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Abstract

Bacterial viruses (i.e. phages) are ubiquitous 
intracellular parasites of bacteria, that – along 
with protist grazers – account for majority of 
bacterial mortality in nature. Phages impose 
strong selection for bacterial phage-resistance, 
which is often coupled with fitness costs on 
bacterial traits such as growth ability, virulence 
or motility. Traditionally phage-host interactions 
have been studied with two species’ systems in 
the laboratory, neglecting the complex web of 
interactions present in natural communities. 
The ability of phages to selectively kill bacteria 
has ignited an interest on phages as alternative 
antibacterials. However, in order to develop 
phage therapy, understanding of phage-host 
interactions in the eco-evolutionary context is 
essential. In this thesis I studied the implications 
of lytic phages on opportunistic pathogenic 
bac ter ia ,  as oppor tunists of ten have t he 
ability reproduce and reside in outside-host 
environments, where they are predisposed to a 
variety of selection pressures. The role of phages 
in top-down control of bacterial biomass and 
the evolution of bacterial phage-resistance were 
studied in the presence of protist predators 
with differing feeding modes, in low-resource 
systems mimicking natural pond environment. 
Hypothesis of coincidental evolution suggests 
that v irulence is a by-product of selection 
for traits that maximize bacterial f itness in 
environmental reservoirs. Yet, disease outbreaks 
by opportunists are relatively rare, suggesting 
that something constrains the selection for 
virulence. To assess the role of lytic phages on 
the evolution of virulence, bacteria were cultured 
in low-resource environment, accompanied with 
changes in temperature regime or changes in 
composition of the community of interacting 
bacteria l enemy species, and the virulence 
of bacteria was measured in vivo. To study 
whether the potential phage-resistant bacteria 
surviving phage therapy would be coupled with 
lowered virulence, due to costs associated with 
phage-resistance, a clinical bacterial isolate was 
exposed to phage cocktails and the virulence 
of the phage-resistant bacteria was measured 

in vivo. Given the strong selection for phage-
resistance, the prospects of phage therapy depend 
a great deal on whether new phages infecting 
pathogenic bacteria can be readily isolated from 
environment. To address this, an attempt was 
made to isolate phages against clinical bacterial 
isolates harboring resistance genes to multiple 
antibiotics. 

A single lytic phage was shown to be a non-
efficient top-down regulator of bacterial biomass. 
Rapidly emerging phage-resistant bacteria took 
over the bacterial populations after initial lysis 
by phages and protist grazers accounted for 
most of the long-term negative trophic effects 
on bacterial biomass. The presence of protist 
predators selected for bacteria that were less 
susceptible to infection by lytic phages, which 
suggests an overlap in the bacterial defense 
against a parasite and predatory protists. In 
general, the presence of lytic phages selected for 
lowered virulence in bacteria. High temperature 
selected for more virulent and more motile 
bacteria, but this was constrained by the presence 
of a lytic phage. In the multispecies communities 
the presence of al l bacterial enemies led to 
decreased virulence in vivo. Altogether, these 
results contrast the hypothesis of coincidental 
evolution, and suggest that the presence of 
phages in natural reservoirs constrains the 
evolution of virulence, most likely through 
fitness costs associated with phage-resistance. 
Exposure to phage cocktails was also shown to be 
associated with decreased bacterial virulence in 
the phage-resistant bacteria. However, exposure 
to some individual phages resulted in more 
virulent bacteria, suggesting that the outcome 
of therapy could depend on the identity of the 
phage cocktail. Finally, a phage cocktail lysing a 
wide range of clinical strains was isolated from 
sewage. This, along with geographical patterns 
of phage infections suggest that new phages are 
available in environmental reservoirs for therapy, 
and the emergence of phage-resistance should 
not hinder the prospects of phage therapy in the 
global perspective.





Yhteenveto

Bakteerivirukset (faagit) ovat bakteerien solun-
sisäisiä loisia, jotka yhdessä alkueliösaalistajien 
kanssa aiheuttavat suurimman osan bakteerien 
kuolleisuudesta luonnossa. Faagit luovat voimak-
kaan valintapaineen faagivastustuskyvylle ja 
vastustuskyvystä seuraa usein kustannus esimer-
kiksi bakteerin kasvu-, taudinaiheuttamis- tai 
liikkumiskyvylle. Perinteisesti faagin ja isännän 
välisiä vuorovaikutuksia on tutkittu kahden la-
jin kokeissa laboratoriossa, mutta lähestymistapa 
jättää huomiotta luonnollisissa yhteisöissä val-
litsevien  vuorovaikutusten kirjon. Koska faagit 
tappavat kohdennetusti tiettyjä bakteereita, on 
ehdotettu, että faageja voitaisiin käyttää anti-
biootteina. Faagiterapian kehittäminen vaatii 
kuitenkin faagi-isäntä vuorovaikutusten tunte-
musta niin ekologisesta kuin evolutiivisestakin 
näkökulmasta. Tässä väitöskirjassa olen tutki-
nut lyyttisten bakteerivirusten vaikutuksia op-
portunistisiin taudinaiheuttajabakteereihin. Osa 
opportunistisista bakteereista kykenee elämään 
ja lisääntymään isäntänsä ulkopuolisissa ym-
päristöissä, missä ne altistuvat lukuisille erilai-
sille valintapaineille. Tutkin faagien merkitystä 
bakteeribiomassan vähentäjinä, sekä bakteerien 
faagivastustuskyvyn evoluutiota matalaravin-
teisissa lampea muistuttavassa ympäristössä, 
joissa oli faagien lisäksi läsnä ravinnonhankin-
tatavoiltaan toisistaan poikkeavia alkueliöitä.  
Sattumanvaraisen evoluution hypoteesin (coin-
cidental evolution hypothesis) mukaan taudin-
aiheuttamiskyky on seurausta sellaisiin elin-
kiertopiirteisiin kohdistuvasta valinnasta, jotka 
parantavat kelpoisuutta isännän ulkopuolisissa 
ympäristöissä. Opportunistien aiheuttamat tau-
tiepidemiat ovat kuitenkin verraten harvinaisia, 
mikä viittaa siihen että jokin tekijä ympäristössä 
toimii vastavoimana taudinaiheuttamiskykyyn 
kohdistuvalle valinnalle. Faagien vaikutuksia 
opportunistibakteerien taudinaiheuttamisky-
vyn evoluutioon tutkittiin niinikään matala-
ravinteisessa ympäristössä, joissa vaihtelevina 
ympäristötekijöinä olivat joko lämpötila tai bak-
teereja ravinnokseen käyttävien vihollisten eri 
yhdistelmät. Kokeiden päätteeksi taudinaiheut-
tamiskyky mitattiin hyönteisissä. Kliinistä tau-
dinaiheuttajabakteerikantaa altistettiin ‘faagi-

koktaileille’ (phage cocktails) kokeessa, jonka 
tarkoituksena oli selvittää onko faageille vas-
tustuskykyisten bakteerin taudinaiheuttamis-
kyky alentunut faagipuolustuksen aiheuttami-
en kustannusten seurauksena, ja mahdolliset 
muutokset taudinaiheuttamiskyvyssä mitattiin 
hyönteisissä. Faagivastustuskykyyn kohdistuvan 
voimakkaan valintapaineen huomioonottaen 
faagiterapian onnistumisen kannalta on merkit-
tävää, voidaanko uusia faageja tarvittaessa eris-
tää ympäristöstä. Tavoitteeksi asetettiin eristää 
uusia faageja, jotka estävät kliinisten antibioo-
teille vastustuskykyisten bakteereiden kasvua.

Yksittäinen faagityyppi osoittautui tehotto-
maksi säätelemään bakteeribiomassan määrää 
pitkällä aikavälillä ja faageille vastustuskykyiset 
bakteerit palauttivat populaatiot nopeasti lähes 
kontrollitasolle. Alkueläimet näin ollen vasta-
sivat pitkällä aikavälillä käytännössä kaikesta 
bakteeribiomassan vähentymisestä. Alkueliöt 
vaikuttivat myös bakteerien faagivastustuskyvyn 
evoluutioon: alkueliöille altistuneet bakteerit oli-
vat vähemmän alttiita faagi-infektioille. Korkea 
lämpötila johti taudinaiheuttamiskykyvyn nou-
suun bakteereissa, mutta ilmiö kumoutui faagien 
vaikutuksesta. Monilajisissa yhteisöissä kaikkien 
bakteeripetojen läsnäolo taas alensi bakteerien 
taudinaiheuttamiskykyä. Nämä tulokset puhuvat 
sattumanvaraisen evoluution hypoteesia vastaan 
ja faagit näyttäisivät sen sijaan luovan valinta-
paineen vähemmän taudinaiheuttamiskykyisille 
bakteereille. Myös faagikoktailit aiheuttivat tau-
dinaiheuttamiskyvyn laskua bakteereissa. Jotkut 
yksittäiset virukset näyttivät kuitenkin nostavan 
bakteerien taudinaiheuttamiskykyä vastustus-
kykyisissä bakteereissa, minkä vuoksi tuleekin 
noudattaa erityistä varovaisuutta valittaessa faa-
geja ‘koktaileihin’ ja faagiterapiaan. Jätevedestä 
onnistuttiin eristämään kokoelma faageja, jotka 
estivät kasvua laajassa joukossa kliinisiä antibi-
ooteille vastustuskykyisiä bakteerikantoja. Tämä 
tulos yhdessä faagi-infektioiden maantiedettä 
koskevien havaintojen kanssa antaa olettaa, että 
uusia faageja on eristettävissä ympäristövaran-
noista ja että laaja-alaisen faagivastustuskyvyn 
syntyminen ei ole este faagiterapian kehittämi-
selle tulevaisuudessa.
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1	 Introduction

In the late 1890’s, after the birth of bacteriology, several bacteriologists all made 
the same observation – an unidentified substance was limiting the growth of 
their bacterial cultures. It was not until a couple of decades later when an English 
bacteriologist Fredrik Twort and French-Canadian microbiologist Felix d’Herelle 
independently presented the same hypothesis, that this unidentified substance was a 
virus multiplying within the bacteria (Sulakvelidze et al., 2001; Twort, 1915). Twort’s 
research was not pursued due to the lack of funding brought about the onset of the 
Word War I (Sulakvelidze et al., 2001), however, in 1917 d’Herelle was able to identify 
“an invisible, antagonistic microbe of the dysentery bacillus” forming clear areas 
on bacterial lawns, later referred to as plaques. He called it a “bacteriophage“ (from 
the Greek word “phagein” meaning “to eat” or “devour”) and since then the name 
has become established to describe all bacterial viruses to date. Since Twort and 
d’Herelle’s days scientists have isolated vast amounts of bacteriophages, or phages for 
short, and phages have had an essential role in the development of modern molecular 
biology.  

Phages are viruses infecting only bacterial hosts, and like all viruses, they 
lack the features required for autonomous replication. In order to reproduce, a phage 
needs to take over the metabolism of the bacterial cell and an infection by a phage 
often results in death of the bacterial cell, accompanied with the release of progeny 
phage particles. The idea of host-specific, self-replicating bacterial killers is well suited 
for targeting pathogenic bacteria. Indeed, there has been a newfound interest on 
bacteriophages, due to the growing problem of antibiotic resistance against virtually 
all known antibiotics. Using bacteriophages as antibacterial agents against harmful 
bacteria, though, is far from new, and the concept of “phage therapy” was first 
proposed by d’Herelle already in the late 1910’s. The world’s leading phage therapy 
facility Eliava Institute was established in 1923 in Tbilisi, Georgia and phages have 
been continued to be used therapeutically in Eastern Europe and in the former Soviet 
Union to this day. The discovery of penicillin by Sir Alexander Fleming in 1928 led to 
the mass production of antibiotics in the 1940s and 1950s. This, along with the onset 
of Cold War and the subsequent lack of scientific collaboration between USA and its’ 
allies with the Soviet Union, caused phage therapy to become more or less forgotten 
in the West. 

	The story about the discovery of phages and conflicts between the “Eastern” 
and “Western” medicine is an intriguing one, and the concept of phage therapy a 
good example of the potential of these tiny bacterial parasites. In nature phages 
are present in very high numbers, and thus strong drivers of bacterial evolution. 
In this thesis I introduce the reader to evolutionary implications of bacteriophages 
on environmentally growing opportunistically pathogenic bacteria, that reside 
and reproduce in environments apart from their hosts. In the process I will cross 
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boundaries across the fields of molecular biology, ecology, evolution, medical biology 
and applications from all of the above. Due to the parasitic nature of phages, this is 
as much a story about bacteria, as the lives of phages and their hosts are inseparably 
tangled and shaped through some billions of years of coevolution. It should not go 
unnoticed that if phages are the headliner of this thesis, the evolution of bacterial 
virulence should be recognized as the best supporting act, as implications of phages 
on bacterial virulence form one of the cornerstones of this thesis. Moreover, I would 
like to remark that understanding the ecology and evolution behind phage-host 
interactions is crucial when visioning phage therapy as a potential solution for 
fighting bacterial infections that are no longer susceptible to conventional antibiotics.  

1.1	 Bacteriophages are obligate intracellular parasites

Bacteriophages are viruses that use exclusively bacterial cells as their hosts and like 
all viruses, they consist of a DNA or RNA genome packed within a protein capsid. 
Phages are obligate intracellular parasites, meaning that they cannot replicate 
without entering the host cell and taking over its metabolism. Phages recognize 
phage-binding receptors on the surface of the bacterial host cell and inject their 
genetic material into the host cell. Phages show two distinct types of life cycles; in 
a lytic life cycle, infection by a phage results in death of the host cell, accompanied 
with the release of phage progeny. A lysogenic life cycle, in contrast, results in 
integration of the phage into the host genome, or alternatively, the phage genome can 
exist as an extrachromosomal plasmid within the host cell (Waldor et al., 2005). An 
obligatory lytic phage is capable of only lytic life cycles, and could thus be defined as 
a parasitoid, as an infection with obligatory lytic phages always results in death of the 
host cell (Godfray, 1994). As opposed to obligatory lytic phages, temperate phages are 
able to display both lysogenic cycles and lytic cycles. In a lysogenic cycle, following 
the integration of the phage into the host genome, the host cell is a called a lysogen 
and the integrated phage a prophage. Lysogenic cycle can be stable for thousands 
of bacterial generations or result in lysis of the host, depending on environmental 
conditions and the state of the host cell. Different life cycles of a phage with a DNA 
genome are presented in Figure 1.

1.2	 Phage-host interactions

Bacteriophages have been stated to be the most prevalent entities on Earth, as they 
outnumber their hosts at least by a tenfold (Bergh et al., 1989; Whitman et al., 1998). 
Most estimates for phage abundance include archaeal viruses. Here, phages are 
defined strictly as viruses with bacterial hosts, and discussing viruses infecting both 
bacteria and archaea (together comprising the domain prokaryotes), are referred to 
as prokaryotic viruses. Most prokaryotes are found in the open ocean, soil, in ocean 
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sediments, and terrestrial sub-surfaces where there are an estimated 1.2 × 1029, 2.6 × 
1029, 3.5 × 1030 and 0.25–2.5 × 1030 prokaryotic cells, respectively, and the estimated 
number of prokaryotic viruses reaches up to 1031 (Bergh et al., 1989; Borsheim et al., 
1990; Whitman et al., 1998). 

	Phages are known to affect competition within and between bacterial 
populations and species (Joo et al., 2006; Koskella et al., 2012), induce and maintain 
bacterial diversity (Buckling and Rainey, 2002; Williams, 2013), and mediate 
horizontal gene transfer among bacteria (Canchaya et al., 2003). Furthermore, phages 
have major global ecological implications as they are involved in cycling on organic 
matter in oceans (Fuhrman, 1999). Substantial efforts have been made to estimate 
quantitatively the degree of virus-induced bacterial mortality and assess the ratio 
at which phages are accountable for bacterial mortality. The extensive literature has 
been summarized to an estimated 15  % daily bacterial mortality by phages and this 
proportion is higher in heterotrophic bacteria than autotrophic bacteria (Chibani-
Chennoufi et al., 2004; Suttle, 1994). In ecological context, however, rather than 
considering the absolute numbers of phage-mediated global bacterial mortality, it is 
more relevant to look at the impacts of phages within a community or population, 
as the selection acts locally, and the prevailing biotic and abiotic factors are likely to 
affect the outcome of selection by phages.

	
  Figure 1. Lytic and lysogenic life cycles of a phage.
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1.2.1	 Antagonistic coevolution between bacteria and phages

Parasites impose selection for resistant hosts, and reversed, resistant hosts select for 
more infective parasites, which may result in rapid reciprocal evolution between host 
resistance and parasite infectivity (Thompson, 1998). Antagonistic coevolution is 
believed to cause rapid between-population differentiation of both parasites and hosts, 
which may be critical to the maintenance of genetic variation and the whole process 
of coevolution in nature (Thompson, 1999). There are two non-mutually exclusive 
types of selection modes acting on antagonistic coevolutionary relationships. The 
first is directional selection, resulting in so-called “arms-race” dynamics. In this 
mode of coevolution both host defense and parasite counter-defense are favored, 
resulting in increasingly resistant hosts accompanied with increasingly infectious 
parasites (Dawkins and Krebs, 1979; Gandon et al., 2008). Directional selection is 
not likely to be continued indefinitely but rather be constrained either genetically or 
metabolically. With bacteria and phages, directional selection seems to act mostly on 
populations under laboratory conditions cultured in nutrient rich media (Bohannan 
and Lenski, 2000; Brockhurst et al., 2007a; Brockhurst et al., 2007b; Brockhurst et al., 
2003; Lenski and Levin, 1985). 

The second mode of selection is called fluctuating selection. It is characterized 
by initial arms-race coevolution that eventually changes into oscillations of bacterial 
and phage genotypes with different resistance and infectivity characteristics, 
respectively (Gandon et al., 2008; Hall et al., 2011). These oscillations are driven 
by negative frequency-dependent selection; phages evolve to infect more abundant 
bacterial genotypes, giving an advantage to rare bacterial types. This results in the 
rare types becoming more abundant and so on, and the fluctuations of parasite and 
host phenotypes could potentially continue indefinitely (Burdon and Thrall, 1999). 
Fluctuating dynamics is assumed to dominate in natural microbial populations 
and has been shown to act in natural microbial communities in soil (Gomez and 
Buckling, 2011). One explanation for why directional selection seems to dominate 
in laboratory and fluctuating selection in natural microbial communities is that 
resistance is more costly in natural environments due to competition and access to 
fewer resources, and therefore resistance to previous phage types is lost in favor of 
specific resistance to contemporary phage (Gomez and Buckling, 2011; Lopez-Pascua 
and Buckling, 2008). This increased cost of resistance is likely to both constrain 
the continual arms-race selection towards increased host resistance and phage 
infectivity, and lead to fluctuating dynamics as new means of resistances are gained 
and old ones lost (Gomez and Buckling, 2011; Koskella and Brockhurst, 2014).  
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1.2.1.1	 Bacterial resistance against phages

Succesful infection by a lytic phage inevitably leads to death of the bacterial host cell, 
as host lysis is required for the release of phage progeny and transmission of phage 
particles to new susceptible hosts. This imposes a strong selection pressure for phage-
resistance in bacteria. Bacteria can evolve resistance against phages with a number of 
mechanisms. One common way of avoiding infection by a phage is by preventing the 
adsorption of the virus on bacterial surface. These adsorption-blocking mechanisms 
can be divided into three categories: (i) blocking of phage receptors, (ii) production 
of extracellular matrix and the (iii) production of competitive inhibitors (Labrie et 
al., 2010). However, if a phage still successfully binds on the cell surface, there are a 
number of mechanisms directed at terminating the infection post phage adsorption. 
In the superinfection exclusion system (Sie), phage binds on the bacterial receptors 
but the entry of the phage genome into host cell is inhibited. The genes encoding 
Sie-proteins are often found in prophages, suggesting that in many cases Sie systems 
are important for phage–phage interactions rather than phage–host interactions 
(Labrie et al., 2010). Many bacteria harbor restriction-modification systems, which 
recognize and degrade unmethylated phage DNA after it has entered the cell, thus 
aborting infection (Pingoud et al., 2005). Bacteria can also gain adaptive immunity 
via clustered regularly interspaced short palindromic repeats (CRISPRs) and the 
associated Cas genes (Barrangou et al., 2007). In CRISPR-Cas system, the bacteria 
incorporate short sequences from invading genetic elements (such as a phage) into 
a region in the genome including CRISPRs. In conjunction with host Cas genes, 
these sequences encode multifunctional protein complexes that recognize and cleave 
incoming foreign genetic material (Bhaya et al., 2011).  

	Bacterial resistance against lytic phages has been found to come with 
substantial fitness costs for bacteria (Bohannan et al., 2002; Lenski, 1988b), including 
an increased cost of deleterious mutations (Buckling et al., 2006), decreased ability 
to metabolize carbon (Middelboe et al., 2009), decreased growth rate (Bohannan et 
al., 2002; Bohannan and Lenski, 1999; Buckling et al., 2006; Lenski, 1988b), changes 
in competitive ability (Brockhurst et al., 2005; Lennon et al., 2007; Quance and 
Travisano, 2009) and increased susceptibility to other phages (Avrani et al., 2011; 
Marston and Sallee, 2003). A study conducted with E. coli and phage T2 showed that 
the costs associated with bacterial phage-resistance vary across environments when 
bacteria are cultured in batch cultures or chemostats with glucose or trehalose as a 
limiting nutrient (Jessup and Bohannan, 2008). This suggests that the pleiotropic 
costs associated with phage-resistance are mediated by the biotic and abiotic 
selection also in natural microbial communities. The cost of phage-resistance on 
bacterial virulence is discussed in Chapter 1.2.1.
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1.2.2	 Phage-host interactions in multispecies communities

Traditionally phage-host interactions have been studied with two species’ systems 
in the laboratory. The differences observed in the coevolutionary dynamics in 
laboratory vs. natural systems (See Chapter 1.2.1) show how abiotic environment has 
major implications on the evolutionary outcome of phage-host interaction. Against 
this background it seems justified to expect that the presence (or lack) of additional 
biotic factors, such as interacting species, should shape the interaction between 
phages and bacteria. 

	There are only a handful of studies investigating phage-host interactions 
in multi-species communities. Gomez and Buckling (2011) studied the phage-host 
dynamics of Pseudomonas fluorescens SBW25 and its’ associated lytic bacteriophage 
inoculated in natural soil microcosms (with and without the natural microbial 
community). They found that coevolutionary dynamics observed in the systems 
was f luctuating, as opposed to the arms race dynamics previously seen in the 
laboratory settings with the same organisms (Brockhurst et al., 2007b). Interestingly, 
the coevolutionary dynamics between the phage and bacteria were very similar in 
the presence and absence of natural microbial community. However, there were 
significant differences in the population dynamics, especially regarding bacterial 
densities; phages decreased bacterial population size in the presence of the natural 
soil community, whereas in the absence of the natural community, phages increased 
the amount of bacteria in the system. A study by Friman and Buckling (2013) showed 
that the presence of a predatory protist Tetrahymena thermophila changed the 
coevolutionary dynamics between  bacteriophage Φ2 and Pseudomonas fluorescens 
from the arms race dynamics observed in the laboratory settings (Buckling and 
Rainey, 2002) towards fluctuating dynamics. This was presumably resulting from 
bacterial diversification due to conflicting selection for defense specialists against 
the two enemies, as there was a trade-off with allocating into one or the other. The 
study concluded that strong pairwise coevolutionary interactions take place in more 
complex communities, but the presence of additional interacting species could 
qualitatively alter these interactions. Also the presence of additional phages has 
been shown to alter the coevolution with a phage and its’ host: Koskella et al. (2012) 
assessed the fitness costs on Pseudomonas syringae in communities with a single 
lytic phage or multiple lytic phages and bacteria exposed to heterogenous phage 
populations were found to have lower fitness in terms of growth when measured 
without the phages. 

1.3	 Environmentally growing opportunistic pathogenic bacteria

There are a variety of slightly differing definitions for a pathogen, but here we 
define pathogen as a micro-organism capable of causing damage to its’ host 
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and this damage can result from either direct microbial action or from the host 
immune response (Casadevall and Pirofski, 1999). Virulence, in turn, is defined 
here as the relative capacity of a microbe to cause damage in a host (Casadevall 
and Pirofski, 1999). Traditional theories on virulence evolution state that virulence 
is an unavoidable consequence of selection for maximizing parasite fitness in a 
given environment (de Roode et al., 2008; Frank, 1996; Levin, 1996). Parasites must 
replicate within hosts and this consumes host resources, damages host tissues and 
provokes host immune response, thereby shortening the infectious period during 
which parasite transmission can take place. Parasites thus face a trade-off between 
the benefits of increased replication and virulence, often resulting in highest 
fitness at intermediate levels of parasite replication (de Roode et al., 2008). This is 
referred to as the transmission-virulence trade-off. While obligate pathogens are 
dependent on their hosts and thus subjected to the transmission-virulence trade-
off, environmentally growing opportunistic pathogens reside and reproduce in 
outside-host environments, occasionally causing disease outbreaks. In fact, many 
well-known bacterial pathogens co-exist with their host relatively peacefully, 
or reside in environments completely separated from their hosts (Brown et al., 
2012). Common opportunist environmentally growing bacteria include e.g. Vibrio 
cholera, Pseudomonas aeruginosa, Legionella pneumophila, Listeria monocytogenes, 
Cryptococcus neoformans and many species from Mycobacterium, Flavobacterium, 
Serratia genus and Klebsiella genus (Freitag et al., 2009; Friedman et al., 2002; 
Grimont and Grimont, 1978; Hall-Stoodley and Stoodley, 2005; Hilbi et al., 2007; 
Kunttu et al., 2009; Leclerc et al., 2002; Mahlen, 2011; Rahman et al., 2008; Restuccia 
and Cunha, 1984; Soto et al., 2008).  

The diverse selection pressures in the environmental reservoirs arising from 
e.g. predation, parasitism and ecological changes may have correlated effects on the 
evolution of pathogen virulence. The coincidental virulence evolution hypothesis 
(Levin and Svanborg Eden, 1990; Read, 1994) suggests that bacterial virulence 
could be a by-product of selection acting on a pathogen’s life-history traits that 
increase its fitness in environmental reservoirs and coincidentally also contribute 
to its virulence in a host. The outcome of selection in outside-host environments on 
bacterial virulence, though, is dependent on whether the traits that are selected for 
are correlated with virulence. For example, the competitive and co-operative traits 
of bacteria increase bacterial fitness and survival in natural microbial communities. 
However, these same traits also affect the severity of an infection by affecting how fast 
bacteria can proliferate within their hosts (Harrison et al., 2006; Inglis et al., 2009). 
Predation by protist predators is also known to contribute to bacterial virulence, 
as traits acting as defence mechanisms against protist predators can be used to 
invade the hosts, or after successful colonization, evade the host immune system 
(Cirillo et al., 1999; Harb et al., 2000; Lainhart et al., 2009; Matz and Kjelleberg, 
2005; Rasmussen et al., 2005; Steinberg and Levin, 2007). Temperature is known to 
be important environmental factor for the expression of several bacterial virulence 
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factors (Konkel and Tilly, 2000) and elevated growth temperature leads to more 
virulent phenotypes in e.g. and Legionella pneumophila (Mauchline et al., 1994) and 
some Shigella species (Maurelli et al., 1984). Elevation in temperature has also been 
connected to evolution of virulent strains of Flavobacterium columnare in fish farms 
(Pulkkinen et al., 2010), altogether suggesting that high temperature environments 
could indirectly select for more pathogenic bacteria.

Even though there are studies showing positive correlations between 
bacterial virulence and traits improving survival in environmental reservoirs, the 
disease outbreaks driven by opportunistic bacterial pathogens are relatively rare. 
This suggests that some selective forces in environmental reservoirs are also likely 
select for lowered bacterial virulence. In this thesis I have studied the effects of 
phages on environmentally growing opportunistic bacteria. Implications of phages 
on bacterial virulence in general are discussed in the next chapter.

1.3.1	 Bacteriophages and bacterial virulence

Temperate phages showing lysogenic life cycles are known to contribute to bacterial 
virulence. Brussow et al. (2004) have listed five factors how temperate phages can 
affect bacterial virulence through bacterial fitness; (i) by acting as anchor points 
for genome rearrangements, (ii) via gene disruption, (iii) by protection from lytic 
infection, (iv) by lysis of competing strains through prophage induction, and (v) by 
introduction of new fitness factors. The phage-mediated horizontal gene transfer 
occurs either via transduction or lysogenic conversion. Transduction refers to 
phage-mediated transfer of bacterial genes from one bacterium to another, whereas 
lysogenic conversion is characterized by an altered bacterial phenotype, resulting 
from a prophage-encoded genes. Lysogenic conversion is often coupled with 
increased virulence in pathogenic bacteria (Abedon, 2008; Abedon and Lejeune, 
2005; Boyd et al., 2001). There are many bacterial virulence factors (VF) contributing 
to bacterial virulence that are known to be encoded by temperate phages (Brussow 
et al., 2004). Examples of pathogenic bacteria that produce specific phage-encoded 
exotoxins (acting as the causative agent of a specific disease) include Vibrio cholerae 
(Waldor and Mekalanos, 1996), Shiga toxin-producing Escherichia coli (Shaikh and 
Tarr, 2003), Corynebacterium diphtheria (Freeman, 1951), and Clostridium botulinum 
(Barksdale and Arden, 1974). The associated phage-encoded toxins are cholera toxin, 
Shiga toxin, diphtheria toxin and botulism toxin, respectively. Staphylococcus aureus, 
Streptococcus pyogenes, and Salmonella enterica serovar Typhimurium, in turn, 
are examples of bacteria harboring multiple prophages where each phage-encoded 
virulence or fitness factor contributes incrementally to the fitness of the bacterium 
(Brussow et al., 2004). The studies currently available on the production of phage-
linked VFs focus solely on lysogens (including induced lysogens) and there are no 
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studies reporting virulence factors encoded by obligatory lytic phages (Abedon and 
Lejeune, 2005). 

As opposed to temperate phages, lytic phages are not commonly associated 
with increased bacterial virulence. However, lytic phages have been shown to select 
for more co-operative bacteria producing extracellular products (‘public goods’) 
that are crucial for growth and virulence in Pseudomonas fluorescens (Köhler et 
al., 2009; Morgan et al., 2012). A recent study with Pseudomonas aeruginosa, ciliate 
Tetrahymena thermophila and a lytic phage showed that predation by ciliates selected 
for lowered bacterial virulence, and this was constrained by lytic bacteriophages 
(Friman and Buckling, 2014), however, phages alone did not select for increased 
virulence. Interestingly, selection by heterogeneous lytic phage populations has 
been shown to result in elevated cytotoxicity in cultured mammalian cells with 
Pseudomonas aeruginosa (Hosseinidoust et al., 2013). However, whether these effects 
on cell cultures translate to virulence in vivo calls for future research.

Selection by phages has also been associated with lowered virulence in 
bacteria. Selection by lytic bacteriophages imposes a strong pressure for phage-
resistance. Resistance to phages, in turn, has been shown to be often negatively 
correlated with bacterial traits linked to virulence, such as growth efficiency 
(Bohannan and Lenski, 1999; Brockhurst et al., 2004; Lenski, 1988a; Lenski and 
Levin, 1985) and motility (Brockhurst et al., 2005; Heierson et al., 1986; Paruchuri 
and Harshey, 1987). Growth efficiency and motility are both virulence factors, as 
motility can help pathogens colonize suitable niches within the host (Josenhans and 
Suerbaum, 2002; Lane et al., 2007) and growth efficiency can determine how fast 
bacteria can exploit their hosts (de Roode et al., 2005; Frank, 1996; Harrison et al., 
2006). Indeed, phage-resistance in bacteria has been shown to be associated with 
decreased virulence in many bacterial species, such as Serratia marcescens (Flyg et 
al., 1980), Salmonella enterica (Santander and Robeson, 2007), Staphylococcus aureus 
(Capparelli et al., 2010), Bacillus thuringiensis (Heierson et al., 1986), Vibrio cholera 
(Zahid et al., 2008), Yersinia pestis (Filippov et al., 2011), Klebsiella pneumoniae (Gu 
et al., 2012) and Flavobacterium columnare (Laanto et al., 2012). Altogether, if phage-
resistance is traded off with traits contributing to bacterial virulence, phages could 
potentially select for lowered virulence in environmentally growing opportunistic 
bacteria.

Possible costs on virulence and the subsequent lowered virulence is especially 
intriguing in the context of phages having been championed as an alternative 
antibacterial agent in treating bacterial infections. In fact, the appearance of less 
virulent or avirulent phage-resistant bacteria has been observed in association with 
phage based antibacterial therapy trials with Escherichia coli and Vibrio cholerae 
(Smith and Huggins, 1983; Zahid et al., 2008)
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1.4	 Phage therapy

Phage therapy, the use of bacterial viruses in treating bacterial infections, has received 
attention during the past decades, triggered by the increasing problem of antibiotic 
resistance in pathogenic bacteria. While the primary focus of phage therapy is 
on treating human infections, the concept of phage therapy can be extended to 
eliminating undesirable bacteria e.g. in agriculture, aquaculture and food products 
(Abedon, 2008).  The use of phages to treat bacterial infections dates back to the early 
1900s and, despite the failure of phage therapy becoming established in the western 
medicine, phage therapy has persisted in some countries, particularly in the former 
Soviet Republic of Georgia, where phages are often used as the standard treatment 
for bacterial infections (Abedon et al., 2011; Kutter et al., 2010; Miedzybrodzki et 
al., 2012). In the phage therapy center in Wroclaw, Poland, phages are used to treat 
especially chronic bacterial infections that are proven to be resistant to antibiotic 
treatment (Kutter et al., 2010).  Given the Georgian and Polish experiences, there is 
indisputable evidence of the medical potential of phages to treat antibiotic-resistant 
bacterial infections. However, whether the potential of phage therapy can be well 
integrated into most western models of drug development, regulation and clinical 
implementation is uncertain (Chan et al., 2013).   

	Phages can be applied locally or systemically and the process of using phages 
for therapy is conceptually simple, although rather complex pharmacokinetics 
could be associated with phage therapy, due to the ability of phages to replicate and 
thus increase in numbers during the course of therapy (Abedon, 2011; Chan et al., 
2013). The use of phage preparations consisting of a single phage isolate is called 
monophage therapy, whereas the use of preparations with multiple phages is referred 
to as polyphage (or multiphage) therapy (Chan and Abedon, 2012; Hall et al., 2012; 
Levin and Bull, 2004). The primary motivation for the use of cocktails consisting of 
multiple phage types, is their broad host range, in comparison to individual phage 
isolates. Phage cocktails can also affect more bacterial types, or work under a larger 
variety of conditions. Combining phages into cocktails can also facilitate better 
targeting of multiple strains making up a bacterial species or target multiple species 
that might be responsible for the same disease. Importantly, the use of cocktails can 
also delay the appearance of phage-resistant mutants (Tanji et al., 2004). A number 
of studies have investigated the potential of phage cocktails in treating infections 
caused by i.e. Pseudomonas aeruginosa (Alemayehu et al., 2012; Fu et al., 2010; Hall 
et al., 2012; Hawkins et al., 2010; McVay et al., 2007; Wright et al., 2009), Klebsiella 
pneumoniae (Gu et al., 2012), Vibrio cholerae (Jaiswal et al., 2013), Escherichia coli 
(Abuladze et al., 2008; Anany et al., 2011; Callaway et al., 2008; Denou et al., 2009; 
Maura et al., 2012; Oliveira et al., 2010; Rozema et al., 2009; Viazis et al., 2011), Listeria 
monocytogenes (Anany et al., 2011), Salmonella enterica (Andreatti Filho et al., 2007; 
Borie et al., 2008; Hooton et al., 2011; Wall et al., 2010), Enterococcus faecalis (McLean 
et al., 2011), Campylobacter jejuni (Carvalho et al., 2010) and Clostridium perfringens 
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(Miller et al., 2010). The results from these studies vary from very promising 
reductions in bacterial densities to quite modest reductions. To optimize phage 
cocktails for improved efficacy, several techniques have been proposed; a procedure 
with Staphylococcus phage K was described by Kelly et al. (2011), where previously 
resistant bacterial strains were used to select for broad-range phage mutants. Gu 
et al. (2012) have described a similar selection based method for composing phage 
cocktails; they isolated phages for the cocktail using wild-type and phage-resistant 
mutants as hosts for phage isolation. Filippov et al. (2011), in turn, identified Yersinia 
pestis receptors for eight bacteriophages and phages attaching to at least seven 
different Y. pestis receptors were postulated to be promising for formulation of phage 
cocktails. In addition to reducing bacterial densities, most phage-resistant bacterial 
variants showed attenuated virulence when tested in a mice model. This suggests that 
the use such engineered phage cocktails could be coupled with lowered virulence in 
the bacteria that would potentially survive exposure to phage cocktail.

	Phage therapy is mostly criticized for the lack of double-blinded clinical 
trials that are essential in the process of developing new therapeutics in western 
medicine (Abedon et al., 2011; Chan et al., 2013). These randomized controlled 
studies are expensive, and the lack of such studies on phage therapy is most likely due 
to the relative lack of funding, rather than a result of phages failing to show evidence 
of efficacy (Chan et al., 2013). The challenges of phage therapy are not obviously 
limited to this, but at the moment development of phage therapy in western countries 
seems to be slowed down by the legislation, rather than the research itself (or the lack 
of it). However, despite the current lack of breakthroughs in human medicine, there 
are some commercially available phage based food additives approved by the United 
States Food and Drug Administration (FDA), such as LISTEX™P100 (FDA, 2006) 
and SALMONELEX™ (FDA, 2013) (MICREOS Food safety, Inc., Wageningen, The 
Netherlands) targeting Listeria monocytogenes and Salmonella enterica, respectively, 
along with “ListShield™”, “EcoShield™” and “SalmoFresh™”) (Intralytix, Inc., MD, 
USA) (FDA, 2014), targeting Listeria monocytogenes, Escherichia coli O157:H7 and 
Salmonella enterica, respectively .

Potential problems associated with phage therapy as a treatment include 
the capacity of some phages to carry genes encoding toxins and the potential to 
transfer bacterial genes between bacteria (transduction) (Skurnik et al., 2007). This 
calls for careful characterization of the phages, in order to minimize secondary 
pharmacodynamics (Abedon, 2011). The narrow host range of phages could also 
be a disadvantage, although the lytic spectrum of phage cocktails can be much 
broader than the spectrum of activity of individual phage types (Loc-Carrillo and  
Abedon, 2011). 

There are also advantages associated with the use of phages as therapeutics 
in comparison to traditional chemical antibacterials. First, the success of phage 
therapy is not affected by the rapidly spreading resistance against traditional 
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antibiotics (Loc-Carrillo and Abedon, 2011). Secondly, phages are abundant, diverse, 
easily isolated and, in some cases, readily characterized (Chan et al., 2013). In 
addition, a substantial fraction of phages are not inherently toxic to life forms other 
than their target bacteria (Curtright  and Abedon, 2011) and collateral damage to 
normal microbiota, which can be associated with the use of less specific chemical 
antibacterials, (Rea et al., 2011) could be avoided. 
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2	 Aims of the study 

The aim of this study was to assess implications of lytic bacteriophages on 
environmentally growing opportunistic pathogenic bacteria facing diverse selection 
pressures in natural microbial communities. The main themes of this thesis are 
i) phage-bacteria interactions within multispecies communities, ii) implications 
of phages on the evolution of bacterial virulence in environmentally growing 
opportunistic bacteria and iii) whether the emergence of phage-resistant bacteria 
annihilates the hopes of developing effective phage therapy to fight pathogenic 
bacteria. The more specific aims of each chapter were: 

I	 To investigate the top-down effects of a lytic bacteriophage on biomass of 
opportunistic bacterium in microbial consumer-resource communities with 
multiple interacting species. 

II	 To study how the presence of protist predators affects the susceptibility of 
bacteria to infection by lytic bacteriophages. 

III	 To study how outside-host selection by a lytic phage and different temperature 
regimes in environmental reservoirs shape the evolution of virulence in an 
opportunistic pathogen.

IV	 To study how outside-host selection by communities consisting of a lytic 
phage and two predatory protists affect the evolution of bacterial virulence in 
an opportunistic pathogen.

V	 To discuss the potential emergence of global scale phage-resistance associated 
with phage therapy. 

VI	 To study the virulence evolution of opportunistic bacteria that would 
potentially survive exposure to phage cocktails.

VII	 To isolate phages for constructing a phage cocktail lysing a wide range of 
multi-resistant clinical isolates of Klebsiella pneumoniae.
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3	 Summary of the materials and methods

An overview of the methods used in this thesis is presented below. All study species 
are listed in Table 1. More detailed descriptions of methods and study species used 
can be found in the corresponding chapters.

Table 1.

Species Strain Source / Reference
I, II, IV Serratia marcescens Db11 Flyg, Kenne, and Boman 1980
I, II, IV Acanthamoeba castellanii  CCAP 1501/10 Culture Collection of Algae and 

Protozoa
I, II, IV Tetrahymena thermophila ATCC 30008 American Type Culture Collection
I, II, IV Phage Semad11 Zhang et al. 2014
III Serratia marcescens ATCC 13380 American Type Culture Collection
III Phage PPV Friman et al. 2011
III Parasemia plantaginis Friman et al. 2011
IV Drosophila melanogaster Oregon R Christina Nokkala Univ. Of Turku
VI Phage F524B Not published
VI Phage F524H Not published
VI Phage F524K Not published
VI Phage F524X Not published
VI Galleria mellonella Kreca, Ermelo, Netherlands
VII Klebsiella pneumoniae 07RAFM-KPN-501 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-502 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-503 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-505 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-506 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-507 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-510 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-511 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-512 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-513 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-514 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-515 Barbro Olsson Liljequist (SMI)
VI, VII Klebsiella pneumoniae 07RAFM-KPN-524 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-525 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-527 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-534 Barbro Olsson Liljequist (SMI)
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VII Klebsiella pneumoniae 07RAFM-KPN-537 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-542 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-549 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-550 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-552 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-557 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-559 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 07RAFM-KPN-566 Barbro Olsson Liljequist (SMI)
VII Klebsiella pneumoniae 70165 Christian G. Giske (KI)
VII Klebsiella pneumoniae 200825 Christian G. Giske (KI)
VII Klebsiella pneumoniae 1534 Christian G. Giske (KI)
VII Klebsiella pneumoniae 200832 Christian G. Giske (KI)
VII Klebsiella pneumoniae 71076 Christian G. Giske (KI)
VII Klebsiella pneumoniae 13663 Christian G. Giske (KI)
VII Klebsiella pneumoniae 10924 Christian G. Giske (KI)
VII Klebsiella pneumoniae 70708 Christian G. Giske (KI)
VII Klebsiella pneumoniae 2008022 Christian G. Giske (KI)
VII Klebsiella pneumoniae 14358 Christian G. Giske (KI)
VII Klebsiella pneumoniae 70415 Christian G. Giske (KI)
VII Klebsiella pneumoniae IR8 Christian G. Giske (KI)
VII Klebsiella pneumoniae N17 Christian G. Giske (KI)
VII Klebsiella pneumoniae 10ED Christian G. Giske (KI)
VII Klebsiella pneumoniae IR21 Christian G. Giske (KI)
VII Klebsiella pneumoniae N6 Christian G. Giske (KI)
VII Klebsiella pneumoniae OS506/08 Christian G. Giske (KI)
VII Klebsiella pneumoniae IR25 Christian G. Giske (KI)
VII Klebsiella pneumoniae N21 Christian G. Giske (KI)
VII Klebsiella pneumoniae IR15 Christian G. Giske (KI)
VII Klebsiella pneumoniae B357 Christian G. Giske (KI)
VII Klebsiella pneumoniae N11 Christian G. Giske (KI)
VII Klebsiella pneumoniae N26 Christian G. Giske (KI)
VII Klebsiella pneumoniae K6 Christian G. Giske (KI)
VII Klebsiella pneumoniae K1 Christian G. Giske (KI)
VII Klebsiella pneumoniae K9 Christian G. Giske (KI)
VII Klebsiella pneumoniae N12 Christian G. Giske (KI)
VII Klebsiella pneumoniae N14 Christian G. Giske (KI)
VII Klebsiella pneumoniae N13 Christian G. Giske (KI)
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VII Klebsiella pneumoniae N27 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ED Christian G. Giske (KI)
VII Klebsiella pneumoniae Bolkan/84 Christian G. Giske (KI)
VII Klebsiella pneumoniae IR27 Christian G. Giske (KI)
VII Klebsiella pneumoniae IR34 Christian G. Giske (KI)
VII Klebsiella pneumoniae HR10 Christian G. Giske (KI)
VII Klebsiella pneumoniae HR4 Christian G. Giske (KI)
VII Klebsiella pneumoniae K16 Christian G. Giske (KI)
VII Klebsiella pneumoniae VPKP374 Christian G. Giske (KI)
VII Klebsiella pneumoniae VPKP205 Christian G. Giske (KI)
VII Klebsiella pneumoniae VPKP309 Christian G. Giske (KI)
VII Klebsiella pneumoniae VPKP440 Christian G. Giske (KI)
VII Klebsiella pneumoniae VPKP6 Christian G. Giske (KI)
VII Klebsiella pneumoniae VPKP389 Christian G. Giske (KI)
VII Klebsiella pneumoniae VPKP194 Christian G. Giske (KI)
VII Klebsiella pneumoniae VPKP203 Christian G. Giske (KI)
VII Klebsiella pneumoniae VPKP842 Christian G. Giske (KI)
VII Klebsiella pneumoniae VPKP83 Christian G. Giske (KI)
VII Klebsiella pneumoniae VPKP229 Christian G. Giske (KI)
VII Klebsiella pneumoniae VPKP267 Christian G. Giske (KI)
VII Klebsiella pneumoniae VPKP307 Christian G. Giske (KI)
VII Klebsiella pneumoniae VPKP754 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500127 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500154 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500164 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500222 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500312 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500317 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500219 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500322 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500325 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500341 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500392 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500402 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500492 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500516 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500529 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500545 Christian G. Giske (KI)
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VII Klebsiella pneumoniae 11ET500611 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500626 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500635 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500727 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500748 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500756 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500790 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500874 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500905 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET500950 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET501000 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET501093 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET501104 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET501154 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET501157 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET501159 Christian G. Giske (KI)
VII Klebsiella pneumoniae 11ET501161 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500034 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500040 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500058 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500059 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500062 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500080 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500088 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500094 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500102 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500130 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500136 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500146 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500149 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500155 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500168 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500169 Christian G. Giske (KI)
VII Klebsiella pneumoniae 12ET500170 Christian G. Giske (KI)
SMI = Smittskyddsinsitutet, Solna, Sweden
KI = Karolinska Institute, Solna, Sweden
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3.1	 Isolation of phages (III, VI, VII)

Bacteriophages were isolated from samples taken from sewage plant effluent with 
enrichment method as follows. The collected samples were transferred to 500 ml 
Erlenmeyer flasks, each containing 100 ml of fresh Luria Broth (LB) (Sambrook and 
Russel, 2001). The flasks were inoculated with 200 µl of appropriate bacterial culture 
in the late logarithmic phase and maintained at room temperature or 37 °C for 24 
hours with constant agitation of 220 rpm. Bacteria were collected by centrifugation (3 
min, 17000 x g) and 100 µl of the supernatant was plated with 200 µl of host bacteria 
and LB-agar (0.7  %) with the overlay method. To establish genetically homogenous 
phage populations, single plaques were picked, suspended in 400 µl of dH2O and 
plated with 200 µl of host bacteria.  Final phage stocks were prepared by collecting 
the soft agar layer from semiconfluent plates and incubating the agar culture for 3 
h at 37 °C.  The cell debris was removed from the culture by centrifugation (Sorvall 
SS-34 rotor, 9000 rpm, 20 min, 4 °C). Stocks were filtrated through a 0.45 μm filter 
(Whatman, Puradisc 30).

3.2	 Isolation of phage DNA (III, VI)

1.	 Phage particles were precipitated with PEG (0.5 M NaCl, 10 % PEG 6000), 
and further purified in a caesium chloride density gradient (1.5 g/ml CsCl, 50 
mM Tris-HCl pH 7.2, 100 mM MgCl2, 150 mM NaCl). (III)

2.	 High titer phage stocks were treated with DNAse I overnight, followed 
by proteinase K  treatment. DNA solution was then purified using phage 
lock gel and 25:24:1 phenol:chloroform:isoamyl alcohol. Finally DNA was 
precipitated with 96  % ethanol. (VI)

3.3	 Sequencing of phages (III)

Phage DNA was purified as described above and digested with restriction enzymes. 
The resulting bands were observed using agarose gel electrophoresis. Three separate 
restriction fragments of the genomic DNA of PPV were cloned into the pSU18 
plasmid. The inserts were sequenced with ABI Prism® 3130x1. We followed the 
manufacturer’s protocol by using the BigDye Terminator v3.1 Cycle Sequencing Kit 
(Applied Biosystems).
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3.4	 Transmission electron microscopy of phage particles (III, VI)

Purified particles were stained with 1 % phosphotungstic acid (PTA), pH 6.5 (III) or 
1  % uranyl acetate on carbon-coated grids (VI), and examined with a transmission 
electron microscope (Jeol JEM-1200EX, 60 kV (III) or Tecnai G2, 80 kV (VI). 

3.5	 Selection experiments (I, II, III, IV, VI)

1.	 Serratia marcescens Db11 (B) was cultured alone or in a co-culture 
with Acanthamoeba castellanii  (A), Tetrahymena thermophila (C) and 
bacteriophage Semad11 (P) in five combinations (B, BA, BC, BP and BACP) 
for eight weeks. There were four replicates for each treatment. The experiment 
was executed in 25 cm2 polystyrene flasks with 0.2 µm hydrophobic filter 
membrane caps (Sarstedt) in NAS (New Cereal Leaf - Page’s modified Neff’s 
amoebae saline) medium (Page, 1988). The total volume of static liquid co-
cultures was 15 ml. Flasks were incubated in 25  °C and 50  % of the cultures 
were renewed weekly. Before every renewal, four flasks from each treatment 
were randomly chosen for destructive sampling. (I and II)

2.	 Serratia marcescens Db11 (B) was cultured alone or in a co-culture 
with Acanthamoeba castellanii  (A), Tetrahymena thermophila (C) and 
bacteriophage Semad11 (P) in eight combinations (B, BA, BC, BP, BAC, 
BAP, BCP and BACP) for eight weeks. There were eight replicates for each 
treatment. The experiment was executed in 25 cm2 polystyrene flasks with 0.2 
µm hydrophobic filter membrane caps (Sarstedt). The total volume of static 
liquid co-cultures was 15 ml. Flasks were incubated in 25  °C and 50  % of the 
cultures were renewed weekly. (IV)

3.	 Serratia marcescens (ATCC strain #13880) was cultured in two temperatures; 
25 °C and 37 °C, in the presence and absence of phage PPV. The experiment 
was conducted in 250 ml plastic Erlenmeyer flasks (Corning), capped with 
membrane filters to maintain aerobic conditions. Bacteria was cultured 
in phosphate-buffered hay extract containing 2.15 mg l−1 of plant detritus 
(Friman et al., 2008) in total volume of 30 ml. Ten microcosms were 
established in both low (25 °C) and high (37 °C) temperature regime; and five 
replicates from of each were inoculated with the phage. The microcosms were 
renewed at four-day intervals by transferring 90  % of the cultures to new 
microcosms containing fresh bacterial culture medium.

4.	 Continuous batch cultures with Klebsiella pneumoniae Kpn524 were 
conducted in 50 ml conical centrifuge tubes in LBamp (final concentration 
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of ampicillin 100 μg/ml) with total volume of 10 ml. Kpn524 was grown 
overnight at 30 °C on LBamp -plates (final concentration of ampicillin  
50 μg/ml), a single colony was inoculated into LBamp and grown overnight at 
37 °C. Phages F524B, F524H, F524K and F524X were added in ten different 
combinations with three replicates for each microcosm, resulting in 30 
tubes in total. Microcosms were initiated by adding 10 μl of late log phase 
bacterial culture and 10 μl of each appropriate phage stock, depending on the 
microcosm combination. All phage stocks were adjusted to 106 pfu/ml. The 
continuous cultures were renewed daily by transferring 10 μl of the culture to 
a fresh tube with fresh medium (to give a 99 % renewal). 10 μl of appropriate 
phage stock was added to all phage-containing tubes at every renewal.

3.6	 Bacterial growth measurements  (I, II, III, IV, VI)

Bacterial growth and biomass measurements were done using a Bioscreen C® 
spectrophotometer (420–580 nm broadband filter) on 100-well “Honeycomb 2” 
plates (Oy Growth Curves Ab Ltd). Bacteria were inoculated into 400 µl of or LB 
medium. When measuring bacterial susceptibility to infection by phages, inoculums 
of phage stocks were added in the wells simultaneously with the bacteria. Optical 
density was monitored at steady intervals.

To identify maximum growth rate (rmax) linear regressions were fitted to 
log-transformed data by using a sliding time window of 25 data points (measured at 
5 minute intervals), and rmax was determined by finding the largest slope of linear 
regression within all fitted regressions for a particular clone.

Bacterial yield was determined as the highest arithmetic mean of 
untransformed OD values in the 25-point sliding time window data. In all the 
analyses, the OD of the background medium was subtracted from OD values. 

The potential of a phage population to inhibit the growth of a particular 
bacterial clone was quantified as follows (II): Three replicate growth curves were 
drawn for each bacterial clone from each phage treatment (ancestral phage, coevolved 
phage, or no phage). The data obtained from the growth curves were permuted 1000 
times to obtain mean estimates and SD per clone and treatment. Thus, in these 
1000 created growth curves, a single value for a given time point could originate 
from any of the three replicate measurements. The data from phage-containing and 
phage-free treatments were subsequently superimposed, and the mean of maximum 
decrease in optical density caused by phage was designated the “phage effect”  
of a given phage type.
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3.7	 Staining and quantifying bacterial biofilm (I, III, IV, VI)

Biofilm production of each clone was measured on Honeycomb 2 microtitre plates 
(Thermo Electron Ltd). Bacteria were grown on the plates for 48 hours in 37 °C or 25 
°C. The plates were drained and 1  % crystal violet solution was added into the wells 
and incubated for 10 minutes.  After incubation the plates were rinsed with distilled 
water for three times, and subsequently 96  % ethanol was added to dissolve crystal 
violet from the walls. Plates were incubated for 24 hours and the amount of formed 
biofilm was quantified as the OD of crystal violet-ethanol solution at 460-580 nm 
with Bioscreen C® spectrophotometer  (modified from O’Toole & Kolter 1998).

3.8	 Verifying presence of phage and determining phage host range  
(I, II, III, IV, VI, VII)

200 µl of host bacteria was mixed in 3 ml of melted soft agar (0.7 %) and poured on 
a plate. 10 µl of phage lysate is placed on the plate, incubated in optimal conditions 
depending to the host bacterium in question and checked for bacterial lysis where the 
phage lysate was placed.

3.9	 Virulence experiments (III, IV, VI)

It has been shown that virulence in invertebrate hosts correlates with virulence 
measured in mammals and mammalian cell cultures (Brennan et al., 2002; Insua et 
al., 2013; Jander et al., 2000; McLaughlin et al., 2014; Miyata et al., 2003; Mukherjee 
et al., 2010; Seed and Dennis, 2008; Wand et al., 2013). In this thesis we used three 
insect models to assess bacterial virulence.

1.	 Wood tiger moth larvae (Parasemia plantaginis, Arctiidae) were used in III 
as insect model hosts, to determine changes in bacterial virulence. Infection 
was performed by the injection method (needle). 5 µl of a well-mixed Serratia 
marcescens (ATCC #13880) solution grown to late logarithmic phase, or 
sterile 5 µl of dH2O (as a control), was injected between the second and third 
segments of the larvae with a Hamilton syringe. A total of 210 larvae were 
injected during the experiment: 27 control larvae with water, 46 larvae with 
the ancestral S. marcescens strain, 70 larvae with the S. marcescens strains 
that had evolved in the absence (N = 36) or presence (N = 34) of phages at 
25 °C and 67 larvae with the S. marcescens strains that had evolved in the 
absence (N = 32) or presence (N = 35) of phages at 37  °C.  Infected larvae 
were monitored at 1-3 hour intervals for 53 hours. 
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2.	 In study IV Drosophila melanogaster oral infection model (Nehme et 
al., 2007) was used to determine changes in bacterial virulence. Serratia 
marcescens Db11 was grown in LB for 24 h, at 25 °C without shaking, and 800 
µl of the bacterial culture was mixed with 800 µl of 100 mM sucrose solution. 
The mixture was absorbed to cotton dental roll (Top Dent, Lifco Dental, 
Enköping, Sweden) folded on the bottom of a standard 75×23 mm fly vial 
(Sarstedt, Nümbrecht, Germany). 1600 µl of 100 mM sucrose solution was 
used as a negative control. Ten 2–3 days old D. melanogaster adults (kindly 
provided by Christina Nokkala from the University of Turku) were transferred 
to each vial and plugged with cotton. Survival of flies was monitored over 
four days at 3–6 h intervals. Infection experiment was performed for two 
clones from each of the 64 experimental replicate microcosms . 

3.	 Wax moth larvae (Galleria mellonella, Lepidoptera; Pyralidae) were 
used in VI to determine changes in bacterial virulence. Each of the 240 
bacterial clones was used to infect two G. mellonella larvae (Kreca, Ermelo, 
Netherlands) accounting for 480 larvae altogether. Additionally, seven larvae 
were injected with distilled water to control for the damage caused by the 
injection itself (total n = 487 larvae). Bacterial clones were grown for 48 h 
in 37 °C and 220 rpm agitation, and the larvae were injected with 5 μl of 
bacterial culture between segments six and seven using a Hamilton syringe. 
Infected larvae were monitored at 1-3 hour intervals for 44 hours.
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4	 Results and discussion

4.1	 Phage-host interactions in microbial communities with multiple  
interacting species

4.1.1	 Top-down effects of phages on bacterial biomass (I)

In natural consumer-resource communities predation by protist predators and lysis 
by parasitic bacteriophages are the most prominent causes of bacterial mortality 
(Fuhrman, 1999; Jurgens and Matz, 2002). However, the relative impacts of these 
bacterial enemies on top-down control of bacterial biomass are unclear. In the first 
study (I) of this thesis, I assessed the impacts of two protist predators and a lytic 
bacteriophage on bacterial biomass in free water and biofilms. An opportunist 
pathogenic bacterium (Serratia marcescens strain Db11) was exposed to two protists 
grazers (surface feeding amoeba Acanthamoeba castellanii, and open water particle 
feeding ciliate Tetrahymena thermophila), and a lytic bacteriophage (Semad11) 
in static aquatic microcosms with a low concentration plant detritus medium 
simulating pond water.  

This study demonstrates that bacterial enemies with different feeding 
strategies had eminently different spatial and temporal effects on the bacterial 
population. Bacteriophages and protist grazers use relatively diverse strategies to 
utilize bacteria, for example, most ciliates prey on suspended bacteria, whereas 
amoebae often feed almost exclusively on biofilm (Molmeret et al., 2005; Rodriguez-
Zaragoza, 1994). Lytic phages are in principle capable of attacking bacteria in the free 
water as well as in biofilms (Hanlon et al., 2001). However, the ability of a phage to 
infect biofilms (formed by an otherwise susceptible bacterial host), depends whether 
the phage has access to the surface of the bacterium, which in turn is determined 
by the structure of biofilm and the capability of bacteriophage to degrade the 
extracellular polymers forming the matrix of the biofilm (Sutherland et al., 2004). 

The ciliates accounted for the strongest long-term negative effect in reducing 
bacterial biomass in the open water. Neither ciliates nor bacteriophages reduced 
bacterial biofilms when they were the only bacterial enemy in the system. However, 
the lowest amount of biofilm was found in the system where ciliates, amoebae and 
bacteriophages were all present. These results indicate that the effect of ciliates and 
bacteriophages on the amount of biofilm was of significance only when the amoebae 
were present. Amoebas were the most efficient single enemy type in reducing the 
bacterial biofilm. Moreover, this effect was most pronounced during the three final 
weeks of our experiment. Notably, amoebae were also able to reduce the bacterial 
biomass in the free water. One explanation for this could be that the amoebae 
consumed the suspended bacteria through pinocytosis (Bowers, 1977; Vogel et al., 
1980). This niche overlap with ciliates is also consistent with the observed ciliate 
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population dynamics and competition between ciliates and amoeba seemed to be 
asymmetric in favor of the ciliates.

The lytic phages had the lowest long-term effect on bacterial biomass in 
the open water, and no effect on the amount of the bacterial biofilm when cultured 
with the bacteria alone. However, separate short-term experiments demonstrated a 
substantial negative effect of Semad11 on bacterial population dynamics: inoculation 
of phages was followed by a 93 % decrease of free-living bacterial biomass within 12 
hours, in comparison to the control populations. However, the high mortality risk 
imposed by a lytic phage is likely to create a strong selection pressure for phage-
resistant bacteria and indeed, the bacterial populations were restored close to control 
population sizes within 100 hours. Thus, in the ecological context, the appearance of 
phage-resistant bacteria weakened the trophic link between the parasitic phages and 
their host bacteria. However, the phage-resistant bacterial populations did not quite 
reach the population sizes of bacteria cultured without the phage, suggesting a cost 
on growth for the acquired phage-resistance and possible cryptic coevolutionary 
dynamics. The costs for phage-resistance have been well demonstrated (Bohannan 
et al., 2002; Lenski, 1988b) and the costs are likely to be higher in low-resource 
environments (Lopez-Pascua and Buckling, 2008). Thus, we suggest that the fitness 
cost associated with phage-resistance is accountable for the small but persisting 
long-term negative effect on free-water bacterial biomass. All in all, protist predators 
accounted for most of the negative long-term effects on bacterial biomass, whereas 
a single phage type seemed to account for fluctuations in bacterial genotypes within 
the population, rather than decrease the total amount of bacterial biomass.

4.1.2	 Susceptibility to infection by lytic phages is affected  
by interacting species (II)

Consumer-resource interactions have been studied extensively and most experimental 
setups investigating these interactions consist of one consumer and one resource 
species. However, in natural communities, any given species interacts with multiple 
other species, and the potential interactions between species increase exponentially 
with the number of species. The outcome of pairwise antagonistic coevolution is 
expected to be altered by the presence of additional interacting species, depending 
on how the selection pressures imposed by multiple species on a given species 
are correlated (Iwao and Rausher, 1997; Strauss et al., 2005). There are plenty of 
studies showing negative correlations where the presence of one enemy reduces the 
evolutionary impact of another species (Berenbaum and Zangerl, 2006; Craig et al., 
2007; Edeline et al., 2008; Friman and Buckling, 2013; Gomez et al., 2009; Iwao and 
Rausher, 1997; Koskella et al., 2011; Pitt, 1999; Siepielski and Benkman, 2008; Sih et 
al., 1998; Stinchcombe and Rausher, 2001; Thompson, 2005). This is likely to be due 
to trade-offs between defense mechanisms against multiple enemies, where a benefit 
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from a change in one life-history trait is overridden by the disadvantage introduced 
by a change in another trait in a given environment (Davies and Brooke, 1989; 
Stinchcombe and Rausher, 2001)

In the second study (II) of this dissertation, I investigated how the presence 
of protist predators affects the susceptibility of bacteria to infection by lytic 
bacteriophages in a low-resource environment, and whether there are associated costs 
on the competitive ability. To study this, we used two microbial systems; i) Serratia 
marcescens, ciliate Tetrahymena thermophila, surface-feeding Acanthamoeba 
castellanii, and a lytic parasitoid phage Semad11 and ii) Pseudomonas fluorescens 
with lytic parasitoid phage SBW25 Φ2. 

The presence of two protists, T. thermophila and A. castellanii, led to lowered 
susceptibility to infection by a lytic phage in S. marcescens, in comparison to a 
phage-only system, suggesting an overlap in bacterial defenses against parasitic and 
predatory enemies. These results were further supported by the other study species P. 
fluorescens and T. thermophila. Selection by bacterial enemies was costly in general 
and was seen as a lowered fitness in absence of phages, measured as a biomass yield. 

S. marcescens from phage-only systems were more susceptible to the 
ancestral phage than to coevolved phages. This result supports a study by Gomez 
and Buckling (2011), demonstrating that bacteria are most resistant to their 
contemporary phages in a low-productivity environment. The bacteria could have 
acquired phage-resistance through minor mutations in their receptors, as these 
kinds of moderate structural changes have the potential to provide resistance against 
the specific phage genotypes present in the population (Bohannan and Lenski, 2000). 
The S. marcescens that had been exposed to phages and protists were less susceptible 
to infection by both contemporary and ancestral phages. This suggests that some 
of the evolved anti-predatory traits could be also beneficial against phage infection, 
and this mechanism was less selective to phage type. One such less selective 
mechanism to avoid infection by phages on bacterial population level could be the 
production of biofilm, allowing some bacteria to hide from phages as spatial refugees  
(Labrie et al., 2010)

This study demonstrates that the presence of additional interacting species 
can drastically shape the outcome of consumer-resource interactions; here, the 
interaction between a phage and its host bacterium. These results could also have 
implications beyond the eco-evolutionary community effects, as many bacteria that 
actively grow in natural multispecies reservoirs (such as S. marcescens (Grimont and 
Grimont, 1978) and P. fluorescens (Donnarumma et al., 2010; Madi et al., 2010) used 
in this study) can also opportunistically cause infections in multicellular organisms 
(Woolhouse et al., 2001). Competitive ability in bacteria is often linked to virulence, 
e.g. through the rate at which the host is colonized (de Roode et al., 2005; Frank, 
1996; Harrison et al., 2006; Williams, 2013). If bacterial antipredatory defense traits 
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are traded off with competitive ability, the selection for antipredatory traits could 
select for lowered virulence in environmentally growing pathogens. 

4.2	 Lytic phages select for lowered virulence (III, IV, VI)

The coincidental evolution hypothesis (Levin, 1996; Levin and Svanborg Eden, 
1990; Read, 1994) suggests that bacterial virulence could be a random by-product of 
selection on life-history traits that increase the fitness of a parasite in outside-host 
reservoirs. These traits would then coincidentally have implications on the virulence 
within the host. For example, the competitive and cooperative abilities of bacteria 
have probably evolved to increase bacterial fitness and survival in natural microbial 
communities. However, these same traits also affect the severity of an infection by 
determining how fast bacteria can proliferate within their hosts (Harrison et al., 2006; 
Inglis et al., 2009). Although previous studies have reported positive correlations 
between bacterial virulence and traits linked to survival in environmental reservoirs, 
the disease outbreaks driven by opportunistic bacterial pathogens are relatively rare, 
suggesting that there are some selective forces acting in environmental reservoirs 
that in all likelihood select for lowered bacterial virulence.

Lytic bacteriophages and protist predators are the two major causes for 
bacterial mortality in natural microbial communities (Fuhrman and Noble, 1995) 
and we conducted two studies investigating the implications of i) temperature 
regime and lytic phages and ii) presence of protist predators and phages, on virulence 
evolution in opportunistic pathogen Serratia marcescens. In the first study (III), S. 
marcescens (strain ATCC # 13380) was exposed to 25 °C and 37 °C temperatures 
in the presence and absence of a lytic bacteriophage PPV in vitro, and the changes 
in bacterial virulence were measured in vivo in Parasemia plantaginis model. The 
temperatures were selected to simulate the temperatures in outside-host (25 °C) and 
within-host (37 °C) environments. In the second study (IV) S. marcescens was exposed 
to the lytic phage Semad11 and two protist predators; Tetrahymena thermophila and 
Acanthamoeba castellanii in different combinations, and the virulence of the bacteria 
was assessed in vivo with Drosophila melanogaster. The results from both of these 
studies demonstrate that the presence of lytic phages select for lowered virulence in 
two strains of S. marcescens, contradicting the theory of coincidental evolution of 
virulence and rather suggesting that allocating to defense against phages is traded 
off with virulence.

In study III, the high temperature regime (37 °C) selection increased the 
motility and virulence of S. marcescens when the bacterium was cultured in the 
absence of the phage. However, past selection in high temperature did not affect 
bacterial virulence in the presence of the phage. These results suggest that high 
temperature could select for more virulent bacteria in environmental reservoirs, 
while selection by phages could constrain this effect. Phages impose a strong 
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selection for phage-resistant bacteria and this is likely to account for the observed 
lowered bacterial yield, as phage-resistance often comes with an associated fitness 
cost. Thus, phages could have constrained the temperature-mediated increase in 
bacterial virulence via a competitive growth cost (Bohannan and Lenski, 1999; 
Brockhurst et al., 2004; Lenski, 1988a; Lenski and Levin, 1985), resulting in less 
efficient host exploitation during the infection and, ultimately, in lowered bacterial 
virulence. (de Roode et al., 2005; Harrison et al., 2006) Alternatively, temperature-
induced increase in bacterial motility could have been maladaptive in the presence 
of parasitic phages. This could result from increased probability of the more motile 
bacteria to encounter phages. Low motility has, indeed, been connected to resistance 
against phages (Brockhurst et al., 2005; Heierson et al., 1986; Paruchuri and Harshey, 
1987), as many phages use the bacterial pilus or flagella (Brockhurst et al., 2005; 
Iino and Mitani, 1967; Malik-Kale et al., 2007; Schade et al., 1967) as a receptor for  
their attachment. 

	In study IV we found that the presence of all bacterial enemies (Semad11, 
A. castellanii, and T. thermophila) in all combinations decreased the virulence of S. 
marcescens after eight weeks of coevolution. The bacteria that had evolved with lytic 
bacteriophage had the lowest bacterial yield of all treatments. As lytic phages impose 
a strong selective pressure for phage-resistance, it is likely that phage-resistance was 
selected for and this was accompanied with a fitness cost on the growth (Bohannan 
and Lenski, 1999; Brockhurst et al., 2004; Lenski, 1988a; Lenski and Levin, 1985), 
accounting for the observed decrease in bacterial yield. As discussed with the 
previous study, this growth cost could then result in less efficient host exploitation 
during the infection and in decreased bacterial virulence in a multicellular host 
(de Roode et al., 2005; Frank, 1996; Harrison et al., 2006). The presence of lytic 
phages also decreased the biofilm production in bacteria in most phage-containing 
treatments, suggesting that phage-resistance is costly for the production of biofilm. 
Interestingly the coevolution with all enemies (phage, ciliate and amoeba) resulted in 
intermediate biofilm production in S. marcescens. This suggests that the joint selection 
by all enemies could have forced the bacteria to allocate to costly biofilm production 
anyway, if the selective advantage of allocating into the biofilm production would 
have overridden the costs in an environment with multiple enemies.

	Together these results suggest that exposure to bacteriophages could select 
for lowered bacterial virulence in environmentally growing opportunistic bacteria, 
if defense against bacteriophages is costly in terms of the ability of the bacteria to 
cause disease. This is an important finding regarding the evolution of virulence in 
opportunistic environmentally growing pathogens. If virulence is coincidentally 
maintained in the outside-host environments, why are outbreaks by opportunists 
still relatively rare? And what constrains the virulence, as opportunists are not 
strongly subjected to the transmission-virulence trade-off? Based on the results of 
this thesis I suggest that lytic phages in environmental reservoirs are one potential 
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factor constraining the evolution of virulence in opportunistic pathogens, through 
trade-offs between defending against phages and virulence.

This is also interesting when considering phages as therapeutical agents. In 
addition to simply decreasing bacterial densities, phages have a unique relationship 
with bacteria, shaped through billions of years of coevolution. As lytic phages impose 
such a strong selection pressure on bacteria in natural communities, bacteria have 
evolved an array of means of overcoming the threat by phages, some being costly for 
the bacteria and thus resulting in lowered virulence. As far as designing phage based 
antibacterials go, understanding the eco-evolutionary antagonistic interactions 
between the medicine (phage) and its target (bacteria) could help us develop effective 
phage based antibacterial therapy, where even the appearance of resistant bacteria 
could be coupled with lowered virulence. This is discussed further in Chapter 4.3. 

4.3	 Phage therapy: the availability of phages and the emergence of  
phage-resistance in bacteria 

Apart from the legislative problems and safety issues of phage therapy described 
in Chapter 1.3, more practical questions regarding phage based antibacterial 
therapy include i) can new phages be readily isolated for development of phage 
therapy and clinical trials and ii) how severe problem is the potential emergence of 
phage-resistance? 

4.3.1	 Isolating new phages lysing a wide range of clinical bacterial isolates (VII)

The aim of study VII was to assemble a phage cocktail lysing a wide range of 
clinical isolates of multi-resistant K. pneumoniae producing extended spectrum 
β-lactamases (ESBLs) or carbapenemases, conferring resistance to most penicillins 
and cephalosporins (Doern, 1995), and carbapenems (Jacoby, 1997), respectively. 
We isolated a total of 60 phages from sewage effluent and chose 6 lytic phages for a 
cocktail, based on their polyvalency against a set of 24 K. pneumoniae host strains. 
The cocktail was tested on 125 β-lactamase-producing clinical K. pneumoniae 
isolates and the cocktail lysed 99 isolates in vitro. This shows that isolating new 
phages against given bacterial isolates is relatively easy. In this study we did not 
further characterize the phages or assess whether these phages could be associated 
with some unwanted secondary pharmacokinetic characteristics. However, the 
magnitude of isolated phages against the K. pneumoniae strains, and the achieved 
wide host range associated with the assembled phage cocktail, are encouraging and 
our results indicate that it should not be a problem to find effective phages for further 
characterization and use in phage therapy trials.  
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4.3.2	 On bacterial phage-resistance: a global perspective (V)

The emergence and fast spreading of resistance genes against the chemical 
antibacterials raises concerns regarding the potential emergence of global phage-
resistance associated with phage therapy. Due to the strong selection pressure 
imposed by lytic phages on their bacterial hosts, the relatively quick emergence 
of phage-resistant bacteria is, in fact, expected to result from exposure to phages 
(Levin and Bull, 2004). It has been stated that the maintenance and development 
of functioning phage therapy will depend on the success of the constant expansion 
of the collection of therapeutic bacteriophages with lytic activity against newly 
arising phage-resistance of bacterial populations, as phage-resistant clones are 
expected to replace the previous hospital pathogens. However, from eco-evolutionary 
perspective, it is very unlikely that the use of phages should initiate the emergence 
and maintenance of similar multi phage-resistant bacteria than what we have seen 
associated with the use of chemical antibiotics. 

In natural microbial communities bacteria are subject to competition, 
predation, parasitism and varying environmental conditions. Phage-resistance is 
known to be often associated with a fitness cost (Meyer et al. 2010, Inal 2003) and in 
an environment with diverse selection pressures, it could be disadvantageous for the 
bacteria to remain resistant against bacteriophages that are no longer present in their 
local environment (Gomez and Buckling, 2011). In fact, phage-resistance has been 
demonstrated to be a transient trait in bacteria in soil communities. This is likely 
to hold for many natural microbial communities, as allocation to phage-resistance 
often is associated with a fitness cost for the bacteria (Inal, 2003; Meyer et al., 2010). 
Moreover, these costs have been demonstrated to be more substantial in low-resource 
environments (Lopez-Pascua and Buckling, 2008), which most natural bacterial 
habitats represent. 

As study VII shows, phages can be readily isolated from the environment. 
Thus, even if continuous use of phages forced a bacterial population to become 
permanently resistant to specific phage-cocktails, the prospects of isolating new 
phages from the environment looks promising. Moreover, biogeographical studies 
of phage infection patterns have shown that regardless of lack of recent contact, 
phages have remained infective to bacterial host cells on the other side of the world 
(Flores et al., 2011; Wolf et al., 2003). Altogether, a situation where new infectious 
phages for pathogenic bacteria can no longer be found seems extremely unlikely, and 
the theoretically infinite reservoirs of phages should warrant that the emergence of 
phage-resistance will not hinder the prospects of success of phage therapy.
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4.3.3	 Phage cocktails could select for lowered bacterial virulence but this could 
depend on the identity of the cocktail (VI)

If global phage-resistance associated with phage therapy should not become a 
problem, how about the expected emergence of resistance in the short-term? If phage-
resistant bacteria are still expected to appear locally, are these resistant bacterial 
variants going to compromise the prospects of successful therapy in regards of a 
single patient or a single facility? As discussed in Chapter 1.3 the primary motivation 
for the use phage of cocktails is their broad range of activity but also the delay of 
phage-resistant mutants (Chan et al., 2013; Tanji et al., 2004).  Fitness costs for 
phage-resistance have been shown with many bacterial species and the appearance 
of less virulent or avirulent strains in association with in vivo phage therapy trials 
has been demonstrated (Smith and Huggins, 1983; Zahid et al., 2008). In addition, 
bacteria exposed to an engineered phage cocktail where phages were known to use 
different receptors, resulted in attenuation of virulence in the bacteria surviving 
the phage treatment (Filippov et al., 2011). Thus, exposure to phage cocktails could 
lead to selection for lowered virulence, if defending against phages is costly in  
terms of virulence.

	The aim of study VI was to assess whether the virulence of potential bacteria 
surviving a phage cocktail treatment would decrease due to allocation of resources 
into phage-resistance at the expense of virulence. We set up an experiment where 
a clinical isolate of ESBL-carrying K. pneumoniae (strain Kpn524) was exposed to 
phage cocktails for one week. Four lytic bacteriophages infecting a clinical isolate 
of K. pneumoniae Kpn524 were isolated and phages were administered in different 
combinations on Kpn524 for seven days. Subsequently, the remaining phage-
resistant bacteria were isolated and the virulence of the bacteria was measured in 
Galleria mellonella wax moth larvae. In addition to virulence, bacterial growth rate 
and biofilm production were assessed for all isolated clones, as these traits are known 
to be linked to virulence (Antia et al., 1994; de Roode et al., 2005; Frank, 1996; Goto 
et al., 1999; Harrison et al., 2006; Kumoh, 1996; Paisley et al., 2005). 

The administration of three out of five phage cocktails decreased the 
virulence of Kpn524 isolates surviving the phage cocktail treatment, in comparison 
to control treatment with no phage. Interestingly, two out of four phages caused an 
increase in the bacterial virulence, when administered alone. Bacteriophages are 
known to contribute to increased bacterial virulence by introducing genetic elements 
encoding bacterial virulence factors (VFs) (Brussow et al., 2004). However, the 
studies currently available on the production of phage-linked VFs focus on lysogens 
rather than lytic phage infections (Abedon and Lejeune, 2005; Ferrer et al., 2011). 
Exposure to lytic phages has been shown to select for upregulation of virulence 
factors when measured in vitro with mammalian cell cultures (Hosseinidoust et 
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al., 2013). However, to our knowledge there are no studies at the moment showing 
increased bacterial virulence in vivo resulting from exposure to lytic bacteriophages. 

The increased virulence was accompanied by increased growth rates and 
bacterial virulence was positively correlated with the maximum growth rate of 
bacteria across all isolated bacterial clones. A study by Poisot et al. (2012) shows a 
behavioral response in bacteria resulting from exposure to lytic bacteriophages. The 
binding of phage triggers a phenotypically plastic response and as a result bacteria 
begin to divide earlier in their cell cycle, showing as increased growth rate (Poisot et 
al., 2012). This could be due to the faster replication possibly allowing bacterial cells 
to concentrate phage progeny in one of the daughter cells at cell division (Lee et al., 
2009; Zeng et al., 2010), and thus some bacterial daughter cells could to avoid death 
by the phage (Poisot et al., 2012). This strategy of “terminal investment” could be 
accounting for the increased growth rate observed in our experiment. High growth 
rate can enable bacteria to exploit their hosts more efficiently, and is considered to 
be a virulence factor (Antia et al., 1994; de Roode et al., 2005; Frank, 1996; Harrison 
et al., 2006; Paisley et al., 2005). Subsequently, phage-induced increase in bacterial 
growth could result in increased virulence. Bacterial biofilm production in vitro 
was negatively correlated with both virulence and growth rate across all bacterial 
clones, suggesting a cost for biofilm production resulting from investing into 
phage-resistance. 

These results indicate that the use of phage-cocktails and thus “attacking 
bacteria simultaneously from different fronts” increases the likelihood of decreased 
virulence, potentially through allocation to resistance against multiple phages. In 
addition, the increased virulence associated with the administration of individual 
phage types did not take place in the phage-cocktail treated bacteria, which further 
promotes the advantages of phage-cocktails over single phage isolates in phage 
therapy. The increased virulence resulting from exposure to two phages was not 
expected and calls for future research in order to find out the underlying mechanisms. 
Most of all, this result calls for careful assessment when composing phage cocktails 
for therapy trials, as poor choice of phages could results in adverse effects and 
vitiate the success of therapy. Our observations do ignite a need for more profound 
consideration about the nature of phage therapy and the selection criteria for phages 
used in therapy. Essentially, bacteriophage based antimicrobial therapy deals with 
microbial communities with reciprocal coevolutionary potential associated with 
both; the antimicrobial agent and the target, and ultimately, it is the selection in the 
prevailing biotic and abiotic environment that determines the outcome of therapy.  
Thus, understanding the underlying ecological and evolutionary processes is crucial 
in designing successful phage based therapeutics.



44

5	 Conclusions 

Listed below are the main conclusions from each individual chapter of this thesis:

I	 The trophic link between a lytic bacteriophage and its’ host bacterium is 
significantly weakened by the appearance of phage-resistant bacteria. In a 
consumer-resource community with bacteria, phages and protist predators, 
the protists are likely to account for most of the long-term top-down control 
of bacterial biomass, whereas a single phage type is likely to account for 
fluctuations in bacterial genotypes within the bacterial population.

II	 	The presence of interacting species within a consumer-resource community 
can shape the phage-host interaction. The presence of protist predators 
lowered bacterial susceptibility to infection by lytic bacteriophages, indicating 
an overlap against predatory and parasitic enemies in bacteria.

III	 Exposure to high temperature in an outside-host environment selects for 
increased motility and virulence in an opportunistic bacterium and this is 
constrained by the presence of a lytic bacteriophage.

IV	 Exposure to multispecies communities consisting of lytic phages and 
predatory protists in an outside-host environment selects for lowered 
virulence in an opportunistic bacterium.

V, VII	 The biogeographical infection patterns of phages suggest that the emergence 
of global phage-resistance associated with phage therapy is not likely, as 
infectious phages are readily isolated from the environment, even from 
geographically distant locations.

VI	 Bacteria surviving exposure to phage cocktails could be associated with 
lowered virulence, most likely through costs for phage-resistance against 
multiple phages. However, exposure to certain phages individually can even 
increase virulence in the phage-resistant bacteria and thus the implications 
of a given phage cocktail on bacterial virulence evolution is ultimately 
determined by the individual phage types included in the cocktail. Thus, 
the effects of individual phage types included in phage cocktails should 
be carefully assessed, as they could have detrimentally adverse effects on 
bacterial virulence and, as a consequence, on the success of the treatment.

The aim of this thesis was to study the implications of lytic bacteriophages on 
opportunistic pathogenic bacteria that reside and reproduce in outside-host 
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environments with multiple species interactions. I found that the presence of additional 
interacting species affects the antagonistic interaction between a phage and its’ 
host bacterium. Moreover, there was an overlap in the bacterial defense against 
protist predators and parasitic phages. This is an intriguing finding from the eco-
evolutionary perspective, as positive correlation between defending against parasitic 
and predatory enemies in microbial communities has not been shown earlier. 

My findings on the effect of phages on the evolution of bacterial virulence 
contradict the theory of coincidental virulence evolution, and suggest that resistance 
to phages is rather associated with a cost on virulence, thus constraining the selection 
for virulence in environmental reservoirs. This could explain why environmental 
reservoirs do not generally select and maintain more virulent bacteria, which would 
be expected if survival in the environment would be positively correlated with 
virulence. It has to be noted, though, that selection by two individual phages in study 
VI caused an increase in bacterial virulence, which in turn supports the hypothesis 
of coincidental virulence evolution.

Understanding the eco-evolutionary aspects of phage-host interactions is 
extremely important in regards of development of phage-based therapeutics. In this 
context, the focus is on the evolution of phage-resistance and the consequences of 
this resistance on the success of therapy. In the studies presented in this thesis I found 
that in most cases phage-resistance was associated with lowered virulence in bacteria, 
most likely as a result of costs coupled with defending against phages. Moreover, even 
if resistance against phages should emerge, the existing literature, along with results 
from study VII suggest that new phages are nevertheless readily isolated from the 
environment. I hereby suggest that despite the strong selection for bacterial defense 
against phages, the emergence of phage-resistance should not hinder the prospects of 
utilizing phages as alternative antibacterials in the future. 



46

Acknowledgements

First, I would like to thank my supervisors, Professor Jouni Laakso and Professor 
Jaana Bamford. You are true free spirits, both sharing the unconditional love for 
science, as well as the uncompromised hatred for the ever-growing byrocracy in the 
academia (read, BS). You are both admirably determined to fight against windmills 
when you see just, and I have always felt that you got my back. You have both allowed 
me a lot of freedom in terms of my work, and I would not have wanted it any other 
way. And not the least, I will be forever thankful that I could pack my things and 
move my post to the other side of the gulf, when things took an unexpected twist 
back in 2012. So thank you Jone and Jaana, for everything, I will miss you both. I also 
thank Professor Johanna Mappes for looking after me during these years, and our late 
night chatting on Skype regarding some statistical problems was truly appreciated. 
For my latest doings, I would like to thank Anders Nilsson, who has kindly allowed 
me in his lab at Stockholm University. I am also very grateful to Professor Michael 
Brockhurst for finding the time to come to Finland to be my opponent, as well as 
to the pre-examiners Professor Owen Petchey and Professor Kaarina Sivonen, for 
taking the time to read my thesis. I would also like to express my gratitude to all of 
my co-authors, working with everyone of you has taught me a great deal.

I thank Matti Jalasvuori for all the help throughout these years. (And sharing 
the enthusiasm for science, for instance when we built the machinery to make 
bacterial aerosols with Biltema airbrushing equipment and fans from old computers, 
and ended up spraying the deadly fumes all over the place.) I am also thankful to 
Lotta-Riina Sundberg for the support and helpful comments on my thesis. Ville O., 
thank you for your hard work, and patience with one certain manuscript. Sari Ma. 
and Pilvi, thank you for doing some of my work in the lab when I have been away. 
And all the rest in the JB-group, you are the best (not to forget the JB floorball team, 
keeping me physically fit enough to finish my thesis!). I would also like to thank the 
rest of my Swedish team; Harald, Ali, Callum and Professor Elisabeth Haggård. 

In the process of fleeing the country, I have come to realize how lucky I am 
to have so many close friends. Many of you are biologists, and I am even privileged 
to work with some of you. First, my thanks go to Lauri, the unbeatable combination 
of colleagueness and friendship. I would also like to mention Lauri’s thumb for being 
there for me when I was feeling a bit reckless once with an injection needle loaded 
with multi-resistant bacteria (as we know now that an infection by that bug was not 
established through a breach in the cuticle in a healthy (?) human individual). Teppo, 
you are also one of my good friends I have got to work with. Our collaboration has 
always been smooth, especially when barbecuing fresh seafood with a glass of ice-
cold white wine, preferably somewhere in the near approximity of the Pacific Ocean. 
Inka, I met you the first day at the Uni in Jyväskylä, and ever since we have been very 
close (even though we are like day and night in some respects), let’s keep it that way. 



Sanni, thank you for being there whenever I needed to talk, whether it was work or 
personal (you and me probably rank as number 1 and 2 in the Central Finland’s all 
time records for ‘most words per minute’ so when we’re talking – we’re talking.) I also 
owe big thanks to the rest of the wonderful girls (and my trusted moving crew) Sari 
Mä, Reetta, Jatta and Carita, thank you all for your friendship. And Siiri, you are the 
best; there are times when I feel I just could not do it without you in Stockholm. Jussi, 
Noora, Anna K., Anna O., Sara, Terhi, Pipsa. Thank you friends. 

Possibly biggest thanks of all, however, I owe to my family. Äiti and Simo, 
your support with everything has been invaluable. Jaakko, Isä, Ikka, Arttu-Kalle, 
Iiris and Kare. Mummu and Vaari. Ulla-Maija, Laura and family, Lotta. Special 
thanks to Laura for helping me out with the thesis covers and doing the layout of 
the book, your help was priceless during those hectic weeks. Thank you Tuula and 
family, Liisa and family, Richard’s family. Thinking about all of you makes me feel so 
very fortunate for coming from such a loving and supportive background. And to my 
beloved husband Richard: thank you for all the support, and also for your efforts in 
listening to my never-ending babbling throughout the years (whether science-related 
or not).<3 And lastly, thank you Nuutti. The immense happiness arising from having 
you in my life gives me strength and focus in everything I do. You are my everything.



48

References

Abedon, S. (2011). Phage therapy pharmacology: calculating phage dosing. Adv Appl Microbiol 77, 
1-40.

Abedon, S.T. (2008). Bacteriophage Ecology (Cambridge, UK: Cambridge University Press).

Abedon, S.T., Kuhl, S.J., Blasdel, B.G., and Kutter, E.M. (2011). Phage treatment of human infections. 
Bacteriophage 1, 66-85.

Abedon, S.T., and Lejeune, J.T. (2005). Why bacteriophage encode exotoxins and other virulence 
factors. Evolutionary bioinformatics online 1, 97-110.

Abuladze, T., Li, M., Menetrez, M.Y., Dean, T., Senecal, A., and Sulakvelidze, A. (2008). 
Bacteriophages reduce experimental contamination of hard surfaces, tomato, spinach, broccoli, and 
ground beef by Escherichia coli O157:H7. Appl Environ Microbiol 74, 6230-6238.

Alemayehu, D., Casey, P.G., McAuliffe, O., Guinane, C.M., Martin, J.G., Shanahan, F., Coffey, A., 
Ross, R.P., and Hill, C. (2012). Bacteriophages phiMR299-2 and phiNH-4 can eliminate Pseudomonas 
aeruginosa in the murine lung and on cystic fibrosis lung airway cells. mBio 3, e00029-00012.

Anany, H., Chen, W., Pelton, R., and Griffiths, M.W. (2011). Biocontrol of Listeria monocytogenes and 
Escherichia coli O157:H7 in meat by using phages immobilized on modified cellulose membranes. 
Appl Environ Microbiol 77, 6379-6387.

Andreatti Filho, R.L., Higgins, J.P., Higgins, S.E., Gaona, G., Wolfenden, A.D., Tellez, G., and Hargis, 
B.M. (2007). Ability of bacteriophages isolated from different sources to reduce Salmonella enterica 
serovar enteritidis in vitro and in vivo. Poult Sci 86, 1904-1909.

Antia, R., Levin, B.R., and May, R.M. (1994). Within-Host Population Dynamics and the Evolution 
and Maintenance of Microparasite Virulence. Am Nat 144, 457-472.

Avrani, S., Wurtzel, O., Sharon, I., Sorek, R., and Lindell, D. (2011). Genomic island variability 
facilitates Prochlorococcus-virus coexistence. Nature 474, 604-608.

Barksdale, L., and Arden, S.B. (1974). Persisting bacteriophage infections, lysogeny, and phage 
conversions. Annu Rev Microbiol 28, 265-299.

Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S., Romero, D.A., and 
Horvath, P. (2007). CRISPR provides acquired resistance against viruses in prokaryotes. Science 315, 
1709-1712.

Berenbaum, M.R., and Zangerl, A.R. (2006). Parsnip webworms and host plants at home and abroad: 
Trophic complexity in a geographic mosaic. Ecology 87, 3070-3081.

Bergh, O., Borsheim, K.Y., Bratbak, G., and Heldal, M. (1989). High abundance of viruses found in 
aquatic environments. Nature 340, 467-468.

Bhaya, D., Davison, M., and Barrangou, R. (2011). CRISPR-Cas systems in bacteria and archaea: 
versatile small RNAs for adaptive defense and regulation. Annu Rev Genet 45, 273-297.

Bohannan, B.J., Kerr, B., Jessup, C.M., Hughes, J.B., and Sandvik, G. (2002). Trade-offs and 
coexistence in microbial microcosms. Antonie van Leeuwenhoek 81, 107-115.

Bohannan, B.J.M., and Lenski, R.E. (1999). Effect of prey heterogeneity on the response of a model 
food chain to resource enrichment. Am Nat 153, 73-82.

Bohannan, B.J.M., and Lenski, R.E. (2000). Linking genetic change to community evolution: insights 
from studies of bacteria and bacteriophage. Ecol Lett 3, 362-377.



49

Borie, C., Albala, I., Sanchez, P., Sanchez, M.L., Ramirez, S., Navarro, C., Morales, M.A., Retamales, 
A.J., and Robeson, J. (2008). Bacteriophage treatment reduces Salmonella colonization of infected 
chickens. Avian Dis 52, 64-67.

Borsheim, K.Y., Bratbak, G., and Heldal, M. (1990). Enumeration and biomass estimation of 
planktonic bacteria and viruses by transmission electron microscopy. Appl Environ Microbiol 56, 
352-356.

Bowers, B. (1977). Comparison of pinocytosis and phagocytosis in Acanthamoeba castellanii. Exp 
Cell Res 110, 409-417.

Boyd, E.F., Davis, B.M., and Hochhut, B. (2001). Bacteriophage-bacteriophage interactions in the 
evolution of pathogenic bacteria. Trends Microbiol 9, 137-144.

Brennan, M., Thomas, D.Y., Whiteway, M., and Kavanagh, K. (2002). Correlation between virulence 
of Candida albicans mutants in mice and Galleria mellonella larvae. FEMS Immunol Med Mic 34, 
153-157.

Brockhurst, M.A., Buckling, A., Poullain, V., and Hochberg, M.E. (2007a). The impact of migration 
from parasite-free patches on antagonistic host-parasite coevolution. Evolution 61, 1238-1243.

Brockhurst, M.A., Buckling, A., and Rainey, P.B. (2005). The effect of a bacteriophage on 
diversification of the opportunistic bacterial pathogen, Pseudomonas aeruginosa. P Roy Soc B-Biol 
Sci 272, 1385-1391.

Brockhurst, M.A., Morgan, A.D., Fenton, A., and Buckling, A. (2007b). Experimental coevolution 
with bacteria and phage. The Pseudomonas fluorescens--Phi2 model system. Infect Genet Evol 7, 547-
552.

Brockhurst, M.A., Morgan, A.D., Rainey, P.B., and Buckling, A. (2003). Population mixing 
accelerates coevolution. Ecol Lett 6, 975-979.

Brockhurst, M.A., Rainey, P.B., and Buckling, A. (2004). The effect of spatial heterogeneity and 
parasites on the evolution of host diversity. P Roy Soc B-Biol Sci 271, 107-111.

Brown, S.P., Cornforth, D.M., and Mideo, N. (2012). Evolution of virulence in opportunistic 
pathogens: generalism, plasticity, and control. Trends Microbiol 20, 336-342.

Brussow, H., Canchaya, C., and Hardt, W.D. (2004). Phages and the evolution of bacterial pathogens: 
from genomic rearrangements to lysogenic conversion. Microbiol Mol Biol Rev 68, 560-602, table of 
contents.

Buckling, A., and Rainey, P.B. (2002). Antagonistic coevolution between a bacterium and a 
bacteriophage. P Roy Soc B-Biol Sci 269, 931-936.

Buckling, A., Wei, Y., Massey, R.C., Brockhurst, M.A., and Hochberg, M.E. (2006). Antagonistic 
coevolution with parasites increases the cost of host deleterious mutations. P Roy Soc B-Biol Sci 273, 
45-49.

Burdon, J.J., and Thrall, P.H. (1999). Spatial and temporal patterns in coevolving plant and pathogen 
associations. Am Nat 153, S15-S33.

Callaway, T.R., Edrington, T.S., Brabban, A.D., Anderson, R.C., Rossman, M.L., Engler, M.J., Carr, 
M.A., Genovese, K.J., Keen, J.E., Looper, M.L., et al. (2008). Bacteriophage isolated from feedlot cattle 
can reduce Escherichia coli O157:H7 populations in ruminant gastrointestinal tracts. Foodborne 
Pathog Dis 5, 183-191.

Canchaya, C., Fournous, G., Chibani-Chennoufi, S., Dillmann, M.L., and Brussow, H. (2003). Phage 
as agents of lateral gene transfer. Curr Opin Microbiol 6, 417-424.



50

Capparelli, R., Nocerino, N., Lanzetta, R., Silipo, A., Amoresano, A., Giangrande, C., Becker, K., 
Blaiotta, G., Evidente, A., Cimmino, A., et al. (2010). Bacteriophage-Resistant Staphylococcus aureus 
Mutant Confers Broad Immunity against Staphylococcal Infection in Mice. Plos One 5.

Carvalho, C.M., Gannon, B.W., Halfhide, D.E., Santos, S.B., Hayes, C.M., Roe, J.M., and Azeredo, 
J. (2010). The in vivo efficacy of two administration routes of a phage cocktail to reduce numbers of 
Campylobacter coli and Campylobacter jejuni in chickens. BMC Microbiol 10, 232.

Casadevall, A., and Pirofski, L.A. (1999). Host-pathogen interactions: redefining the basic concepts of 
virulence and pathogenicity. Infect Immun 67, 3703-3713.

Chan, B.K., and Abedon, S.T. (2012). Phage Therapy Pharmacology: Phage Cocktails. Adv Appl 
Microbiol 78, 1-23.

Chan, B.K., Abedon, S.T., and Loc-Carillo, C. (2013). Phage Cocktails and the Future of Phage 
Therapy. Future Microbiol 8, 769-783.

Chibani-Chennoufi, S., Bruttin, A., Dillmann, M.L., and Brussow, H. (2004). Phage-host interaction: 
an ecological perspective. J Bacteriol 186, 3677-3686.

Cirillo, J.D., Cirillo, S.L., Yan, L., Bermudez, L.E., Falkow, S., and Tompkins, L.S. (1999). Intracellular 
growth in Acanthamoeba castellanii affects monocyte entry mechanisms and enhances virulence of 
Legionella pneumophila. Infect Immun 67, 4427-4434.

Craig, T.P., Itami, J.K., and Horner, J.D. (2007). Geographic variation in the evolution and 
coevolution of a tritrophic interaction. Evolution 61, 1137-1152.

Curtright , A.J., and Abedon, S. (2011). Phage Therapy: Emergent Property Pharmacology. J Bioanal 
Biomed S6. http://dx.doi.org/10.4172/1948-593X. S6-002

Davies, N.B., and Brooke, M.D. (1989). An Experimental-Study of Co-Evolution between the 
Cuckoo, Cuculus-Canorus, and Its Hosts .2. Host Egg Markings, Chick Discrimination and General 
Discussion. J Anim Ecol 58, 225-236.

Dawkins, R., and Krebs, J.R. (1979). Arms Races between and within Species. P Roy Soc B-Biol Sci 
205, 489-511.

de Roode, J.C., Pansini, R., Cheesman, S.J., Helinski, M.E., Huijben, S., Wargo, A.R., Bell, A.S., Chan, 
B.H., Walliker, D., and Read, A.F. (2005). Virulence and competitive ability in genetically diverse 
malaria infections. Proc Natl Acad Sci U S A 102, 7624-7628.

de Roode, J.C., Yates, A.J., and Altizer, S. (2008). Virulence-transmission trade-offs and population 
divergence in virulence in a naturally occurring butterfly parasite. Proc Natl Acad Sci U S A 105, 
7489-7494.

Denou, E., Bruttin, A., Barretto, C., Ngom-Bru, C., Brussow, H., and Zuber, S. (2009). T4 phages 
against Escherichia coli diarrhea: potential and problems. Virology 388, 21-30.

Doern, G.V. (1995). Trends in antimicrobial susceptibility of bacterial pathogens of the respiratory 
tract. Am J Med 99, 3S-7S.

Donnarumma, G., Buommino, E., Fusco, A., Paoletti, I., Auricchio, L., and Tufano, M.A. (2010). 
Effect of temperature on the shift of Pseudomonas fluorescens from an environmental microorganism 
to a potential human pathogen.Int J Immunopathol Pharmacol 23, 227-234.

Edeline, E., Ari, T.B., Vollestad, L.A., Winfield, I.J., Fletcher, J.M., James, J.B., and Stenseth, N.C. 
(2008). Antagonistic selection from predators and pathogens alters food-web structure. Proc Natl 
Acad Sci U S A 105, 19792-19796.



51

FDA (2006).

FDA (2013).

FDA (2014).

Ferrer, M.D., Quiles-Puchalt, N., Harwich, M.D., Tormo-Mas, M.A., Campoy, S., Barbe, J., Lasa, I., 
Novick, R.P., Christie, G.E., and Penades, J.R. (2011). RinA controls phage-mediated packaging and 
transfer of virulence genes in Gram-positive bacteria.  Nucleic Acids Res 39, 5866-5878.

Filippov, A.A., Sergueev, K.V., He, Y.X., Huang, X.Z., Gnade, B.T., Mueller, A.J., Fernandez-Prada, 
C.M., and Nikolich, M.P. (2011). Bacteriophage-Resistant Mutants in Yersinia pestis: Identification of 
Phage Receptors and Attenuation for Mice. Plos One 6.

Flores, C.O., Meyer, J.R., Valverde, S., Farr, L., and Weitz, J.S. (2011). Statistical structure of host-
phage interactions. Proc Natl Acad Sci U S A 108, E288-297.

Flyg, C., Kenne, K., and Boman, H.G. (1980). Insect pathogenic properties of Serratia marcescens: 
phage-resistant mutants with a decreased resistance to Cecropia immunity and a decreased virulence 
to Drosophila. J Gen Microbiol 120, 173-181.

Frank, S.A. (1996). Models of parasite virulence. Q Rev Biol 71, 37-78.

Freeman, V.J. (1951). Studies on the virulence of bacteriophage-infected strains of Corynebacterium 
diphtheriae. J Bacteriol 61, 675-688.

Freitag, N.E., Port, G.C., and Miner, M.D. (2009). Listeria monocytogenes - from saprophyte to 
intracellular pathogen. Nat Rev Microbiol 7, 623-628.

Friedman, H., Yamamoto, Y., and Klein, T.W. (2002). Legionella pneumophila pathogenesis and 
immunity. Semin Pediatr Infect Dis 13, 273-279.

Friman, V.P., and Buckling, A. (2013). Effects of predation on real-time host-parasite coevolutionary 
dynamics. Ecol Lett 16, 39-46.

Friman, V.P., and Buckling, A. (2014). Phages can constrain protist predation-driven attenuation of 
Pseudomonas aeruginosa virulence in multienemy communities. Isme J 8, 1820-1830.

Friman, V.P., Hiltunen, T., Laakso, J., and Kaitala, V. (2008). Availability of prey resources drives 
evolution of predator-prey interaction. P Roy Soc B-Biol Sci 275, 1625-1633.

Fu, W., Forster, T., Mayer, O., Curtin, J.J., Lehman, S.M., and Donlan, R.M. (2010). Bacteriophage 
cocktail for the prevention of biofilm formation by Pseudomonas aeruginosa on catheters in an in 
vitro model system. Antimicrob Agents Chemother 54, 397-404.

Fuhrman, J.A. (1999). Marine viruses and their biogeochemical and ecological effects. Nature 399, 
541-548.

Fuhrman, J.A., and Noble, R.T. (1995). Viruses and protists cause similar bacterial mortality in 
coastal seawater. Limnol Oceanogr 40, 1236-1242.

Gandon, S., Buckling, A., Decaestecker, E., and Day, T. (2008). Host-parasite coevolution and 
patterns of adaptation across time and space. J Evol Biol 21, 1861-1866.

Godfray, H.C.J. (1994). Parasitoids: Behavioural and Evolutionary Ecology (NJ, USA: Princeton 
University Press).

Gomez, J.M., Perfectti, F., Bosch, J., and Camacho, J.P.M. (2009). A geographic selection mosaic in a 
generalized plant-pollinator-herbivore system. Ecol Monogr 79, 245-263.



52

Gomez, P., and Buckling, A. (2011). Bacteria-Phage Antagonistic Coevolution in Soil. Science 332, 
106-109.

Goto, T., Nakame, Y., Nishida, M., and Ohi, Y. (1999). Bacterial biofilms and catheters in 
experimental urinary tract infection. Int J Antimicrob Ag 11, 227-231; discussion 237-229.

Grimont, P.A., and Grimont, F. (1978). The genus Serratia. Annu Rev Microbiol 32, 221-248.

Gu, J., Liu, X., Li, Y., Han, W., Lei, L., Yang, Y., Zhao, H., Gao, Y., Song, J., Lu, R., et al. (2012). A 
method for generation phage cocktail with great therapeutic potential. Plos One 7, e31698.

Hall, A.R., De Vos, D., Friman, V.P., Pirnay, J.P., and Buckling, A. (2012). Effects of sequential and 
simultaneous applications of bacteriophages on populations of Pseudomonas aeruginosa in vitro and 
in wax moth larvae. Appl Environ Microbiol 78, 5646-5652.

Hall, A.R., Scanlan, P.D., Morgan, A.D., and Buckling, A. (2011). Host-parasite coevolutionary arms 
races give way to fluctuating selection. Ecol Lett 14, 635-642.

Hall-Stoodley, L., and Stoodley, P. (2005). Biofilm formation and dispersal and the transmission of 
human pathogens. Trends Microbiol 13, 7-10.

Hanlon, G.W., Denyer, S.P., Olliff, C.J., and Ibrahim, L.J. (2001). Reduction in exopolysaccharide 
viscosity as an aid to bacteriophage penetration through Pseudomonas aeruginosa biofilms. Appl 
Environ Microbiol 67, 2746-2753.

Harb, O.S., Gao, L.Y., and Abu Kwaik, Y. (2000). From protozoa to mammalian cells: a new paradigm 
in the life cycle of intracellular bacterial pathogens. Environ Microbiol 2, 251-265.

Harrison, F., Browning, L.E., Vos, M., and Buckling, A. (2006). Cooperation and virulence in acute 
Pseudomonas aeruginosa infections. BMC Biol 4, 21.

Hawkins, C., Harper, D., Burch, D., Anggard, E., and Soothill, J. (2010). Topical treatment of 
Pseudomonas aeruginosa otitis of dogs with a bacteriophage mixture: a before/after clinical trial. Vet 
Microbiol 146, 309-313.

Heierson, A., Siden, I., Kivaisi, A., and Boman, H.G. (1986). Bacteriophage-Resistant Mutants of 
Bacillus-Thuringiensis with Decreased Virulence in Pupae of Hyalophora-Cecropia. J Bacteriol 167, 
18-24.

Hilbi, H., Weber, S.S., Ragaz, C., Nyfeler, Y., and Urwyler, S. (2007). Environmental predators as 
models for bacterial pathogenesis. Environ Microbiol 9, 563-575.

Hooton, S.P., Atterbury, R.J., and Connerton, I.F. (2011). Application of a bacteriophage cocktail to 
reduce Salmonella Typhimurium U288 contamination on pig skin. Int J Food Microbiol 151, 157-163.

Hosseinidoust, Z., van de Ven, T.G., and Tufenkji, N. (2013). Evolution of Pseudomonas aeruginosa 
virulence as a result of phage predation. Appl Environ Microbiol 79, 6110-6116.

Iino, T., and Mitani, M. (1967). Infection of Serratia marcescens by bacteriophage chi. J Virol 1, 445-
447.

Inal, J.M. (2003). Phage therapy: a reappraisal of bacteriophages as antibiotics. Arch Immunol Ther 
Ex 51, 237-244.

Inglis, R.F., Gardner, A., Cornelis, P., and Buckling, A. (2009). Spite and virulence in the bacterium 
Pseudomonas aeruginosa. Proc Natl Acad Sci U S A 106, 5703-5707.

Insua, J.L., Llobet, E., Moranta, D., Perez-Gutierrez, C., Tomas, A., Garmendia, J., and Bengoechea, 
J.A. (2013). Modeling Klebsiella pneumoniae pathogenesis by infection of the wax moth Galleria 
mellonella. Infect Immun 81, 3552-3565.



53

Iwao, K., and Rausher, M.D. (1997). Evolution of plant resistance to multiple herbivores: Quantifying 
diffuse coevolution. Am Nat 149, 316-335.

Jacoby, G.A. (1997). Extended-spectrum beta-lactamases and other enzymes providing resistance to 
oxyimino-beta-lactams. Infect Dis Clin N Am 11, 875-887.

Jaiswal, A., Koley, H., Ghosh, A., Palit, A., and Sarkar, B. (2013). Efficacy of cocktail phage therapy in 
treating Vibrio cholerae infection in rabbit model. Microb Infect 15, 152-156.

Jander, G., Rahme, L.G., and Ausubel, F.M. (2000). Positive Correlation between Virulence of 
Pseudomonas aeruginosa Mutants in Mice and Insects. J Bacteriol 182, 3843-3845.

Jessup, C.M., and Bohannan, B.J. (2008). The shape of an ecological trade-off varies with 
environment. Ecol Lett 11, 947-959.

Joo, J., Gunny, M., Cases, M., Hudson, P., Albert, R., and Harvill, E. (2006). Bacteriophage-mediated 
competition in Bordetella bacteria. P Roy Soc B-Biol Sci 273, 1843-1848.

Josenhans, C., and Suerbaum, S. (2002). The role of motility as a virulence factor in bacteria. Int J 
Med Microbiol : IJMM 291, 605-614.

Jurgens, K., and Matz, C. (2002). Predation as a shaping force for the phenotypic and genotypic 
composition of planktonic bacteria. Antonie van Leeuwenhoek 81, 413-434.

Kelly, D., McAuliffe, O., Ross, R.P., O’Mahony, J., and Coffey, A. (2011). Development of a broad-host-
range phage cocktail for biocontrol. Bioeng Bugs 2, 31-37.

Konkel, M.E., and Tilly, K. (2000). Temperature-regulated expression of bacterial virulence genes. 
Microb Infect 2, 157-166.

Koskella, B., and Brockhurst, M.A. (2014). Bacteria–phage coevolution as a driver of ecological and 
evolutionary processes in microbial communities. FEMS Microbiol Rev 38, 916-931.

Koskella, B., Lin, D.M., Buckling, A., and Thompson, J.N. (2012). The costs of evolving resistance in 
heterogeneous parasite environments. P Roy Soc B-Biol Sci 279, 1896-1903.

Koskella, B., Thompson, J.N., Preston, G.M., and Buckling, A. (2011). Local biotic environment 
shapes the spatial scale of bacteriophage adaptation to bacteria. Am Nat 177, 440-451.

Kumoh, H. (1996). Pathogenesis and management of bacterial biofilms in the urinary tract. J Infect 
Chemother 2, 18-28.

Kunttu, H.M., Valtonen, E.T., Jokinen, E.I., and Suomalainen, L.R. (2009). Saprophytism of a fish 
pathogen as a transmission strategy. Epidemics 1, 96-100.

Kutter, E., De Vos, D., Gvasalia, G., Alavidze, Z., Gogokhia, L., Kuhl, S., and Abedon, S.T. (2010). 
Phage therapy in clinical practice: treatment of human infections. Curr Pharm Biotechnol 11, 69-86.

Köhler, T., Buckling, A., and van Delden, C. (2009). Cooperation and virulence of clinical 
Pseudomonas aeruginosa populations. Proc Natl Acad Sci U S A106, 6339-6344.

Labrie, S.J., Samson, J.E., and Moineau, S. (2010). Bacteriophage-resistance mechanisms. Nat Rev 
Microbiol 8, 317-327.

Lainhart, W., Stolfa, G., and Koudelka, G.B. (2009). Shiga toxin as a bacterial defense against a 
eukaryotic predator, Tetrahymena thermophila. J Bacteriol 191, 5116-5122.

Lane, M.C., Alteri, C.J., Smith, S.N., and Mobley, H.L. (2007). Expression of flagella is coincident with 
uropathogenic Escherichia coli ascension to the upper urinary tract. Proc Natl Acad Sci U S A 104, 
16669-16674.



54

Leclerc, H., Schwartzbrod, L., and Dei-Cas, E. (2002). Microbial agents associated with waterborne 
diseases. Crit Rev Microbiol 28, 371-409.

Lee, K., Hahne, F., Sarkar, D., and Gentleman, R. (2009). iFlow: A Graphical User Interface for Flow 
Cytometry Tools in Bioconductor. Adv Bioinformatics, 103839.

Lennon, J.T., Khatana, S.A., Marston, M.F., and Martiny, J.B. (2007). Is there a cost of virus resistance 
in marine cyanobacteria? Isme J 1, 300-312.

Lenski, R.E. (1988a). Dynamics of Interactions between Bacteria and Virulent Bacteriophage. Adv 
Microb Ecol 10, 1-44.

Lenski, R.E. (1988b). Experimental Studies of Pleiotropy and Epistasis in Escherichia-Coli .2. 
Compensation for Maladaptive Effects Associated with Resistance to Virus-T4. Evolution 42, 433-
440.

Lenski, R.E., and Levin, B.R. (1985). Constraints on the Coevolution of Bacteria and Virulent Phage - 
a Model, Some Experiments, and Predictions for Natural Communities. Am Nat 125, 585-602.

Levin, B.R. (1996). The evolution and maintenance of virulence in microparasites. Emerg Infect Dis 
2, 93-102.

Levin, B.R., and Bull, J.J. (2004). Population and evolutionary dynamics of phage therapy. Nat Rev 
Microbiol 2, 166-173.

Levin, B.R., and Svanborg Eden, C. (1990). Selection and evolution of virulence in bacteria: an 
ecumenical excursion and modest suggestion. Parasitology 100 Suppl, S103-115.

Loc-Carrillo, C., and Abedon, S.T. (2011). Pros and cons of phage therapy. Bacteriophage 1, 111-114.

Lopez-Pascua, L.D.C., and Buckling, A. (2008). Increasing productivity accelerates host-parasite 
coevolution. J Evolution Biol 21, 853-860.

Madi, A., Lakhdari, O., Blottiere, H.M., Guyard-Nicodeme, M., Le Roux, K., Groboillot, A., Svinareff, 
P., Dore, J., Orange, N., Feuilloley, M.G., et al. (2010). The clinical Pseudomonas fluorescens MFN1032 
strain exerts a cytotoxic effect on epithelial intestinal cells and induces Interleukin-8 via the AP-1 
signaling pathway. BMC Microbiol 10, 215.

Mahlen, S.D. (2011). Serratia infections: from military experiments to current practice. Clin 
Microbiol Rev 24, 755-791.

Malik-Kale, P., Raphael, B.H., Parker, C.T., Joens, L.A., Klena, J.D., Quinones, B., Keech, A.M., and 
Konkel, M.E. (2007). Characterization of genetically matched isolates of Campylobacter jejuni reveals 
that mutations in genes involved in flagellar biosynthesis alter the organism’s virulence potential. 
Appl Environ Microbiol 73, 3123-3136.

Marston, M.F., and Sallee, J.L. (2003). Genetic diversity and temporal variation in the cyanophage 
community infecting marine Synechococcus species in Rhode Island’s coastal waters. Appl Environ 
Microbiol 69, 4639-4647.

Matz, C., and Kjelleberg, S. (2005). Off the hook - how bacteria survive protozoan grazing. Trends 
Microbiol 13, 302-307.

Mauchline, W.S., James, B.W., Fitzgeorge, R.B., Dennis, P.J., and Keevil, C.W. (1994). Growth 
temperature reversibly modulates the virulence of Legionella pneumophila. Infect Immun 62, 2995-
2997.



55

Maura, D., Galtier, M., Le Bouguenec, C., and Debarbieux, L. (2012). Virulent bacteriophages 
can target O104:H4 enteroaggregative Escherichia coli in the mouse intestine. Antimicrob Agents 
Chemother 56, 6235-6242.

Maurelli, A.T., Blackmon, B., and Curtiss, R., 3rd (1984). Temperature-dependent expression of 
virulence genes in Shigella species. Infect Immun 43, 195-201.

McLaughlin, M., Advincula, M., Malczynski, M., Barajas, G., Qi, C., and Scheetz, M. (2014). 
Quantifying the clinical virulence of Klebsiella pneumoniae producing carbapenemase Klebsiella 
pneumoniae with a Galleria mellonella model and a pilot study to translate to patient outcomes. BMC 
Infect Dis 14, 31.

McLean, S., Dunn, L., and Palombo, E. (2011). Bacteriophage biocontrol has the potential to reduce 
enterococci on hospital fabrics, plastic and glass. World J Microbiol Biotechnol 27, 1713-1717.

McVay, C.S., Velasquez, M., and Fralick, J.A. (2007). Phage therapy of Pseudomonas aeruginosa 
infection in a mouse burn wound model. Antimicrob Agents Chemother 51, 1934-1938.

Meyer, J.R., Agrawal, A.A., Quick, R.T., Dobias, D.T., Schneider, D., and Lenski, R.E. (2010). Parallel 
changes in host resistance to viral infection during 45,000 generations of relaxed selection. Evolution 
64, 3024-3034.

Middelboe, M., Holmfeldt, K., Riemann, L., Nybroe, O., and Haaber, J. (2009). Bacteriophages drive 
strain diversification in a marine Flavobacterium: implications for phage-resistance and physiological 
properties. Environ Microbiol 11, 1971-1982.

Miedzybrodzki, R., Borysowski, J., Weber-Dabrowska, B., Fortuna, W., Letkiewicz, S., Szufnarowski, 
K., Pawelczyk, Z., Rogoz, P., Klak, M., Wojtasik, E., et al. (2012). Clinical aspects of phage therapy. 
Adv Virus Res 83, 73-121.

Miller, R.W., Skinner, E.J., Sulakvelidze, A., Mathis, G.F., and Hofacre, C.L. (2010). Bacteriophage 
therapy for control of necrotic enteritis of broiler chickens experimentally infected with Clostridium 
perfringens. Avian Dis 54, 33-40.

Miyata, S., Casey, M., Frank, D.W., Ausubel, F.M., and Drenkard, E. (2003). Use of the Galleria 
mellonella Caterpillar as a Model Host To Study the Role of the Type III Secretion System in 
Pseudomonas aeruginosa Pathogenesis. Infect Immun 71, 2404-2413.

Molmeret, M., Horn, M., Wagner, M., Santic, M., and Abu Kwaik, Y. (2005). Amoebae as training 
grounds for intracellular bacterial pathogens. Appl Environ Microbiol 71, 20-28.

Morgan, A.D., Quigley, B.J., Brown, S.P., and Buckling, A. (2012). Selection on non-social traits limits 
the invasion of social cheats. Ecol Lett 15, 841-846.

Mukherjee, K., Altincicek, B., Hain, T., Domann, E., Vilcinskas, A., and Chakraborty, T. (2010). 
Galleria mellonella as a model system for studying Listeria pathogenesis. Appl Environ Microbiol 76, 
310-317.

Nehme, N.T., Liegeois, S., Kele, B., Giammarinaro, P., Pradel, E., Hoffmann, J.A., Ewbank, J.J., and 
Ferrandon, D. (2007). A model of bacterial intestinal infections in Drosophila melanogaster. PLoS 
Pathog 3, e173.

Oliveira, A., Sereno, R., and Azeredo, J. (2010). In vivo efficiency evaluation of a phage cocktail 
in controlling severe colibacillosis in confined conditions and experimental poultry houses. Vet 
Microbiol 146, 303-308.

Page, F.C. (1988). A New Key to Freshwater and Soil Gymnamoebae with instructions for culture 
(Cumbria: Freshwater Biological Association).



56

Paisley, D., Robson, G.D., and Denning, D.W. (2005). Correlation between in vitro growth rate and in 
vivo virulence in Aspergillus fumigatus. Medical mycology 43, 397-401.

Paruchuri, D.K., and Harshey, R.M. (1987). Flagellar variation in Serratia marcescens is associated 
with color variation. J Bacteriol 169, 61-65.

Pingoud, A., Fuxreiter, M., Pingoud, V., and Wende, W. (2005). Type II restriction endonucleases: 
structure and mechanism. Cell Mol Life Sci 62, 685-707.

Pitt, W.C. (1999). Effects of multiple vertebrate predators on grasshopper habitat selection: trade-offs 
due to predation risk, foraging, and thermoregulation. Evol Ecol 13, 499-515.

Poisot, T., Bell, T., Martinez, E., Gougat-Barbera, C., and Hochberg, M.E. (2012). Terminal 
investment induced by a bacteriophage in a rhizosphere bacterium [v1; ref status: indexed,  
http://f1000r.es/SZsiDP] F1000Research 2012 1.

Pulkkinen, K., Suomalainen, L.R., Read, A.F., Ebert, D., Rintamaki, P., and Valtonen, E.T. (2010). 
Intensive fish farming and the evolution of pathogen virulence: the case of columnaris disease in 
Finland. P Roy Soc B-Biol Sci 277, 593-600.

Quance, M.A., and Travisano, M. (2009). Effects of temperature on the fitness cost of resistance to 
bacteriophage T4 in Escherichia coli. Evolution 63, 1406-1416.

Rahman, M.H., Biswas, K., Hossain, M.A., Sack, R.B., Mekalanos, J.J., and Faruque, S.M. (2008). 
Distribution of genes for virulence and ecological fitness among diverse Vibrio cholerae population 
in a cholera endemic area: tracking the evolution of pathogenic strains. DNA Cell Biol 27, 347-355.

Rasmussen, M.A., Carlson, S.A., Franklin, S.K., McCuddin, Z.P., Wu, M.T., and Sharma, V.K. (2005). 
Exposure to rumen protozoa leads to enhancement of pathogenicity of and invasion by multiple-
antibiotic-resistant Salmonella enterica bearing SGI1. Infect Immun 73, 4668-4675.

Rea, M.C., Dobson, A., O’Sullivan, O., Crispie, F., Fouhy, F., Cotter, P.D., Shanahan, F., Kiely, B., 
Hill, C., and Ross, R.P. (2011). Effect of broad- and narrow-spectrum antimicrobials on Clostridium 
difficile and microbial diversity in a model of the distal colon. Proc Natl Acad Sci U S A 108 Suppl 1, 
4639-4644.

Read, A.F. (1994). The evolution of virulence. Trends Microbiol 2, 73-76.

Restuccia, P.A., and Cunha, B.A. (1984). Klebsiella. Infection control : IC 5, 343-347.

Rodriguez-Zaragoza, S. (1994). Ecology of free-living amoebae. Crit Rev Microbiol 20, 225-241.

Rozema, E.A., Stephens, T.P., Bach, S.J., Okine, E.K., Johnson, R.P., Stanford, K., and McAllister, T.A. 
(2009). Oral and rectal administration of bacteriophages for control of Escherichia coli O157:H7 in 
feedlot cattle. J Food Prot 72, 241-250.

Sambrook, J., and Russel, D.W. (2001). Molecular Cloning: a Laboratory Manual. (New York, NY: 
Cold Spring Harbor Laboratory Press).

Santander, J., and Robeson, J. (2007). Phage-resistance of Salmonella enterica serovar Enteritidis and 
pathogenesis in Caenorhabditis elegans is mediated by the lipopolysaccharide. Electron J Biotechn 10, 
627-632.

Schade, S.Z., Adler, J., and Ris, H. (1967). How bacteriophage chi attacks motile bacteria. J Virol 1, 
599-609.

Seed, K.D., and Dennis, J.J. (2008). Development of Galleria mellonella as an Alternative Infection 
Model for the Burkholderia cepacia Complex. Infect Immun 76, 1267-1275.



57

Shaikh, N., and Tarr, P.I. (2003). Escherichia coli O157:H7 Shiga toxin-encoding bacteriophages: 
integrations, excisions, truncations, and evolutionary implications. J Bacteriol 185, 3596-3605.

Siepielski, A.M., and Benkman, C.W. (2008). A seed predator drives the evolution of a seed dispersal 
mutualism. P Roy Soc B-Biol Sci 275, 1917-1925.

Sih, A., Englund, G., and Wooster, D. (1998). Emergent impacts of multiple predators on prey. Trends 
Ecol Evol 13, 350-355.

Skurnik, M., Pajunen, M., and Kiljunen, S. (2007). Biotechnological challenges of phage therapy. 
Biotechnol Lett 29, 995-1003.

Smith, H.W., and Huggins, M.B. (1983). Effectiveness of phages in treating experimental Escherichia 
coli diarrhoea in calves, piglets and lambs. J Gen Microbiol 129, 2659-2675.

Soto, E., Mauel, M.J., Karsi, A., and Lawrence, M.L. (2008). Genetic and virulence characterization 
of Flavobacterium columnare from channel catfish (Ictalurus punctatus). J Appl Microbiol 104, 1302-
1310.

Steinberg, K.M., and Levin, B.R. (2007). Grazing protozoa and the evolution of the Escherichia coli 
O157:H7 Shiga toxin-encoding prophage. P Roy Soc B-Biol Sci 274, 1921-1929.

Stinchcombe, J.R., and Rausher, M.D. (2001). Diffuse selection on resistance to deer herbivory in the 
ivyleaf morning glory, Ipomoea hederacea. Am Nat 158, 376-388.

Strauss, S.Y., Sahli, H., and Conner, J.K. (2005). Toward a more trait-centered approach to diffuse (co)
evolution. New Phytol 165, 81-89.

Sulakvelidze, A., Alavidze, Z., and Morris, J.G., Jr. (2001). Bacteriophage therapy. Antimicrob Agents 
Chemother 45, 649-659.

Sutherland, I.W., Hughes, K.A., Skillman, L.C., and Tait, K. (2004). The interaction of phage and 
biofilms. FEMS microbiology letters 232, 1-6.

Suttle, C.A. (1994). The significance of viruses to mortality in aquatic microbial communities. 
Microbial ecology 28, 237-243.

Tanji, Y., Shimada, T., Yoichi, M., Miyanaga, K., Hori, K., and Unno, H. (2004). Toward rational 
control of Escherichia coli O157:H7 by a phage cocktail. Appl Microbiol Biotechnol 64, 270-274.

Thompson, J.N. (1998). Rapid evolution as an ecological process. Trends Ecol Evol 13, 329-332.

Thompson, J.N. (1999). Specific hypotheses on the geographic mosaic of coevolution.  153, 
supplement, S1-S14.

Thompson, J.N. (2005). Coevolution: the geographic mosaic of coevolutionary arms races. Curr Biol : 
CB 15, R992-994.

Twort, F.P. (1915). An investigation on the nature of ultramicroscopic viruses. Lancet.

Viazis, S., Akhtar, M., Feirtag, J., and Diez-Gonzalez, F. (2011). Reduction of Escherichia coli 
O157:H7 viability on leafy green vegetables by treatment with a bacteriophage mixture and trans-
cinnamaldehyde. Food Microbiol 28, 149-157.

Vogel, G., Thilo, L., Schwarz, H., and Steinhart, R. (1980). Mechanism of phagocytosis in 
Dictyostelium discoideum: phagocytosis is mediated by different recognition sites as disclosed by 
mutants with altered phagocytotic properties. The Journal of cell biology 86, 456-465.

Waldor, M.K., Friedman, D.I., and Adhya, S. (2005). Phages Their Role in Bacterial Pathogenesis and 
Biotechnology.



58

Waldor, M.K., and Mekalanos, J.J. (1996). Lysogenic conversion by a filamentous phage encoding 
cholera toxin. Science 272, 1910-1914.

Wall, S.K., Zhang, J., Rostagno, M.H., and Ebner, P.D. (2010). Phage therapy to reduce preprocessing 
Salmonella infections in market-weight swine. Appl Environ Microbiol 76, 48-53.

Wand, M.E., McCowen, J.W., Nugent, P.G., and Sutton, J.M. (2013). Complex interactions of 
Klebsiella pneumoniae with the host immune system in a Galleria mellonella infection model. J Med 
Microbiol 62, 1790-1798.

Whitman, W.B., Coleman, D.C., and Wiebe, W.J. (1998). Prokaryotes: the unseen majority. Proc Natl 
Acad Sci U S A 95, 6578-6583.

Williams, H.T. (2013). Phage-induced diversification improves host evolvability. Bmc Evol Biol 13, 17.

Wolf, A., Wiese, J., Jost, G., and Witzel, K.P. (2003). Wide geographic distribution of bacteriophages 
that lyse the same indigenous freshwater isolate (Sphingomonas sp. strain B18). Appl Environ 
Microbiol 69, 2395-2398.

Woolhouse, M.E., Taylor, L.H., and Haydon, D.T. (2001). Population biology of multihost pathogens. 
Science 292, 1109-1112.

Wright, A., Hawkins, C.H., Anggard, E.E., and Harper, D.R. (2009). A controlled clinical trial of 
a therapeutic bacteriophage preparation in chronic otitis due to antibiotic-resistant Pseudomonas 
aeruginosa; a preliminary report of efficacy. Clin Otolaryngol 34, 349-357.

Zahid, M.S., Udden, S.M., Faruque, A.S., Calderwood, S.B., Mekalanos, J.J., and Faruque, S.M. 
(2008). Effect of phage on the infectivity of Vibrio cholerae and emergence of genetic variants. Infect 
Immun 76, 5266-5273.

Zeng, L., Skinner, S.O., Zong, C., Sippy, J., Feiss, M., and Golding, I. (2010). Decision making at a 
subcellular level determines the outcome of bacteriophage infection. Cell 141, 682-691.



Helsinki 2015 
ISBN: 978-951-51-0876-0 

Helsinki 2015 
ISBN: 978-951-51-0877-7 (pdf)




