on unpublished data from Anders Nilsson.   

 

Late transcription is initiated after the early genes have been expressed and 

replication has started (Table 2). In P2 and 186 the expression of genes ogr 

and B, respectively, control the initiation of late transcription. They act on 

the late promoters, activating transcription through a zink-finger domain 

present in several other Peduovirinae phages as well, however no similar 

protein has been found in e.g. HP1 suggesting an alternate mechanism in 

those phages (Birkeland and Lindqvist, 1986)(Dibbens and Egan, 1992)(Lee 

and Christie, 1990)(Christie et al 1986)(Esposito et al., 1996). The Ogr-like 

proteins does presumably interact with the α-domain of the RNAP in the 

same manner as Ogr in P2 (Fujiki et al., 1976)(Ayers et al., 1994)(Sunshine 

and Sauer, 1975) 
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The regulatory region and early genes 

Gene   Function of the gene product 

P2 186 HP1  

 69   

Int Int Int Integrase 

C   Lytic repressor 

Cox   Lysogenic repressor 

 CI CI Lytic repressor 

 apl cox Lysogenic repressor 

 CII  Transcriptional activator 

  5  

  6  

  7  

  8  

  9  

78   Lethal to host 

 fil  Inhibitor of host cell division 

 dhr  Inhibitor of host replication 

B   Helicase loader 

80 79  Lethal to host 

81    

82 80  Lethal to host 

 81   

83 83   

 84   

A A rep Initiation of replication 

  10  

  11  

  12 Putative DNA binding protein 

  13  

  14  

91    

Tin   Lysogenic conversion 

old   Lysogenic conversion 

 Tum  Antirepressor of CI 

 Tum  Antirepressor of CI 

 Tum  Antirepressor of CI 

 Tum  Antirepressor of CI 

 97  Supply in trans blocks 186 infection 

    

 

 

 

Table 1 
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The late genes 

Gene   Function of the gene product 

P2 186 HP1  

Q 2 15 Capsid portal protein 

 w  Similar to gene 186 12 

P 12 16 Large terminase subunit 

O V 17 Capsid scaffold 

N T 18 Major capsid precursor 

M R 19 Small terminase subunit 

L Q 20 Capsid completion 

X 23  Tail 

Y 24  Lysis- holin 

  21  

  23 Tail sheath 

  24 Tail tube 

  Hol Lysis- holin 

K P Lys Lysis- endolysin 

Lys   Lysis 

  25  

LysB 27  Lysis- timing 

LysC 28 26 Lysis (signal peptide) 

R N  Tail completion 

S O 22 Tail completion 

30    

V 32  Tail spike 

W M  Baseplate 

J L  Base plate/tail fibre 

  28  

  29  

I 38 30 Tail 

H K 31 Tail fibre 

G 45 32 Tail fibre assembly 

Z/fun   Lysogenic conversion 

FI J  Tail sheath 

FII I  Tail tube 

EE H  Tail protein 

E H  Tail protein 

T G 27 Tail 

U F  Tail 

D D  Tail 

  33  

  34  

  35  

Ogr B  Late promoter activator 

 

 

 

 

Table 2 
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The genetic switch in detail 

 

The lytic-lysogenic switch of the Peduovirinae phages is interesting from an 

evolutionary standpoint because it has an intrinsic regulation necessary for 

the survival and proliferation of the phage (Karlsson et al, 2006). Single 

mutations in the switch region may potentially result in a high impact on 

phage fitness. It can be hypothesized that the key function of the switch has 

resulted in a structural rigidity that does not change easily over time. Ac-

cordingly, the switch may be better suited for evolutionary studies than other 

parts of the phage genome.  

The lytic-lysogenic switch has a rigid gene organisation 

 

The lytic-lysogenic switch can be expressed in two directions that are mutu-

ally exclusive. Either the switch induces expression of a tyrosine recom-

binase, denoted Int in P2, and an immunity/lytic-repressor protein, denoted C 

(Groth and Calos, 2004)(Frumerie et al. 2005). The recombinase together 

with a host factor (IHF) mediates site-specific integration into a short and 

phage-specific stretch of bacterial DNA. The cross-over region is called attP 

in the phage and attB in the bacteria. The lytic repressor protein prevents the 

expression of most of the phage proteins and allows the temperate phage to 

lie repressed in the bacterial genome (Nilsson and Haggård-Ljungquist, 

2007). The lytic repressor also confers immunity to related phages by bind-

ing to operators in the genomes of superinfecting phages thus preventing 

their propagation and lysis (Lindahl, 1971)(Westöö and Ljungquist, 1980). 

In many phages, lysis is induced through the activation of the SOS-system of 

the host (λ, 186, ΦCTX) and the lytic promoter is de-repressed either 

through RecA dependent autocatalytic cleavage or LexA anti-repression, but 

in P2 the lytic repressor is a homo-dimer without a known anti-repressor, 

and not susceptible to UV- or Mitomycin C- induction (Ptashne, 

1992)(Lamont et al., 1989)(Brumby et al., 1996)(Bertani, 1968). No func-

tional equivalent of the Tum gene of phage 186 has been found in P2, and 

Tum does not act on phage P2. But the P2 C gene has been shown to be de-

repressed by another phage gene, ε, of satellite phage P4. ε forms multimeric 

complexes with P2 C and interferes with its binding to DNA, thus enabling 

the lytic cycle (Geisselsoder et al., 1981)(Liu et al., 1997)(Liu et al., 

1998)(Six and Lindqvist, 1978).   
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Fig 8 A schematic picture of the promoter operator regions of phage P2, HP1 and 
186. The red and green boxes show the RNAP binding-sites of the lytic promoters, 
and the yellow boxes the RNAP bindin- sites of the lysogenic promoter. The black 
under lining shows the operator binding sites of the immunity repressors, with the 
arrows indicating the direction of the repeats. The light grey underlined areas are 
the binding sites of the Cox/Apl. The picture is modified from fig. 25-10 in Nilsson 
and Haggård-Ljungquist, 2006.  

The lysogenic repressor (denoted Cox in P2) is always in competition with 

the immunity repressor whose expression flicks the transcriptional switch in 

the other direction. The lysogenic repressor has dual functions, it acts as a 

repressor of the lysogenic promoter, this prevents the establishment of lyso-

geny, and it is a directionality protein, necessary for excision of the phage 

(Dodd et al., 1993)(Reed et al., 1997)(Haggård-Ljungquist et al., 1994)(Saha 

et al., 1987b).  

 

The lytic and lysogenic promoters are positioned in a face to face position in 

all known Peduovirinae phages and their transcripts overlap each other with 

at least 35 bp (phage P2) (Ahlgren-Berg, 2009)(Esposito et al., 1997)(Dodd 

et al., 1990). This allows only one promoter at a time to be active. In phage 

P2, the multifunctional lysogenic repressor recognises a sequence of 9 bp 

repeated at least 6 times at its different targets (Lewis and Hatfull, 

2001)(Saha et al. 1987a)(Yu and Haggård-Ljungquist, 1993a)(Reed et al. 

1997). One of the binding sites of the lysogenic repressor is located at the 

very start of the lysogenic transcript, directly preventing expression. In a 

similar manner the lytic repressor most likely acts as a steric hindrance and 

represses the lytic transcript (Fig. 8).  
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Due to the complex interactions of the regulatory proteins most recombina-

tion events within the switch region of the Peduovirinae phages are disrup-

tive and lead to loss of phage function. Horizontal transfer of the switch by 

recombination during co-infection is only likely to occur between closely 

related phages, probably mostly between phages of the same immunity class, 

or when the switch is relocated as an entity (Karlsson et al., 2006). Thus the 

change from a 186-like switch to the more simple P2-like switch, or the oth-

er way around, could be considered a pivotal moment in the evolution within 

the Peduovirinae. The amino acid sequence of the integrase associated with 

each switch type is still conserved in stretches, showing a similarity that is 

harder to perceive in the other switch proteins, suggesting a common origin 

of the integrases (Argos et al. 1986)(manuscript 1).  

The proteins of the lytic-lysogenic switch 

 

In P2 the immunity repressor is denoted C and the lysogenic repressor Cox. 

Their equivalents in 186 are called CI and Apl respectively (Dodd et al. 

1990)(Fig. 4). In HP1 the proteins are similar to 186 but are denoted CI and 

Cox. The P2 C protein is a globular homodimeric protein of 99 amino acids 

divided on five alpha helices where helix three is part of the DNA-binding 

HTH motif (Liu et al., 1998)(Renberg-Eriksson et al., 2000)(Manuscript 2). 

It forms stable dimers in solution but, since it is a small protein that binds to 

a direct repeat more than a helical turn apart, it is thought to bind to DNA 

using two dimers (Henriksson-Peltola et al., 2007)(Liu and Haggård-

Ljungquist, 1999)(Ljungquist et al., 1984)(Renberg-Eriksson et al., 2001). 

The CI protein is almost twice the size of C, and divided into two major do-

mains (Kalionis et al., 1986). CI is also predicted to bind to DNA using a 

HTH motif. CI recognises inverted repeats and is thought to interact with 

DNA with one of its domains whereas the other is presumed to be responsi-

ble for oligomerization and cooperativity (Shearwin et al., 2002). CI does 

not only interact with the promoter of lysis, but does also control expression 

of protein B, responsible for late transcription activation, and the expression 

from promoter PE (Dodd and Egan, 1996). Despite their differences, both 

protein types are similarly responsible for maintenance of lysogeny.  

 

The Cox proteins are well conserved within the immunity classes, inferred 

from the amino acid sequences of the C protein, but it is very varied between 

these groups with few conserved amino acids (Karlsson et al., 2006). In 
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Cox/Apl the variation of the proteins is almost as big within the two different 

types of switches as between them (manuscript 1). At excision, Cox acts 

cooperatively together with Int and IHF at the attL site on the bacterial DNA 

(Frumerie, 2005). The same amount of Cox that is needed for excision does 

effectively block integration by binding to attP (Yu and Haggård-Ljungquist, 

1993a). 

 

The 186-like phages use an additional switch-protein for establishment of 

lysogeny, CII. This protein has no known equivalent in P2 and though the 

same mechanism is found in phage λ, there is no sequence similarities be-

tween the two phage proteins (Lamont et al. 1993)(Dodd and Egan, 1996). 

The CII protein is part of the lytic transcript but promotes lysogeny.  

 

The integrase of phage P2 is a tyrosine recombinase of 337 amino acids that 

binds to the bacterial DNA at a site, denoted attB. In the phage P2 genome 

the attP consists of a core with two inverted repeats that are highly similar to 

the integration site of the bacteria, attB, and flanking arm binding sites. The 

core region differ between diverse P2-like phages, but the arm binding sites 

has a consensus sequence of tgTGGaCa inferred from a number of P2-like 

phages. The integrases are fairly conserved over all known P2-like phages, 

but show a distinct difference in the N-terminal depending on if they belong 

to the P2-like type or the 186-type of switches (Yu and Haggård-Ljungquist, 

1993b)(Yu et al., 1989)(Bertani, 1970)(Manuscript 1).  

Promoter activity 

P2-like phages 

C and Cox respectively control the promoters Pe and Pc. The immunity re-

pressor, C, lies first in the transcript started at Pe. The C protein can auto 

regulate its expression both positively and negatively (Saha et al., 

1987a)(Saha et al., 1987b). It is thought to interact with the RNA-

polymerase at low concentrations and thereby enhance expression, while at 

high concentrations the polymerase gets hindered, possibly sterically (Saha 

et al., 1987a). No other binding sites of the C repressor have been found and 

it should thereby be possible to exclude the effect of distant promoters on the 

genetic regulation of the switch (Ljungquist et al., 1984)( Henriksson-Peltola 

et al., 2007).  
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The Cox protein is multi-functional; it is both a repressor of the Pc promoter, 

an activator of the late promoter in phage P4 (Yu and Haggård-Ljungquist 

1993a). Cox has been shown to negatively auto regulate Pe, but not to the 

same extent as C auto-regulates its promoter (Saha et al., 1987b). The Cox 

protein of P2 binds to six 9 bp repeats located over the Pc promoter and to 

the phage chromosomal attachment site, attP.  

186-like phages 

The switch in phage 186 is slightly more complex than the one in P2. It con-

tains two opposing promoters PR and PL. During lysis the lytic promoter is 

active and the first gene in the lytic transcript is Apl that represses the lyso-

genic promoter (Dodd et al., 1990). During lysogeny the lysogenic promoter 

PL is active, allowing expression of the immunity repressor CI, which in turn 

represses the lytic promoter PR. The lytic promoter, PR, is approximately 

twenty times stronger than the lysogenic, PL, and yet lysogeny can be estab-

lished (Dodd et al., 1990)(Neufing et al., 2001). The production of CI at 

establishment of lysogeny is made possible by promoter PE located upstream 

of the Apl gene. PE allows PR transcription at the same time as CI is ex-

pressed and it is activated by CII that is part of the lytic transcript. It acts as a 

transcriptional activator on promoter PE, located between Apl and CII, thus 

increasing the expression of CI. As the level of CI rises, it represses the lytic 

promoter and the PE promoter (Neufing et al., 1996)(Neufing et al., 2001). 

Induction of phage 186 is made possible through the phage encoded protein 

Tum that is sensitive to SOS-activation. Tum acts as an anti-repressor of CI 

and allows for transcription of the lytic genes (Shearwin et al., 1998).   

HP-1 

The regulatory region of HP-1 is not as well studied as the ones in P2 and 

186. The proteins share similarity to the ones of the 186-switch type, but 

there is no known CII like activator and HP1 has an additional early promot-

er controlling the lytic transcript. The two lytic promoters are denoted PR1 

and PR2, but PR1 is weak and its role in vivo is suggested to be minor. HP1 C 

binds two operators located over the PR2. The Cox protein is multifunctional 

and it binds to cox-boxes located downstream of the –10 region of the lyso-

genic promoter, PL. The lysogenic and lytic promoters are of equal strength, 

but the expression from the lysogenic promoter is significantly reduced in 

the presence of the proteins from the lytic transcript. HP1 Cox does not auto-

regulate its own expression in the manner that Apl and Cox do in 186 and P2 

(Esposito and Scocca, 1997)(Esposito et al., 1997). 
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The switch between lysogeny and lysis in phage P2 

 

If a susceptible E. coli host culture is infected by phage P2, between 5 and 

50% becomes lysogens and survives (Bertani, 1957). This can partially be 

explained by the fact that the Pc promoter is five times weaker than the Pe 

promoter. But in vivo experiments, using a plasmid assay system,  show that 

the transcriptional switch settles on lysogeny approximatly 60% of the times 

and once the phage is integrated in the bacteria it is a very stable condition, 

there is less than 10
-5 

bacteria per generation that spontaneously lyses (Saha 

et al., 1987a)(Bertani, 1962). Even if the C protein is inactivated, only 1% of 

the prophages lyse and the rest of the bacteria die, probably due to phage 

replication without previous excision (Bertani, 1968). Thus the low frequen-

cy of lysis is partly due to levels of integrase. Int lies after C and is the se-

cond and last gene of the Pe transcript. The integrases of the P2-like phages 

can often promote integration into different sites on the chromosome, and as 

long as they are of different immunity classes nothing stops superinfection 

(Barreiro and Haggård-Ljungquist, 1992). Two phages could theoretically 

integrate at the same site, but if two P2-like phages are integrated in tandem 

this results in a re-creation of attP flanked by attL and attR. This leads to a 

highly unstable situation as the recombination frequency between attP and 

attB is as high as the one between attP and attR which is likely to lead to the 

excision of the right phage as long as Int is expressed strongly enough to 

promote integration or excision (Bertani, 1971).  

The expression of Int and the paradox of phage P2 lysis 

The integrase of prophage P2 is expressed at a very low frequency; the levels 

are not detected in vivo. If integrase is added in trans to a prophage with 

inactivated C the frequency of lysis rises 100-fold (Ljungquist et al., 1983). 

High continuous expression of int would destabilise the prophage. When Int 

is supplied in trans to a prophage with active C expression it has been shown 

to increase the spontaneous phage production 10-fold (Ljungquist et al., 

1983). There are several reasons for a low integrase expression. Firstly, there 

is a partial termination signal between C and int that reduces the transcrip-

tion with about 70% (Yu et al, 1994) and at the integration into the bacterial 

chromosome, int is separated from its transcriptional terminator which may 

affect RNA stability (Yu et al., 1989). Secondly, there is structural hindrance 

of translation both through a RNA stem loop structure at the ribosomal bind-

ing site and, more common, due to the binding of Int to its own mRNA (Yu 

et al., 1994)(Fig. 9). The integrase does not act effectively upon DNA unless 
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Fig 9 This drawing of the transcriptional switch in phage P2 shows the differences in 
gene expression depending on what stage the phage is in. As a free phage that has 
chosen the path of lysogeny both C and Int are expressed and enables integration. As 
a stable prophage C is still expressed and represses Pe, but the expression of Int is 
lower due to the loss of its termination signal. Once the prophage has switched to the 
lytic cycle only Cox is expressed.   

it is at an optimal concentration (Yu and Haggård-Ljungquist, 1993b). When 

entering the bacterial chromosome the integrase acts together with IHF (in-

tegration host factor) that assists in bending the DNA while it is cleaved and 

rejoined by the recombinase.  
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Cox, together with Int and IHF, is needed for excision. So far there is no 

good explanation for how two proteins, expressed from mutually exclusive 

promoters, can be present at the same time. A possibility that would greatly 

enhance the ability of Cox and Int to coexist would be a specific Int promot-

er, but no evidence of such a promoter has been found (Yu and Haggård-

Ljungquist, 1993a). In phage λ an additional host factor, Fis, enhances the 

frequency of excision (Ball and Johnson, 1991a)(Ball and Johnson, 1991b). 

Fis has shown no effect on P2 excision, but another host protein could be 

responsible for a similar effect. Thus, the most likely explanation for the 

coexistence of Int and Cox during excision is that the integrase, during cer-

tain conditions, is stable enough to persist during the switch from lysogeny 

to lysis. What contradicts, but does not offset, this theory is that temperature 

? 
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sensitive prophages, when derepressed, produces less than 1% viable proge-

ny due to levels of integrase insufficient enough to promote excision (Ber-

tani, 1968)(Saha et al., 1987b). Yet, even if the phage production is indeed 

low under these conditions, the normal level of spontaneous phage produc-

tion in P2 is three orders of magnitude lower. 

 

The low production of the integrase prevents some excision events but yet 

the main mechanism in control of induction lies in the derepression of Pe and 

the susequent expression of Cox. The switch is stable and does not easily 

shift between its two states. The shift from C expression to Cox expression 

occurs only with a frequency of 10
-6

 after overnight growth in a plasmid 

system containing the transcriptional switch (Saha et al., 1987b). The switch 

is also unaffected by the SOS system (Bertani, 1958). Is P2 a prophage that 

follows its bacterium’s faith to death? Studies show that protein-protein in-

teractions are not uncommon among the genes of regulatory switches. An 

example of this is found in P2 where the gene ε of phage P4 derepresses P2 

C and activates the lytic pathway (Liu et al., 1997). Another example is 

found in phage P1, where a pair of anti-repressors is expressed, that together 

act on the lytic repressor (Riedel et al., 1993). The crystal structure of P2 C 

revealed that it has a flexible 14 bp C terminal end that is not involved in 

DNA binding. Several amino acids in this region are conserved in P2 rela-

tives but it has no known function in the system described above (manuscript 

2). The putative derepression of the P2 prophage could be by an unknown 

protein interacting with residues in the flexible tail. 
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Present investigation 

Aim 

 

The aim of this work is to gain a deeper knowledge of the mechanisms and 

driving forces behind phage distribution and host specificity by looking at 

phage genomes and the regulatory switch in particular. The thorough studies 

that have been executed on P2-like phages form a good starting point for 

drawing a greater picture where gene function and evolution is connected. I 

also strive for insight in the genetic mechanism behind phage lysogeny 

through studies of the immunity repressor C and its DNA interactions. 

Methods  

Changing DNA sequences of proteins and operators 

 

The gene coding for the C protein was mutated either at a single, or at multi-

ple positions at the same time, using site directed mutagenesis. The desired 

mutations were located on primers used to amplify whole plasmids. The 

reactions were set up according to the user manual of the QuikChangeMul-

tiSiteDirectedMutagenesis kit (Stratagene). This method was used both for 

the alanine scanning and the truncation of the C protein.   

Evaluation of immunity repressor activity 

 

To evaluate promoter efficiency in vivo we used a complementation assay 

where a plasmid expressing the C protein was transformed into E. coli cells. 

The transformed cells were mixed with free phage particles. Production of 

active C protein should provide immunity to infection by the phage and thus 

no lysis and no plaque formation. Mutations in the C gene may inactivate the 

protein and make it possible for an infecting phage to lyse the cell. The 

plaque formation by mutated C proteins is compared to the number of plaque 
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occurring in the absence of the plasmid expressing the C protein and with 

expression of wildtype C. 

Determination of promoter activity 

 

A chloramphenicol acetyl transferase-assay (cat-assay) is a quantitative in 

vitro enzyme assay based on the ability to acetylate 
14

C-labeled chloram-

phenicol. We used it with the Pe promoter linked to the chloramphenicol 

acetyl transferase (cat) gene that gives chloramphenicol (cam) resistance. If 

the C protein is active it will repress the Pe promoter and no acetylation oc-

curs. Mutations in the C protein that affects its operator binding allow the 

promoter to express cat and the bacteria becomes cam resistant. The differ-

ent acetylated forms was separated by thin layer chromatography and detect-

ed with 
14

C-chloramphenicol (Gorman et al, 1982). 

Protein-DNA interactions 

 

Electrophoretic mobility shift assay (EMSA) was used to analyze native 

proteins binding to DNA. Protein-DNA complexes are studied electrophoret-

ically. We amplified the operator region of P2 C and mixed it with protein C. 

If the protein binds to DNA it forms a complex that migrates slower through 

the electric field and can thereby be registered as a separate band when visu-

alized by staining the gel.  

Detection of prophage DNA by DNA-DNA hybridisation 

 

Roche DIG High Prime DNA Labeling and Detection Starter Kit II (Roche) 

was used to label PCR amplified probes from three diverse parts of the 

phage. Zeta-Probe membranes where loaded with purified DNA from 

ECOR, SARA and SARB reference collections of bacterial strains. Probe 

hybridization was performed according to user manual. This method allows 

for a sensitive visualization of single genes through chemiluminescence. 
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Protein-protein interactions 

 

Protein-protein interactions were detected with the yeast-two-hybrid system 

based on Gateway vectors. The bait and prey were cloned in two different 

plasmid vectors each containing complementing parts of the transcriptional 

activator Gal. One vector contained the binding domain, Gal BD and the 

other the activating domain Gal AD. If there is protein interaction the two 

domains are brought together and the lacZ gene, controlled by active Gal, is 

expressed. The expression of -galactosidase, encoded by the lacZ-gene is 

detected by X-gal assays. 

Phylogenetic analyses 

 

In phylogenetic analyses the choice of method is dependent on the complexi-

ty of the data and the hypothesis. But no matter what method used, relation-

ships are always established through evaluation of the similarities of the 

taxa. All phylogenetic analyses depend on the quality of the data.  

 

One of the most common algorithms used is neighbour-joining. It is a clus-

tering method that calculates the distance between each pair of taxa. It joins 

the ones with least distance, and ads them as a node on the tree. The distanc-

es to this new node is calculated for the members of the pair and for each of 

the taxa not included in the pair. When this is done, the paired taxa are con-

sidered as one and a new matrix is calculated, thus creating the branches. 

 

Another method often used is that of maximum parsimony. The preferred 

tree according to this method is the shortest tree one that uses the least num-

ber of character changes, measured over all characters and taxa, to explain 

the data. The number of possible trees increases exponentially with the num-

ber of taxa. Maximum parsimony is based on discreet characters and thus 

works best on e.g. nucleotide or amino acid sequences. It can also be used on 

morphological character states. The character matrix can be visualized as 

one or more optimal trees likely to show the shortest paths of evolution. The 

likelihood of the shortest tree being the true tree is dependent on its position 

in the frequency distribution of the overall tree lengths generated. If the 

shortest tree is notably shorter than the next shortest tree in the distribution it 

is probably true, but if there is a cluster of many trees of similar length the 
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likelihood of generating the one true tree through phylogenetic analyses is 

not as high.  

 

Identical characters in the matrix that have either arisen independently or are 

the result of recombination between taxa are called homoplasies. Noise from 

homoplasy can obscure the evolutionary signal which is why a stable tree is 

easier to achieve if there is a high number of homologous characters, which 

distinguishes each taxa from the others.  

 

An exhaustive search i.e. measuring the branch lengths of all possible trees, 

is always preferred but a matrix containing many taxa and characters can 

give a very large number of possible trees. To reduce the computational ef-

fort needed, less time-consuming algorithms can be employed with good 

results. For instance, the branch and bound algorithm creates a random tree 

and reshuffles the branches while saving the shortest tree in memory. This 

method saves computational effort by rejecting the solutions that leads to 

longer trees than the one saved in memory. The flaw with this method is that 

it will not find the shortest tree if the way to it leads through several longer 

trees. Another problem with the maximum parsimony method is the tenden-

cy for long-branch attraction, where unrelated taxa, that only share a high 

degree of substitutions, show a tendency to be grouped together. This prob-

lem can be partially avoided with alternative methods as Maximum Likeli-

hood or Bayesian inference. These methods are model based, which means 

that there is an assumption about the development of the characters and thus 

about the set of character distributions from which the particular data is 

sampled. A common way of evaluating the stability of phylogenetic trees is 

to run several analyses, with alternate methods, on the same data. If the re-

sulting tree is the same it suggests a strong evolutionary signal. 

 

A parsimonious tree in itself says nothing about the probability of the rela-

tionship between the taxa. A model based tree represents the highest proba-

bility given by the model. If the number of taxa is very large it may be the 

only time each branch has a relative position. To evaluate the support of a 

tree in the character matrix a method called bootstrapping is commonly used. 

Bootstrapping is a straightforward method to get several matrices from the 

same data; it randomly creates mew matrices by sampling the dataset. The 

emerging trees are saved and subsequently assembled to provide a consensus 

tree, containing numbers showing the occurrence of this distribution of the 
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branches. The values show the support in percentage for each branch to have 

that particular position independently of how the data is sampled.  

 

The phylogenetic and bioinformatic analyses we have done were carried out 

in PAUP* (Swofford, 1999), ClustalW (Thompson et al. 1994), JPRED 

(Cuff et al. 1998), Rev-Trans 1.4 (Wernersson and Gorm Pedersen, 2003), 

helix-turn-helix from the EMBOSS package and Jalview (Waterhouse et al. 

2009). The data were assembled from Genbank using Tblastn and Blastp at 

the National Centre for Biotechnology Information website. We did amino 

acid alignments and modelled the nucleotide alignments on them in case 

they differed initially. The alignments were analysed phylogenetically with 

the highest possible accuracy allowed by the data set, in most cases maxi-

mum parsimony, using the branch and bound or heuristic search algorithm, 

and then subjected to bootstrapping with 1000 replicates where branches 

with less than 50% support were collapsed. The MP trees were complement-

ed by neighbour-joining analyses. The secondary structure predictions were 

based on the same alignments as the trees. 
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Results and discussion 

 

Paper I 

Phylogenetic Structure and Evolution of Regulatory Genes and 

Integrases of P2 like phages 

 

 

Phages have been studied on a genetic level ever since their discovery and 

much is known about the functions of genes and the effect of the individual 

phage on their host. But little is known about these interactions in natura. 

Previous studies have shown that P2 like phages have a high prevalence in 

E. coli. We decided to expand this study and let it involve two collections of 

Salmonella as well as three different but very well investigated P2-like 

phages. The knowledge of a phage’s actual distribution is the first step to 

answering why it has become so successful.  

 

We performed a phylogenetic study of the regulatory switches of 28 phages 

and prophages and propose an alternative taxonomic division based on the 

regulatory switch as this functional module is indispensable for phage viabil-

ity. Our studies suggest that the characteristics of the switch regions do not 

bridge the gap between our suggested classes and the division into P2-like 

and 186-like phages is thus a plausible complement to the classification sug-

gested by the ICTV. 

 

The regulatory switch of the P2-like phages is well conserved in many ways 

but it comes in two types; the variant represented by phage P2, where the 

switch contains genes Int, C and Cox, and the type represented by phage 186 

where the proteins that are functionally corresponding to the P2-like switch 

is called Int, CI and Apl. The 186-like switch also contains an additional 

protein called CII, needed for establishment of lysogeny.  

 

We did database searches for new P2-like phages and prophages, as well as 

used the previously known complete phages, and annotated all phages to 

verify that they belonged either to the P2-like or the 186-like classes. To 

establish the internal relationships of these phages we made separate align-
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ments of each of the three complementary genes and analysed it under max-

imum parsimony criteria in PAUP*.  

 

When comparing the resulting trees we could see that their likeness was 

sometimes affected by possible recombination events, but the 186-like and 

the P2-like groups were uncompromised in relation to each other. The same 

analyses on some of the late genes showed that the effect of putative recom-

bination was greater in this region both in relation to the classification sug-

gested by us or by the ICTV. Thus the class conservation of the switch is 

probably not due to lack of possibility to recombine between groups, even 

though the region is further protected by its differentiation. Instead the lack 

of recombination is probably owing to functional failure, due to the intrinsic 

regulation of the switch, when this event occurs. Further proof of the divi-

sion of the switch types was found on sequence level when we studied the 

arm binding sites of the integrase. We noticed that the two direct repeats of 

the integrase arm binding DNA sequences of the P2-like type  had a consen-

sus sequence of tgTGGaCa and the 186-like type cCGCCA. 

 

In addition to defining the two different types of switches we also found 

three new integration sites for the P2-like type in E. coli and six new putative 

immunity classes of the C protein.  

 

Our phylogenetic studies of the Apl and Cox showed that they fell into four 

different groups and that these groups corresponded to four different second-

ary structures predicted by JPRED. We could also note that the host spec-

trum of the P2-like phages was spread over several γ-proteobacteria and the 

different classes did not seem to affect host preference, an observation that is 

not in agreement with previous studies.  

 

In this study we also used phage P2, phage 186 and Fels-2 to look at the 

phage distribution in vivo. From the start we knew that P2 was widely pre-

sent in the E. coli collection and that P2-like phages have been isolated from 

a variety of γ-proteobacteria, including Salmonella sp.  

 

To gain further insight in their distribution we amplified genes from each 

phage, and in order to be able to compare with the previous study, we also 

used whole genomic DNA from P2. We analysed the presence of the two 

prophages on ECOR, SARA and SARB strains through DNA-DNA hybridi-

zation. 
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When we hybridized the E. coli collection with the whole genome P2 probe, 

the results corresponded to the previous study (Karlsson et al., 2006). When 

the P2 genome was hybridized against the Salmonella libraries it seemed as 

though phage P2 was almost as prevalent in Salmonella as in E. coli. On the 

controls we saw that the hybridization with whole P2-genome DNA also 

gave hits against the control DNA of phage 186 and Fels-2. This was not the 

case when we hybridised with only the shorter length DNA probes. The re-

sult from these hybridizations showed the same pattern in E. coli as the 

whole genome probes, but against the Salmonella strains the response was 

much lower. This indicates that a common phage in E. coli is indeed some-

thing very similar to P2, while most P2-like phages in Salmonella are more 

disparate.  

 

Hybridising with the genes from phage 186 gave only a few hits in the 

strains from both the Salmonella and E. coli collections. Thus, 186 either has 

another preferred host than E. coli or Salmonella, or it has a much more scat-

tered distribution as a prophage and is thus less prevalent in our screen. 

 

With this result in mind it was interesting to start probing with the other P2-

like phages. The Fels-2 prophage was almost as common in Salmonella as 

P2 was in E. coli, but Fels-2 was also only slightly less prevalent in E. coli. 

The response from the P2 whole genome hybridisation against the Salmonel-

la strains did not completely match the hits from the phage Fels-2 hybridiza-

tion, indicating unknown P2-like phages or DNA.  

 

Overall, we could not observe any phage preference for different bacterial 

serotypes of for pathogens among the bacterial strains. The host specificity 

seems not to be particularly strict between E. coli and Salmonella.  

 

Future perspectives 

As the different immunity classes in many cases seem to have evolved from 

each other it would be interesting to compare their DNA binding capacity as 

well as their fitness. Fitness could be assessed in competitive chemostat ex-

periments comparing the quantitative proliferation of prophages and free 

phages of different immunity classes within and between different integra-

tion sites. This experiment could be expanded by using PCR shuffling to 

identify maximised switch efficiency.  
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To expand this work, it would be interesting to sequence some of the ampli-

fied regions from the Salmonella and E. coli strain collections and document 

the variations. The phages collected from GeneBank show no tendency to-

wards host co-evolution in the switch or in the late genes. But the hybridiza-

tion studies speak a slightly different language as phage P2 seems to be more 

common in E. coli than Salmonella. Will the prophages detected in Salmo-

nella be different from the ones in E. coli or is the barrier of host strain not 

strong or specific enough to create that kind of diversity?  

 

To continue the theoretical studies on the distribution it would be interesting 

to collect a larger material and look for geographical distribution patterns or 

to take a broader view on host specificity. For example there are many un-

known genes of no specific function for the phages. A preliminary effort to 

annotate the phages from this study phages shows that they contain a variety 

of HGT-genes at locations with variable gene content (unpublished results). 

Is the prevalence of these HGT-genes host specific and would it possible to 

pattern the distribution?  

 

Paper II 

Crystal structure of the P2 C-repressor: a binder of non-

palindromic direct DNA repeats. 

 

The transcriptional switch in P2 is controlled by two repressor proteins and 

two convergent promoters. The expression of the Cox repressor results in 

lytic growth while the expression of the C repressor protein leads to lyso-

geny. The C protein varies between closely related P2-like phages. Phages 

expressing identical C proteins belong to the same immunity class, and will 

have the ability to repress each other. Thus, a resident prophage will repress 

a superinfecting phage if it belongs to the same immunity class. The C pro-

tein is quite small, 99 amino acids. It is a dimer in solution and recognizes a 

direct repeat DNA sequence, an unusual feature, but also found in the λ CII 

transcriptional activator. The structure and mechanism behind the λ repressor 

is known but it does not share any structural resemblance with P2 C. The 

3D-structure of the P2 C protein shows several alpha helices in the N-

terminal and an unstructured C-terminal end (Fig. 10). Previous genetic stud-

ies have indicated that the dimerization domain was located in the C-

terminal end so we analysed the function of the unstructured C-terminal end 
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as well as the two helices that according to the structure contain the DNA 

binding domain and the residues important for dimerization. 

 

 We studied helix three and four of the N-terminal with alanine scanning and 

it became clear that helix three plays quite an important role in maintaining 

the function of the protein. Six out of nine mutations, Y31A, T33A, L34A, 

Y36A, Y37A and E38A, rendered the protein incapable of binding, both in 

vitro and in vivo, while one mutation, L34, did not disrupt the function. Ac-

cording to the 3D-structure E38 interacts with V10, L34 with A24 and Y37 

with I52. This left three amino acids that could belong to the DNA binding 

domain.  

 

Helix four was analysed in the same manner, but only one amino acid, I52A, 

affected protein function. As I mentioned earlier this amino acid was pro-

posed to interact with Y37 and was not participating in dimerization.  

 

     

 
 

 

 

 

The 3D-structure suggested that T46 and Q54 from helix four would be part 

of the dimer interface but since the alanine scanning did not indicate any 

effect on dimerization capacity, we must conclude that the dimerization is so 

strong that a change in a single aa does not affect the ability to form dimers. 

 

Fig. 10  The 3-D structure of the crystallised P2 C repressor protein. α-helix 

three in green. Picture from Massad et al. 2010 
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The structure of the C-terminal end cannot be determined from the crystals 

due to its flexibility, but as all known C proteins except one have a tail of 

varying length that ends in a conclusive G, it was proposed that this could be 

the key to binding direct repeats by involvement in e.g. tetramerization. To 

test this hypothesis we inserted a stop-codon at position 91 on a plasmid 

where the C, Pe, Pc Region of P2 was linked to a cat gene. We studied the 

functionality of the protein, but could not observe reduced repressor activity 

after growth on chloramphenicol plates. Thus the secret of the C-terminal 

remains unresolved. 

 

Future perspectives 

The continuation of the studies on the immunity repressor C could be done 

by following up the results of the structure and DNA binding. To verify that 

Y31, T33 and Y36 are indeed responsible for DNA recognition an immunity 

class mutant could be made, where the proposed DNA binding amino acids 

in the closely related P2 Hy dis C could be exchanged to their P2 C equiva-

lents. If this is the DNA binding site the mutant would lose its own operator 

recognition and bind to the P2 C operator. Also it could be interesting to 

proceed with further C-terminal truncations to determine how much can be 

removed before it loses its function. It would also be interesting to determine 

how many dimers that are involved in DNA binding. The very variable dis-

tance between the operator half sites in different P2-like phages makes it 

hard to propose a model for the unusual direct repeat binding of C.  

 

Paper III      

Interactions between the regulatory repressors of phage P2 and 

host proteins, a puzzling story 
 

The interactions of the P2 repressor protein C and Cox have often been dis-

cussed as a putative explanation for how the regulatory switch in P2 as regu-

lated. To decide if these theories had any bearings on reality we decided to 

investigate if P2 C and Cox interacted with each other and with the proteins 

of the host E. coli.  

 

The protein-protein interactions were mapped with Y2H screening against a 

library of E. coli clones. We could not detect any interactions between C and 

Cox but saw Cox interactions with two E. coli proteins and C interactions 
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with 8 E. coli proteins; JW1786, JW1994, JW3011, JW3073, JW0043, 

JE2216 and JW5125. The eighth protein was a methionine transporter subu-

nit known to be a sticky protein, it was excluded from the following experi-

ments. All proteins that interacted with the Cox protein also interacted with 

C. 

 

To investigate the effect of the interactions in vitro we tested adsorbtion, 

plating efficiency, plaque morphology and evaluated the effect on the choice 

between C and Cox expression. These tests were performed on the knock-

out strains from the KEIO-collection corresponding to the Y2H hits. Each 

strain is a single gene knock-out where the gene is replaced with a kanamy-

cin cassette. These tests proved that some of the knockouts do affect the 

effect of C and Cox expression, but in a pattern that is very hard to explain. 

 

The in vitro assay, where we looked at the difference in percentage of lyso-

genic choice, gave the most unanimous response. A plasmid containing the 

C gene linked to a chloramphenicol cassette was transformed into the KEIO 

strains. JW1994 and JW3073 gave approximately 85% and 50% reduction in 

C expression respectively. 

 

When we continued by assaying the in vivo effects of the knockouts with a 

plaque assay the results showed an extreme variation where JW1786, 

JW1994 and JW5125 at times gave a ten-fold increase in the number of 

plaques after over-night growth, an effect possibly depending on the state of 

the culture.  

 

To assure that we had a stable setting for the experiment we checked the 

adsorption and growth rate of the cultures, but they did not deviate in a sig-

nificant manner from wild type. We repeated the experiment, but instead of 

working with overnight cultures we used bacteria in log phase. This showed 

an increase of plaques in strain JW1994 and a decrease in strains JW1786 

and JW3073. 

 

The conclusion of these experiments is that there are reasons to believe that 

host proteins interact with the region of the switch in a manner that could 

affect the decision between lysis and lysogeny, but that the manner of inter-

action is hard to perceive and likely to be of a complex nature. 
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Future perspectives 

The work on this paper needs to be continued before any solid conclusions 

can be reached. The interactions should be confirmed in a pull down to ex-

clude false negatives. Possible clues to how these proteins act on the switch 

could be gained by looking at lysogenization frequency, burst rate, and gen-

eration time, of the phage. Other factors that should be assessed are the tem-

perature, density and pH sensitivity of the different strains, different tran-

scriptional pattern may occur depending on external conditions. The sudden 

outburst of phage production during the plaque assay suggests that we can 

trigger lysis by some means. More stringently monitored experiments will be 

needed to figure out the mechanisms behind this. At the moment the pattern 

is apparently random. 

 

To define the effect of each host protein on the switches expression pattern, 

Q-PCR experiments should be conducted during different growth phases and 

the results compared to wild type.   

 

Another protein worth looking into is the integrase. It is transcribed from the 

same operon as C and essential at both integration and excision. It is known 

to bind DNA cooperatively with host factor IHF, but could have other un-

known host interactions.  

 

Worth noting is that we are only looking at the effect on the phage of these 

interactions. It might as well be that the phage is affecting the bacteria. Also 

a knockout only shows the effect of taking away the protein; it could be 

equally interesting to supply it in trans and look at the effects on both phage 

and bacteria.  
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Concluding remarks  

 

The switch of the P2-like phages has been interesting to work with. It shows 

that complex regulation is not determined by the size of the regulatory cir-

cuit. Each of the proteins in this switch has been thoroughly studied; every 

finished project has uncovered yet another piece of the puzzle. But still, after 

all this work, some of the most basal questions remain. What regulates the 

decision between lysis and lysogeny? How does the C protein bind to its 

direct repeats?  How can the integrase be present at the same time as Cox? 

How has such a stable phage managed to infect and stay present in E. coli 

from all over the world? What impact have P2-like phages had on bacterial 

evolution? 

 

Some of these questions might never be answered. Other may. But the charm 

of it all for me does not lie in the answers; it lies in the fact that a stretch of 

DNA, less than 2 kb long, has the capacity to raise them. 

 

When I look out the window today, I see not one world, but two. One is a 

beautiful winter landscape, and the other an intricate yarn of sub-

microscopical interactions and unanswered questions. I am forever thankful 

to have glimpsed this other world.  
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