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Abstract 
 

The long history of co-existence of bacteria and their protozoan predators in aquatic 

environments has led to evolution of protozoa resistant bacteria (PRB). Many of these bacteria 

are also pathogenic to humans. However, the ecological drivers determining the occurrence of 

different types of PRB in aquatic environments, and the eco-evolutionary link between bacterial 

adaptation and the resulting implications for mammalian hosts are poorly known. This thesis 

examines the impact of nutrients and predation on PRB, as well as the ecological and 

evolutionary connection between their life in aquatic environments and mammalian hosts. In 

the first study seven bacterial isolates from the Baltic Sea were investigated for their plasticity of 

adaptation to predation. The response to predation showed large variation where some bacteria 

rapidly developed a degree of grazing resistance when exposed to predators. The rapid 

adaptation observed may result in bacterial communities being resilient or resistant to 

predation, and thus rapid adaptation may be a structuring force in the food web. With the aim to 

elucidate the link between occurrence of PRB and environmental conditions, a field study and a 

laboratory experiment were performed. In both studies three PRB genera were found: 

Mycobacterium, Pseudomonas and Rickettsia. PRB were found both in oligotrophic and 

eutrophic waters, indicating that waters of all nutrient states can harbor pathogenic bacteria. 

However, the ecological strategy of the PRB varied depending on environmental nutrient level 

and disturbance. Using an advanced bioinformatic analysis, it was shown that ecotypes within 

the same PRB genus can be linked to specific environmental conditions or the presence of 

specific protozoa, cyanobacteria or phytoplankton taxa. These environmental conditions or 

specific plankton taxa could potentially act as indicators for occurrence of PRB. Finally, using 

four mutants (with specific protein deletions) of the pathogenic and predation resistant 

Francisella tularensis ssp. holarctica, I found evidence of an eco-evolutionary connection 

between the bacterium´s life in aquatic and mammalian hosts (aquatic amoeba Acanthamoeba 

castellanii and a murine macrophage).  To a large extent F. t. holarctica use similar mechanisms 

to persist predation by protozoa and to resist degradation by mammal macrophages. To 

summarize I found a link between predation resistant bacteria in aquatic environments and 

bacteria that are pathogenic to mammals. Further, I showed that different environmental 

conditions rapidly selects for PRB with either intracellular or extracellular lifestyles. This thesis 

provides insights regarding environmental conditions and biomarkers that can be used for 

assessment of aquatic environments at risk for spreading pathogenic bacteria.   

Sammanfattning  

Bakterier och dess predatorer, d.v.s. protozoer, har en lång historia av 
samexistens i akvatiska miljöer. Detta har bidragit till evolution av protozo-
resistenta bakterier (PRB). Flertalet av dessa är också patogener, 
smittsamma för människor. De ekologiska drivkrafter som styr förekomsten 
av olika typer av PRB i akvatiska system är dock okända, liksom den eko-
evolutionära länken mellan bakteriernas anpassningsförmåga och 
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konsekvenserna för de djur som smittas. Denna avhandling undersöker 
inverkan av näring och predation på förekomsten av PRB, samt den 
ekologiska och evolutionära kopplingen mellan akvatiska miljöer och 
däggdjur som värdar för smittsamma bakterier. I den första delstudien 
undersöktes sju bakterieisolat från Östersjön och dess anpassningsförmåga 
till predation. Bakteriernas respons mot predation visade stor variation där 
några anpassade sig snabbt och utvecklade ökad resistens mot predatorn. 
Den snabba anpassningsförmågan bidrar till bakteriesamhällets 
motståndskraft och är därmed en viktig strukturerande komponent i 
födokedjan. Med syfte att utröna länken mellan förekomst av PRB och 
miljövariabler genomfördes en fältstudie och ett laboratorie-experiment. I 
båda studierna hittades tre olika PRB-släkten: Mycobacterium, 
Pseudomonas och Rickettsia. PRB hittades i både oligotrofa och eutrofa 
vatten, vilket tyder på att vatten med varierande näringsnivå kan innehålla 
patogena bakterier. Däremot så varierade den ekologiska strategin hos PRB 
beroende på näringsnivå och störning. Med avancerad bioinformatisk analys 
påvisades att olika ekotyper inom samma PRB-släkte kan härledas till 
speciella miljöförhållanden och specifika protozoer, cyanobakterier och 
växtplankton. Dessa specifika förhållanden och plankton har potential att 
fungera som indikatorer för förekomsten av PRB. Genom att studera 
mutanter (som saknar specifika proteiner) hos den predationresistenta och 
patogena harpestbakterien Francisella tularensis ssp. holarctica kunde jag 
påvisa en eko-evolutionär koppling mellan bakteriens överlevnad i akvatisk 
miljö (t.ex. amöba) och dess överlevnad i däggdjur (makrofager). Bakterien 
använder i många fall samma mekanismer för att motstå predation i 
akvatiska miljöer som att motstå nedbrytning av makrofager. 
Sammanfattningsvis, hittade jag en länk mellan predationresistenta 
bakterier i akvatiska miljöer och bakterier som är patogena för däggdjur. 
Denna avhandling bidrar även till djupare förståelse för miljöförhållanden 
och biomarkörer som kan användas vid bedömning av akvatiska miljöer som 
ligger i riskzonen för att innehålla och sprida patogena bakterier. 
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Background 

The microbial food web 

The role of bacteria in aquatic systems was more or less unknown until the 
70s, when newly developed techniques revealed their high abundances and 
importance for nutrient fluxes (Pomeroy 1974). Initially bacteria was not 
included as an important part of the food chain, mainly due to a knowledge 
barrier due to the limited technology available. The pelagic food web was at 
this time not seen as a complex web but more as a straight chain linking 
from phytoplankton up to the top predators where nutrients were channeled. 
In 1983  Azam et al. published the concept microbial loop, today often 
referred to as the microbial food web. The microbial loop illustrates how 
nutrients are transferred though the lower part pelagic food web.  The 
microbial food web starts with the energy sources, sunlight and organic 
matter, either dissolved or particulate, providing essential elements such as 
carbon (C), phosphorous (P) and nitrogen (N). The photosynthetic algae 
(primary producers) use sunlight and utilize carbon dioxide to gain 
important nutrients needed to build the cell structure.  

Both dissolved organic matter (DOM) and particulate organic matter, are not 
available to most organisms as a nutrient source, however, bacteria act as 
decomposers and re-mineralize the DOM into inorganic forms. This bacterial 
activity enables other organisms to utilize these nutrients allowing for 
transfer further up the food chain. The main predators on bacteria are 
heterotrophic flagellates (2-20 µm) which in turn are predated upon by 
ciliates (20-100 µm). However, many ciliates are omnivores and can feed on 
bacteria as well. The most important group predating on to the microbial 
food web is zooplankton (100-2000 µm), which help to channel energy up to 
higher trophic levels. Although flagellates, ciliates and zooplankton all forage 
on smaller organisms their main food source in many aquatic systems is 
phytoplankton.  

Easily forgotten in the microbial food web are viruses, even though they are 
smaller than bacteria they can be seen as predators. Viruses are one of the 
most abundant predators on bacteria, following viral infection, eventually 
bacteria are forced to  lysis and thus more nutrients are released into the 
water column (Weinbauer 2004).  

The efficiency of nutrient transfer up the food web partly depends on the 
number of steps in the food chain, each step is responsible of energy loss 
through excretions, exudation and sloppy feeding and this is recycled and 
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used again by bacteria and phytoplankton (Bjørrisen 1988, Strom et al. 
1997). Only 3-5% of the energy produced through primary production by 
phytoplankton finally reach the higher trophic levels such as fish (Ducklow 
1983, Fenchel 1988). As much as 40-50% of the DOM produced by 
phytoplankton are thought to be utilized by bacteria (Larsson & Hagström 
1982). This is what makes the microbial loop a food web of its’ own but also 
the reason why bacteria constitute an important link between DOM and 
larger organisms, like zooplankton and fish, within the classical aquatic food 
chain (Pauly & Christensen 1995). 

 

Eutrophication and bacteria 
 

Eutrophication, i.e. increased organic production, is one of the major threats 
to healthy aquatic environments. Anthropogenic activity generates nutrient 
addition through fertilizing, sewage disposal and increased runoff. Drainage 
from farmland, forestry clear-cuts and populated areas inevitably lead 
polluted water to the surrounding water ways. Further, increased 
precipitation is predicted with climate change in many areas 
(Intergovernmental Panel on Climate et al. 2013), which will further increase 
runoff and nutrient depletion of the soil. Phosphorous is an important 
component of fertilizers, and is considered a major cause of eutrophication 
as many aquatic environments are phosphorous limited (Schindler 1977) or 
co-limited together with nitrogen and iron (Sterner 2008). However, in 
some oligotrophic environments, such as northern Sweden, nitrogen is the 
limiting nutrient as the anthropogenic nitrogen deposition is relatively low 
(Bergström & Jansson 2006). Eutrophication causes increased growth of 
plants and phytoplankton. All the excess biomass eventually decomposes, 
which is an oxygen-demanding process, leading to hypoxia and possible 
death of aquatic life. Other effects of eutrophication are development of toxic 
cyanobacteria. High densities of cyanobacteria are hazardous to humans and 
animals, as cyanobacteria produce neurotoxins. Cyanobacteria are often 
inedible to bacterial predators (protozoa i.e. flagellates and ciliates) due to 
toxicity or filamentous structure and thus limit nutrient transfer up the food 
web (Karjalainen et al. 2007). Eutrophication can alter the bacterial 
community, possibly towards bacteria that are less edible for bacterial 
predators (Thelaus et al. 2008a, Thelaus et al. 2008b). 

 

Bacterial defense against protozoan predation 

Recent studies have shown that increased selection for grazing resistant 
bacteria might occur in eutrophic environments. More nutrients can increase 
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the predator: prey ratio, which increases predation pressure on bacteria, and 
thus the selection pressure for defense mechanisms (Pernthaler et al. 1997, 
Auer et al. 2004, Corno & Jürgens 2008, Thelaus et al. 2008b). Bacterial 
defense mechanisms against predation by protozoa can take many different 
forms. There is likely an energy cost to develop and possess defense 
mechanisms, and thus these bacteria might lack other competitive abilities. 
Another strategy is to be plastic, which enables the bacteria to rapidly 
develop traits for inedibility when a predator is present and then lose them 
again when the predator disappears. The most recognized defense 
mechanisms are a change in morphology, such as elongation, aggregation 
and filamentation (Pernthaler et al. 1997, Auer et al. 2004, Corno & Jürgens 
2008). Other defence mechanisms are changes in motility, toxicity, 
invisibility, intracellular growth, and different surface features 
(hydrophobicity, charge, enzymes, and receptors) (Gurijala & Alexander 
1990, Jürgens & Matz 2002, Matz & Jürgens 2003).  

Defense against predators is likely to be energy demanding and cost the 
grazing resistant bacteria competitive abilities in conditions where predation 
pressure is lower. It has been shown that growth rates are correlated with the 
trade-off between being a good competitor for nutrients and the capacity to 
avoid predation (Bohannan & Lenski 2000, Jürgens & Matz 2002, Corno & 
Jürgens 2006, Steinberg & Levin 2007, Winter et al. 2010). 
 

Evolution of pathogens 

In the last couple of decades survival and replication inside a host, i.e. 
intracellular survival of bacteria in a protozoa, as a defense strategy has been 
receiving more and more attention (Harb et al. 2000, Jacquier et al. 2013). 
This strategy is utilized by several pathogens such as: Salmonella enterica, 
Legionella pneumophila, Mycobacterium avium, Vibrio cholerae and 
Francisella tularensis, which all are able to avoid degradation within 
protozoan predators (Gao et al. 1997, Abd et al. 2003, Thomas & McDonnell 
2007, Abd et al. 2008, Dandekar et al. 2012). An intracellular life style allows 
them to persist in the environment. These bacteria are often ingested though 
engulfment by amoeba-like protozoa, a process very similar to phagocytosis 
by macrophages (Gao et al. 1997). Macrophages are white blood-cells, which 
is a vital part of the mammal immune system in breaking down foreign 
compounds. 

The similarities of protozoan and macrophage phagocytosis and degradation 
of bacteria suggests a common origin (Cirillo et al. 1997, Harb et al. 2000). 
Bacteria and protozoan predators have a long history of co-evolution which 
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not only have led to the evolution of predation resistance but is also thought 
to be the driver of the evolution for bacterial pathogens (Brown & Barker 
1999, Casadevall & Pirofski 2007, Adiba et al. 2010, Bertelli & Greub 2012, 
Erken et al. 2013). Understanding the eco-evolutionary history of many 
bacterial pathogens is fundamental to understand the environmental 
persistence of pathogenic bacteria as well as to determine factors leading to 
outbreaks of diseases by pathogens such as Francisella tularensis and 
Bacillus anthracis (Erken et al. 2013). It has been suggested that many 
virulence factors have evolved outside the context of a human-pathogen 
interaction and instead the virulence would be accidental (Casadevall & 
Pirofski 2007, Pallen & Wren 2007). Humans are thought to be an 
evolutionary dead end (Levin 1996). For example, studies targeting human 
virulence genes in environmental bacterial genomes have revealed a high 
degree of sequence conservation between environmental and clinical genes, 
which strengthens the idea that virulence gene homologues in the 
environment could be the origin of virulence in pathogenic bacteria (Soborg 
et al. 2016). This also supports that bacterial traits linked to pathogenicity 
(protein secretion systems, toxins and pathogenicity islands) seems to be 
common in non-pathogens. Persson et al. (2009) showed that 8% of such 
traits could be found in planktonic bacteria in the Global Ocean Sampling 
metagenomic data, with the highest prevalence in productive waters. Also in 
soils and freshwater biofilms virulence genes are commonly found (Soborg et 
al. 2013). 
 

Francisella tularensis 

Francisella tularensis (F. tularensis) is a gram negative gamma-
proteobacterium which can infect a wide range of creatures and has been 
detected in some 190 different mammals (Sjöstedt 2011). In humans it is 
known to be the causative agent of the disease Tularemia and is listed in top 
six of potential biological weapons by CDC (Center for Disease Control and 
Prevention) (Darling et al. 2002). It has a wide range of vectors such as 
biting flies, ticks and mosquitoes, with the most commonly known victims 
being rodents and rabbits which are highly susceptible to the disease. 
Outbreaks in mammals are associated with exposure to arthropods, infected 
animals, food, waters, fomites, or aerosol-borne bacteria. Mammalian 
outbreaks of F. tularensis are mainly caused by two subspecies: ssp. 
tularensis (Type A) and ssp. holarctica (Type B). Type A is endemic to the 
North American continent and more severe (Sjöstedt et al. 2005). Type B is 
wide spread on the northern hemisphere but cause milder symptoms than 
Type A. General symptoms are high fever, nausea, soreness and swollen 
lymph nodes. The environmental reservoir of F. t. holarctica has for a long 
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time been unknown but the evidence pointing towards an aquatic life style 
has steadily been increasing. Aquatic survey studies have shown that Type B 
can be found in waterbodies close to outbreak zones (Hopla 1974, Broman et 
al. 2011) which implies that the environmental reservoir is an aquatic 
environment. Further support for this idea came when Abd et al. (2003) 
showed that the Live Vaccine Strain (LVS) of F. tularensis can survive and 
replicate within a protozoan host, Acanthamoeba castellanii. Further, El-Etr 
et al. (2009) showed that the bacterium rapidly can be encysted in A. 
castellanii, and thus can survive within the host for at least three weeks. 
Such encysted bacteria are highly protected from environmental stressors 
like disinfection chemicals etc. (Greub & Raoult 2004). It is possible that 
replication in an aquatic protozoa is rare. Buse et al. (2016) found no 
profileration within three different amoebal hosts by four different strains of 
Franicsella. 

 

 

The common phagocytic properties of amoeba and macrophages are thought 
to be the reason for the evolutionary bridge between hosts in different 
environments. They engulf bacteria attached to their cell surfaces via a 
formation of a phagosome. However, some mechanistic differences do occur. 
Inside the macrophage, lysosomes fuse with the phagosome, and engulfed 
bacteria are normally disintegrated due to the action by acidic enzymes 
(Clemens et al. 2004). The bacterium F. tularensis Type A and Type B is 
resistant to macrophage degradation, as maturation of the Francisella-
containing phagosome is arrested at the late phagosomal stage. Then the 
bacterium induces degradation of the phagosomal membrane and rapidly 
escapes into the cytosol to replicate to high numbers (Golovliov et al. 2003, 
Santic et al. 2005a). In an amoeba, however, the bacterium enumerates 
within the food vacuole (phagosome) (Santic et al. 2011). Despite these 
mechanistic differences for survival in protozoan and mammalian cells, it 
has been found that the IglC-protein and its regulator MglA are essential for 
degradation of the two non-virulent strains, F. tularensis LVS and F. 

Figure 1. Gfp-labelled F. t. 
holarctica detected in 
euglonozoa-like protozoa 
from a mesocosm experiment 
(Thelaus et al. 2009). 
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novicida in both amoebae and mammal macrophages. The intact IglC-
protein is thus important for proliferation in both amoeba and mammalian 
macrophages (Lauriano et al. 2004, Santic et al. 2005b, Santic et al. 2011). 
The similarity of amoeba and mammalian macrophages is the key for a 
relatively non-complicated step from water to land, where it could become a 
fully virulent bacterium. In fact, they are so similar that it raises the 
question; are amoeba the ancestor of macrophages (Siddiqui & Khan 2012)? 
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Objectives 

The main objective of this thesis was to elucidate factors causing selection 
and evolution of predation resistant and potentially pathogenic bacteria in 
aquatic environments. This is important both for the general understanding 
of food web ecology and for assessment of environments at risk for 
persistence and spreading pathogenic bacteria. The specific aims were: 

 
I. Study how rapid predation defense develops in marine bacteria.   

 
II. Identify bottom-up and top-down factors selecting for different 

types of predation resistant and potentially pathogenic bacteria 
in aquatic environments. 

 
III. Identify eco-evolutionary links between the persistence of a 

pathogenic bacterium, Francisella tularensis ssp. holarctica (F. 
t. holarctica), in aquatic environments and mammal hosts.  
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Methods 

To approach these objectives I performed microcosm experiments, field 
studies and specific bioassays. Advanced molecular, bioinformatical and 
statistical work were performed in collaboration with co-authors. Below is a 
brief presentation of methods for each sub-study: 

 

Repeated microcosm experiments for detection of plasticity 
(Paper I) 

Bacteria were isolated from a 2 month chemostat experiment, based on 
Baltic Sea water. Their edibility and adaption to predation by protozoa were 
tested using a predation assay (Thelaus et al. 2008a). Isolated strains were 
sequenced and good reads were obtained for five of them: Paracoccus sp., 
Rhizobium sp., Shewanella sp., Rhodobacter sp. and Micrococcus sp. while 
two remained unidentified (here called unid. 1 and unid. 2).  

In the predation assay the ciliate Tetrahymena pyriformis (T. pyriformis) 
was used as a predator. It is a filter feeding ciliate approximately 40 µm long, 
commonly used in experimental studies. Bacteria were pre-grown on Zobell 
plates and then coincubated with T. pyriformis up to 10 days. Twice per day 
optical density (OD750) was measured to monitor changes in concentration. 
At the end of the 10 day co-incubation, 200 µl from each co-incubation was 
spread on Zobell-plates for reisolation of bacteria and elimination of ciliates. 
The edibility assay was then repeated 3 to 9 times. This step also allowed for 
control of contamination. 

Calculations of bacterial decline in the co-cultures were performed from day 
1 to until stabilization of bacterial numbers. The slope of the curve (k) was 
then calculated for each sampling day interval (Eq. 1): 
  
 
k =   (Eq. 1) 
  
 
Nday-1 is the optical density at day-1 and t is time between each sampling (i.e. 
24 h). Average k-value (kavgOD) for the whole period of decrease was then 
calculated. Bacterial half-time (relative inedibility) was calculated according 
to (Eq. 2):  
 
 
T1/2 =   (Eq. 2) 

   

 

 

t
N
N

day

day /ln )(
1−

−
 

( )OD
avgk5.0ln
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By inverting bacterial half-time density, bacterial degradation rate (edibility 
or mortality rate) was obtained (Eq. 3): 

Mortality Rate = 1/ T1/2   (Eq. 3)  

By comparing the edibility at the start of the experiment with the edibility 
after the repeated exposure the adapation was calculated. Adaptation was 
identified when a significant negative slope (linear regression) in the change 
of mortality rate (Eq. 3) between the consecutive co-incubations was 
observed.  

Eutrophication as a driver of pathogens (Paper II and III) 

Paper II and III are closely related studies with similar aims, however, one 
(III) is an experimental study in a laboratory with controlled treatments 
while the other paper (II) is a field study with 19 sampled lakes along a 
nutrient gradient from oligotrophic to eutrophic. The controlled microcosm 
experiment consisted of six triplicate treatments with water collected from a 
small lake in southern Sweden. Half the treatments had bacterial predators, 
i.e. flagellates, ciliates, amoebae and rotifers, while the other half were 
treated to exclude predators. Three different nutrient levels were prepared, 
one with untreated water, one diluted (nutrient poor) and one nutrient rich 
treatment with additional carbon, nitrogen and phosphorous. The 
experiment lasted for 8 days. Bacterial biomass was counted using flow 
cytometry, while protozoa were analyzed microscopically.  

 

 

In paper II and III we used 16S rRNA amplicon sequencing to obtain 
taxonomic information on the bacterial community. The methods of 
sequencing were similar in paper II and III, however, eukaryotic 
microorganisms 18S rRNA amplicons were only sequenced in paper II. 
Amplicons were generated from PCR (polymerase chain reaction) products 

 

Figure 2. Example of 
the extremes in water 
color of brown, clear 
and green water from 
the sampled sites. 
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by targeting the 16S rRNA V4 domain, which was amplified using primers 
F515 and R806 (Caporaso et al. 2012). Primers were modified to contain an 
Illumina adapter region for sequencing on the Illumina MiSeq platform. For 
amplification of the V9 domain (II) of eukaryotic 18S rRNA, we used primers 
Euk_1391F and EukBr. The resulting PCR products were pooled and 
analyzed on pre stained agarose. The final product was sequenced on the 
MiSeq platform (Illumina) with 300 bp paired-end reagent (MiSeq System 
User Guide, Part # 15027617 Rev. C). The reads were analyzed using the 
quantitative insights into microbial ecology (QIIME) pipeline (Caporaso et 
al. 2010b). The sequences were clustered at 97% sequence identity into 
operational taxomoic units (OTUs) using the uclust method (Edgar 2010). 
OTUs were assigned a taxonomic identity by the RDP classifier (Wang et al. 
2007) against the Greengenes database (McDonald et al. 2012) for 16S 
rRNA, and against the SILVA 111 database (Quast et al. 2013) for 18S rRNA. 
All sequences were aligned using the PyNAST method (Caporaso et al. 
2010a) to the Greengenes core reference alignment (DeSantis et al. 2006) 
and to the SILVA core reference alignment for 16S rRNA and 18S rRNA, 
respectively. Phylogenetic trees used for alpha diversity analyses were built 
using an approximate maximum likelihood method implemented in the 
software FastTree (Price et al. 2010). In the search for protozoa resistant 
bacteria (PRB) we used the outline described by Bertelli and Greub (2012). 
PRB OTUs available in the Greenegenes taxonomy were extracted from the 
16S rRNA OTU data. To enhance phylogenetic resolution (II), oligotyping via 
the minimum entropy decomposition (MED) algorithm (Eren et al. 2013, 
Eren et al. 2014) were applied on the OTUs assigned to PRB. Alignment of 
PRB nodes and reference sequences were performed using MUSCLE (Edgar 
2004) with default parameters.  

In paper III we also performed a joint species distribution model (JSDM: 
Warton et al. (2015)), fitted on a generalized linear mixed model (GLMM) 
framework. The model was set up in a hierarchical manner to adjust for 
dependencies over time and among replicates. The treatment groups were a 
combination of experimental factors, such as enrichment, dilution and/or 
protozoan filtering. Replication within each combination of time point and 
treatment was modelled with a random intercept and constituted the first 
level in the model. For each sample i = 1,…,72, for each PRB j = 1,2,3, for 
each treatment group k = 1,…,6 and for each combination of treatment and 
time point l = 1,…,24, the multilevel model can be written as: 

g(mijkl) = β0i + β1j + β2jn + β3k[i] + β4l[i] + x5i β5j + x6i β6k[i] + uij, 

Where g( ) is the log link function defining the mean of the linear function of 
predictors, mijkl is the PRB abundance, β0i is the effect of the total sample 
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sequence abundance at sample i, β1j is the intercept for the j:th PRB, β2jn is 
the n:th nutrient level effect on PRB j, β3k[i] is the varying intercept of the 
k:th treatment for sample i included in treatment k, β4l[i] is the varying 
intercept of the triplicate for group l, β5j is the effect of predation pressure on 
PRB j, β6k[i] is the varying slope of treatment k at time t = 2,4,6,8 days, x5i is 
the estimated predation pressure at sample i, x6i is the time point when 
sample i was collected. 

 

Mechanisms of importance for bacterial persistence in 
protozoa and a mammal host (Paper IV) 

Here I studied links between environmental persistence and pathogenicity 
by comparing the growth of the fully virulent wild type and mutants of F. t. 
holarctica in association with an aquatic amoeba and a murine macrophage. 
A virulent wild-type strain and four isogenic mutants with different 
functional protein deletions were compared; DsbA (Straskova et al. 2009, 
Ren et al. 2014) a membrane lipoprotein with disulfide oxidoreductase 
activity important for proper folding in Francisella tularensis; Hfq (Meibom 
et al. 2009) a pleiotropic regulatory RNA binding protein; PilA (Forslund et 
al. 2010, Salomonsson et al. 2011) a type IVa pilus subunit and PglA (Egge-
Jacobsen et al. 2011), a protein involved in O-linked protein glycosylation. I 
used the amoeba Acanthamoebae castellanii as a model for the aquatic host, 
and the murine macrophage J744.2 as a model for mammalian hosts. Due to 
their different environmental requirements the methods differed. The major 
difference was the temperature and duration of the experiment. For 
macrophages the experiment was run in 37°C for 2 days, while for amoeba it 
was run at 30°C and 12 days. The host cells were seeded in 24-well tissue 
culture plates (Nunclon) for attachment. Pre-grown bacterial strains were 
then added to the tissue culture plates. Bacterial cells associated with the 
hosts were harvested at regular time intervals. At harvest a dilution series 
and viable counts on Modified Thayer-Martin agar plates were performed 
(Abd et al. 2003, Lauriano et al. 2004, Meibom et al. 2009). All work with 
the virulent F. t. holarctica was performed at a Biosafety (BSL) 3 laboratory. 
 
To compare how the loss of protein effects the bacterial growth in association 
with protozoa I performed a meta-analysis. In total 13 studies were included 
based on criteria as follows: 1) Both amoeba and macrophage hosts were 
tested in the study, 2) adequate methods were presented to compare to this 
study, and 3), a negative effect on growth compared to wild type in at least 
one of the hosts.  
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Results and discussion 

Adaptation of predation resistance of bacteria (Paper I) 

The seven isolated bacteria from the microcosm experiment showed large 
diversity when characterized by measuring the lag time, growth rate and 
stationary phase when grown in liquid broth medium. The lag time showed 
large variation ranging from 2 to 78 hours. The bacterial growth rate and the 
time for initiation of the stationary phase varied between isolates with a 
factor of 3 (0.08 to 0.27 h−1 and 40 to 130 h, respectively). Furthermore, it 
was often difficult to initiate growth of Unid. 2 and Rhodobacter sp. 

The edibility (mortality rate of isolates) of different bacterial isolates differed 
substantially between the isolated strains, indicating a wide range of 
preparedness to predation to the ciliate Tetrahymena pyriformis. 
Micrococcus sp. was the most edible bacterium and Rhodobacter sp. the 
most inedible, with Rhodobacter showing equal numbers in both control and 
treatment. The ciliate degraded Micrococcus sp. and Rhodobacter sp. by a 
rate of 0.06 h-1 and 0.009 h-1, respectively, which corresponds to degradation 
times of 12 and 80 hours. The initial edibility of the other tested bacteria 
varied from 0.02 h-1 to 0.04 h-1. Over the successive rounds of predation 
exposure the edibility of 5 out of the 7 bacterial isolates decreased, showing 
rapid adaptation in bacterial predation resistance. The adaptation towards 
predation resistance varied between bacterial isolates. Micrococcus sp., 
Paracoccus sp., Shewanella sp. and unid. 2 decreased their edibility by 80-
90% during the test period, while the edibility of unid. 1 only showed a slight 
decrease in edibility. We found no decrease in edibility for Rhizobium sp. 
and Rhodobacter sp.. This suggests that to fully understand the role of a 
bacterial group in the food web it may not be enough to only study its 
edibility by a single test, as it will not reveal the potential for possible rapid 
adaptation to predation resistance. Further, these results support the idea 
that different ecotypes of predation resistant bacteria share the same habitat, 
and that niche differentiation exists (Salcher 2014) and that the initial 
edibility might not reflect the full edibility characteristics of the isolates. 
Possibly, the results, which show a high diversity of strategies, explain the 
resilience of bacterial communities to predation, which has been suggested 
by Baltar et al. (2015). 
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Interestingly we see that Unid. 2 and Rhodobacter sp., which were difficult 
to grow, also were the most initially inedible strains. Possibly there is a cost 
of slower growth to possess the defensive traits. These strains also revealed 
some traits for predation resistance. Cell aggregation of the bacterial cells 
was observed to occur when ciliates were added to a culture of the unid. 2 
isolate (Fig. 3). Further, Rhodobacter sp. showed a major increase in cell size 
in some samples revealing a phenotypic response to predation, however, 
Rhodobacter sp. showed predation resistance already from the start of the 
experiment, thus, there was no change in edibility over time. The changes in 
edibility were either due to plasticity or rapid evolution. We believe it to be 
the former due to low generation times in the low nutrient conditions. 
However, the possibility of rapid evolution in this experiment cannot be 
excluded, especially later in the experiment. 

 

Effects of nutrients and predation pressure on occurrence 
of predation resistant bacteria (Paper II and III) 

Here I elucidated the effects of nutrients and predation pressure on 
predation resistant bacteria using state of the art molecular methods (see 
methods). One experiment was controlled (III) in the laboratory, and the 
other a field study with sampling of natural waters (II). Interestingly, the 
same protozoa resistant bacteria were found in both studies: Pseudomonas 
(Gammaproteobacterium), Rickettsia (Alphaproteobacterium) and 
Mycobacterium (Actinobacterium). This is however not surprising since the 
natural water used in paper III comes from a pond sampled also in paper II. 
Further, these are well studied genuses with lots of references in the genome 
libraries.  

Figure 3. Illustration of cell 
aggregation by the unid. 2 
strain. Left tube is without 
predator Tetrahymena 
pyriformis and right tube is 
with predators (Mathisen et 
al. 2016). 
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In paper II the predation pressure on bacteria increased with increasing 
nutrient concentrations, but no increase of PRB was seen. This may have 
been because the PRB consisted of a heterogeneous group of bacteria with 
different ecological requirements. Thus, the relationship between the 
presence of PRB and predation pressure is more complicated than we 
initially thought. We also found that Mycobacteria was effected negatively by 
eutrophication which contradicts to the hypothesis that PRB positively 
correlates with eutrophication. Similar patterns were seen for Rickettsia. On 
the contrary, Pseudomonas spp. showed a strong negative correlation with 
protozoan biomass and a positive correlation to nitrogen. In paper III we 
also performed oligotyping which allows for higher resolution of taxa. The 
oligotyping indicated the presence of species such as: P. veronii,  which can 
break down aromatic organic compounds (Nam et al. 2003), P. fragi, which 
is infamous for diary and meat spoilage (Wiedmann et al. 2000, Ercolini et 
al. 2007), and P. stutzeri, which is a denitrifier common in soil but also an 
opportunistic pathogen with low infection rate (Lalucat et al. 2006). Among 
Rickettsia spp. only one node could be assigned to the species, R. limoniae, 
which is sparsely mentioned in the literature but appears to be an 
endosymbiont found in water insects (Kuchler et al. 2009, Machtelinckx et 
al. 2012). For Mycobacterium no nodes were successfully assigned to 
species, although two nodes appeared close to M. bovis and M. tuberculosis, 
which are the causative agents of tuberculosis in cattle and humans (O'Reilly 
& Daborn 1995, Zumla  et al. 2013). We also tested the idea of potential 
biomarkers for pathogens among protozoa, but due to the lack of data in the 
18S rRNA greengene library only a few interesting trends could be detected. 
For example, one Rickettsia-node was found to be abundant together with 
Trachelomonas spp. which is a phytoplankton taxon characteristic for peaty 
pools and iron and manganese rich waters. Trachelomonas belongs to the 
class Euglenozoa which is known to be tolerant to pollution and adapt 
quickly to environmental changes (Wolowski 2002). Further, a 
Mycobacterium-node could be linked to the mixotrophic dinoflagellate 
Ceratium spp., which is known to be abundant in lakes late in summer at 
stratified conditions (Reynolds 2006). When looking at microscopy data only 
one correlation to protozoa was found. Anisonema spp. was correlated with 
one Psedomonas-node. Instead several trends tied to cyanobacteria and 
phytoplankton were detected. Worth mentioning is a Pseudomonas-node 
which was linked to Chroococcales spp., an order of cyanobacteria which 
includes species responsible for harmful toxic blooms. Cyanobacteria and 
phytoplankton have been associated with free-living bacteria (Bagatini et al. 
2014) and bacteria may attach to the surface of the algae (Grossart et al. 
2005, Malfatti & Azam 2009). Thus, in addition to protozoa, cyanobacteria 
and phytoplankton may also be considered as potential biomarkers for PRB 
genera. 
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In paper III, the proportion of OTUs assigned to Mycobacterium and 

Rickettsia increased over time when exposed to high predation pressure 
(Fig. 4). Still, they constituted a relatively small proportion (~0.1%) of the 
total reads in these samples. Pseudomonas increased in the enriched 
treatment and became dominant in these samples, constituting 30-50% of 
the total reads, but a link to predation pressure was not seen. Thus no link 
between increased nutrients and increased predation pressure was detected. 
Interestingly Pseudomonas also increased in diluted treatments while 
undisturbed treatments were less advantageous (Fig. 4). The JSDM analysis 
revealed a strong positive effect of predation pressure on the occurrence of 
Mycobacterium, which also seemed to be true for Rickettsia as they 
increased with protozoa biomass. The effect of nutrient levels on abundance 
was negative for Mycobacterium, as there was a negative effect for both 
diluted and enriched states.  

 

Figure 4. Proportion of reads assigned to PRB genera Mycobacterium, 
Rickettsia and Pseudomonas during the experiment. Treatments: B = 
bacteria, BP = bacteria+predators and nutrient levels 1, 2 and 3. 
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However, Pseudomonas increased with increased nutrient concentration. A 
PCA analysis also showed that Pseudomonas occurred abundantly in 
samples where dissolved organic carbon and total nitrogen concentrations 
and predation pressure were high. Mycobacterium and Rickettsia were 
promoted in treatments where the biomasses of heterotrophic nano- and 
microplankton, as well as the predation pressure on bacteria were high. This 
also coincided with high TP concentrations and high alpha diversity.  

Altogether, this shows that to predict and prevent environmental outbreaks 
of bacterial pathogens each bacterial taxon needs to be evaluated 
individually. Bacterial pathogens can be expected to be present in waters 
with different nutrient status, however, specific pathogens could potentially 
be linked to particular types of waters or organisms which could act as 
biomarkers to indicate that caution should be noted. Methods such as 
predictive modelling of pathogens (III) and oligotyping (II) can be useful 
tools in the development of a risk assessment framework would have 
important implications for public health and regulatory authorities in terms 
of water quality managements and drinking water safety. 

Adaptation of Fransicella tularensis ssp. holactica to 
protozoa and mammalian hosts (Paper IV) 

The initial uptake by the hosts for each mutant (wild type, dsbA, Hfq, pilA 
and pglA) were similar, but the host associated survival and growth differed 
substantially. Three proteins, DsbA, PilA and Hfq, were identified as playing 
a role in the persistence and replication of F. t. holarctica in association with 
the environmental protozoon A. castellanii. PilA appeared to be essential for 
bacterial growth in association with the amoeba, but the loss of this protein 
only resulted in impaired bacterial growth in association with the 
macrophage. PglA had a negligible effect in both hosts. 

As PilA is absolutely essential for bacterial growth in amoebae but only 
impaired the growth in macrophages compared with the wild-type (WT), it is 
possible that the type IV pili system may have evolved primarily for 
persistence in an environmental reservoir (e.g. amoebae) and not for 
virulence in a mammalian host. Loss of DsbA results in impaired growth of 
F. t. holarctica in amoeba, however late in the amoeba assay some bacterial 
growth was retained (Fig. 1A). The hfq results show a significant decrease of 
bacterial counts in amoeba compared to WT, but just a small decrease when 
grown in association with macrophages. This suggests that the Hfq function 
plays a role in F. t. holarctica persistence in the putative environmental 
amoeba reservoir, while its role in virulence is not related to its ability to 
replicate in and kill macrophage cells.  
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Growth of the F. t. holarctica pglA strain was not impaired in either amoeba 
or macrophage cells. This result was somewhat unexpected, as PglA has been 
shown to mediate glycosylation of both PilA and DsbA (Egge-Jacobsen et al. 
2011, Balonova et al. 2012) and, as shown in this study, both PilA and DsbA 
play a role in bacterial growth in macrophage and amoeba cells.  

 
The meta-analysis showed that the loss of proteins more often results in a 
negative effect on persistence and growth in association with protozoa 
compared to macrophages. 24 out of 34 (76%) protein deletions had a 
negative effect in amoebae, while only 12 out of 26 (46%) protein deletions 
tested in macrophages had a negative effect. 

Taken together, the functional similarities for intracellular persistence in 
both hosts supports the hypothesis that there has been prior adaptation of 
the functions for intracellular growth within protozoa, indicating that the 
ancestors of pathogenic F. tularensis evolved in close association with 
aquatic protozoa.  
 

Concluding remarks 

Anthropogenic pollution is a major reason for eutrophication of aquatic 
environments. Eutrophication and a warmer climate due to climate change 
are thought to be critical for the spread of pathogens and perhaps even the 
development of new pathogens. Therefore it is important to understand how 
pathogens evolve and their ecology to be able to predict where they will 
appear and how they spread. In this thesis I address all these issues. 

Paper I (Mathisen et al. 2016) uses seven isolated bacteria from the Baltic 
Sea in a simple experimental set up to elucidate the adaptation of predation 
resistance to a predator (Tetrahymena pyriformis) and how the plasticity 
changes over time. I show that that rapid adaptation of predation resistance 
is common in bacteria in an aquatic microbial community. Further, the 
experiment shows that a single test of a bacterial taxon’s edibility will in 
many cases not be enough to fully understand its ecological role, as it will not 
reveal the potential adaptive response. For future single bacterial strain 
experiments we suggest a prolonged and repeated test. Our method can also 
be of use in studies to evaluate plastic and evolutionary traits rapidly, in 
combination with state of the art genetic methods.  

Paper II and III elucidate precense of protozoa resistant bacteria with 
regards to environmental properties of the water. Paper II is a field study 
while paper III was a microcosm experiment. Predation resistant bacteria 
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(PRB) were present in all lake samples as well as in the microcosms. The 
PRB consisted of three genera: Mycobacterium spp., Pseudomonas spp., and 
Rickettsia spp., which all are known to harbor species that are pathogenic to 
humans. They showed different environmental preferences. A MED node 
analysis revealed that nodes within the same genus could be linked to 
varying environmental conditions, such as nutrient rich or poor, and 
different predation pressure. Further, we found a number of potential 
biomarkers for precense of PRB among the 18S rRNA OTUs and microscopic 
counted plankton. To enhance the performance of such a study 16S and 18S 
reference libraries need to be expanded. An alternative would be to do a full 
sequencing of the 16S and 18S rRNA, which also would increase the number 
of OTUs and MED nodes assigned at a higher taxonomic level, however, this 
is expensive. To use biomarkers as a tool for detection of elevated risks of 
outbreaks of pathogenic environmental bacteria is still in a very early stage 
of development. As new methodology becomes available and affordable the 
boundaries of what can be done is pushed forward. We see potential in the 
methods presented here to increase the ability for detecting environments at 
high risk for outbreaks of potentially pathogenic bacteria. Study III also 
indicate that there is a tipping point where the predation pressure on 
bacteria does not increase further. This may be caused by changes in the 
bacterial community composition, i.e. by predation resistant bacteria having 
a negative effect on their predators. We also integrated environmental 
parameters in prediction models of pathogens in complex environments. 
This predictive modelling could provide a framework for risk assessment of 
pathogenic bacteria with implications for water quality managements and 
drinking water safety. 

In paper IV we used the four mutations of the facultative intracellular 
bacterium Francisella tularensis spp. holarctica to study the link between 
aquatic protozoa and mammalian macrophages. This study strengthens the 
theory that F.t. holarctica persist in nature in association with protozoa 
between outbreaks. The results also indicate an eco-evolutionary link 
between the two hosts and supports the idea that aquatic protozoa can act as 
a ‘biological gym’ for developing pathogens (Harb et al. 2000). Protozoa may 
be potential reservoirs for quiescent bacteria that persist in amoeba cysts, 
food vacuoles or excreted vesicles (El-Etr et al. 2009, Denoncourt et al. 
2014). Thus, it is important that future studies will be focused on identifying 
environmental conditions promoting the occurrence of such pathogenic 
bacteria.  
 



 

19 
 

Acknowledgements 

Thanks to Agneta Andersson, Johanna Thelaus and Carolyn Faithfull for 
comments on this thesis summary. This thesis was funded by Swedish 
Research Council and FORMAS (Project No. 60276201 and Dnr 217-2008-
1443), the research program Ecochange, Umeå Marine Sciences Centre, 
Swedish Ministry of Defence (A4040, A4042, A404215, A404217), Swedish 
Minestry of Foreign Affairs (A4952), Swedish Civil Contingencies Agency 
(B4055). 



 

20 
 

References 

Abd H, et al. (2003) Survival and growth of Francisella tularensis in 
Acanthamoeba castellanii. Appl Environ Microbiol 69:600-606 

Abd H, et al. (2008) Pseudomonas aeruginosa Utilises Its Type III Secretion 
System to Kill the Free-Living Amoeba Acanthamoeba castellanii. J 
Eukaryot Microbiol 55:235-243 

Adiba S, et al. (2010) From grazing resistance to pathogenesis: the 
coincidental evolution of virulence factors. PLoS One 5:e11882 

Auer B, et al. (2004) Comparison of pelagic food webs in lakes along a 
trophic gradient and with seasonal aspects: influence of resource 
and predation. J Plankton Res 26:697-709 

Azam F, et al. (1983) The ecological role of water-column microbes in the 
sea. Mar Ecol Prog Ser 10:257-263 

Bagatini IL, et al. (2014) Host-Specificity and Dynamics in Bacterial 
Communities Associated with Bloom-Forming Freshwater 
Phytoplankton. PLoS One 9:e85950 

Balonova L, et al. (2012) Characterization of protein glycosylation in 
Francisella tularensis subsp. holarctica. Accessed 7. <Go to 
ISI>://WOS:000306411300004 

Baltar F, et al. (2015) Marine bacterial community structure resilience to 
changes in protist predation under phytoplankton bloom conditions. 
ISME J 

Bergström A-Kand Jansson M (2006) Atmospheric nitrogen deposition has 
caused nitrogen enrichment and eutrophication of lakes in the 
northern hemisphere. Global Change Biol 12:635-643 

Bertelli Cand Greub G (2012) Lateral gene exchanges shape the genomes of 
amoeba-resisting microorganisms. Front Cell Infect Microbiol 2:110 

Bjørrisen PK (1988) Phytoplankton exudation of organic matter: Why do 
healthy cells do it? Limnol Oceanogr 33:151-154 

Bohannan BJMand Lenski RE (2000) Linking genetic change to community 
evolution: insights from studies of bacteria and bacteriophage. Ecol 
Lett 3:362-377 



 

21 
 

Broman T, et al. (2011) Molecular detection of persistent Francisella 
tularensis subspecies holarctica in natural waters. International 
journal of microbiology 2011 

Brown MRand Barker J (1999) Unexplored reservoirs of pathogenic bacteria: 
protozoa and biofilms. Trends Microbiol 7:46-50 

Buse HY, et al. (2016) Enhanced survival but not amplification of Francisella 
spp. in the presence of free-living amoebae. Acta Microbiol Immunol 
Hung 0:1-20 

Caporaso JG, et al. (2010a) PyNAST: a flexible tool for aligning sequences to 
a template alignment. Bioinformatics 26:266-267 

Caporaso JG, et al. (2010b) QIIME allows analysis of high-throughput 
community sequencing data. Nat Methods 7:335-336 

Caporaso JG, et al. (2012) Ultra-high-throughput microbial community 
analysis on the Illumina HiSeq and MiSeq platforms. ISME J 6:1621-
1624 

Casadevall Aand Pirofski L-A (2007) Accidental virulence, cryptic 
pathogenesis, Martians, lost hosts, and the pathogenicity of 
environmental microbes. Eukaryot Cell 6:2169-2174 

Cirillo JD, et al. (1997) Interaction of Mycobacterium avium with 
environmental amoebae enhances virulence. Infect Immun 65:3759-
3767 

Clemens DL, et al. (2004) Virulent and avirulent strains of Francisella 
tularensis prevent acidification and maturation of their phagosomes 
and escape into the cytoplasm in human macrophages. Infect 
Immun 72:3204-3217 

Corno Gand Jürgens K (2006) Direct and indirect effects of protist predation 
on population size structure of a bacterial strain with high 
phenotypic plasticity. Appl Environ Microbiol 72:78-86 

Corno Gand Jürgens K (2008) Structural and functional patterns of bacterial 
communities in response to protist predation along an experimental 
productivity gradient. Environ Microbiol 10:2857-2871 

Dandekar T, et al. (2012) Salmonella enterica: a surprisingly well-adapted 
intracellular lifestyle. Front Microbiol 3 



 

22 
 

Darling RG, et al. (2002) Threats in bioterrorism. I: CDC category A agents. 
Emerg Med Clin North Am 20:273-309 

Denoncourt AM, et al. (2014) Potential role of bacteria packaging by 
protozoa in the persistence and transmission of pathogenic bacteria. 
Front Microbiol 5 

DeSantis TZ, et al. (2006) Greengenes, a chimera-checked 16S rRNA gene 
database and workbench compatible with ARB. Appl Environ 
Microbiol 72:5069-5072 

Ducklow HW (1983) Production and fate of bacteria in the oceans. 
Bioscience 33:494-501 

Edgar RC (2004) MUSCLE: multiple sequence alignment with high accuracy 
and high throughput. Nucleic Acids Res 32:1792-1797 

Edgar RC (2010) Search and clustering orders of magnitude faster than 
BLAST. Bioinformatics 26:2460-2461 

Egge-Jacobsen W, et al. (2011) O-linked glycosylation of the PilA pilin 
protein of Francisella tularensis: identification of the endogenous 
protein-targeting oligosaccharyltransferase and characterization of 
the native oligosaccharide. J Bacteriol 193:5487-5497 

El-Etr SH, et al. (2009) Francisella tularensis type A strains cause the rapid 
encystment of Acanthamoeba castellanii and survive in amoebal 
cysts for three weeks postinfection. Applied Environmental 
Microbiology 75:7488-7500 

Ercolini D, et al. (2007) Simultaneous Detection of Pseudomonas fragi, P. 
lundensis, and P. putida from Meat by Use of a Multiplex PCR Assay 
Targeting the carA Gene. Appl Environ Microbiol 73:2354-2359 

Eren AM, et al. (2014) Oligotyping analysis of the human oral microbiome. 
Proceedings of the National Academy of Sciences 111:E2875-E2884 

Eren AM, et al. (2013) Oligotyping: differentiating between closely related 
microbial taxa using 16S rRNA gene data. Methods Ecol Evol 4:1111-
1119 

Erken M, et al. (2013) The rise of pathogens: Predation as a factor driving 
the evolution of human pathogens in the environment. Microb Ecol 
65:860-868 



 

23 
 

Fenchel T (1988) Marine plankton food-chains. Annu Rev Ecol Syst 19:19-38 

Forslund A-L, et al. (2010) The type IV pilin, PilA, is required for full 
virulence of Francisella tularensis subspecies tularensis. BMC 
Microbiol 10:227 

Gao LY, et al. (1997) Utilization of similar mechanisms by Legionella 
pneumophila to parasitize two evolutionarily distant host cells, 
mammalian macrophages and protozoa. Infect Immun 65:4738-
4746 

Golovliov I, et al. (2003) An attenuated strain of the facultative intracellular 
bacterium Francisella tularensis can escape the phagosome of 
monocytic cells. Infect Immun 71:5940-5950 

Greub Gand Raoult D (2004) Microorganisms resistant to free-living 
amoebae. Clin Microbiol Rev 17:413-433 

Grossart HP, et al. (2005) Marine diatom species harbour distinct bacterial 
communities. Environ Microbiol 7:860-873 

Gurijala KRand Alexander M (1990) Effect of growth rate and 
hydrophobicity on bacteria surviving protozoan grazing. Appl 
Environ Microbiol 56:1631-1635 

Harb OS, et al. (2000) From protozoa to mammalian cells: a new paradigm 
in the life cycle of intracellular bacterial pathogens. Environ 
Microbiol 2:251-265 

Hopla CE (1974) The ecology of tularemia. Adv Vet Sci Comp Med 18:25-53 

Intergovernmental Panel on Climate C, et al. (2013) Climate change 2013: 
the physical science basis. : Contribution of Working Group I to the 
Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change, Vol. Cambridge University Press, Cambridge 

Jacquier N, et al. (2013) Discovery of new intracellular pathogens by 
amoebal coculture and amoebal enrichment approaches. Journal of 
visualized experiments : JoVE:e51055 

Jürgens Kand Matz C (2002) Predation as a shaping force for the phenotypic 
and genotypic composition of planktonic bacteria. Antonie Van 
Leeuwenhoek 81:413-434 



 

24 
 

Karjalainen M, et al. (2007) Ecosystem Consequences of Cyanobacteria in 
the Northern Baltic Sea. AMBIO: A Journal of the Human 
Environment 36:195-202 

Kuchler SM, et al. (2009) Characterization and localization of Rickettsia sp. 
in water beetles of genus Deronectes (Coleoptera: Dytiscidae). 
FEMS Microbiol Ecol 68:201-211 

Lalucat J, et al. (2006) Biology of Pseudomonas stutzeri. Microbiol Mol Biol 
Rev 70:510-547 

Larsson Uand Hagström A (1982) Fractionated phytoplankton primary 
production, exudate release and bacterial production in a Baltic 
eutrophication gradient. Mar Biol 67:57-70 

Lauriano CM, et al. (2004) MglA regulates transcription of virulence factors 
necessary for Francisella tularensis intraamoebae and 
intramacrophage survival. Proc Natl Acad Sci U S A 101:4246-4249 

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

Machtelinckx T, et al. (2012) Microbial community of predatory bugs of the 
genus Macrolophus (Hemiptera: Miridae). BMC Microbiol 12:S9-S9 

Malfatti Fand Azam F (2009) Atomic force microscopy reveals microscale 
networks and possible symbioses among pelagic marine bacteria. 
Aquat Microb Ecol 58:1-14 

Mathisen P, et al. (2016) Rapid adaptation of predation resistance in bacteria 
isolated from a seawater microcosm. Aquat Microb Ecol 78:81-92 

Matz Cand Jürgens K (2003) Interaction of nutrient limitation and 
protozoan grazing determines the phenotypic structure of a bacterial 
community. Microb Ecol 45:384-398 

McDonald D, et al. (2012) An improved Greengenes taxonomy with explicit 
ranks for ecological and evolutionary analyses of bacteria and 
archaea. ISME J 6:610-618 

Meibom KL, et al. (2009) Hfq, a novel pleiotropic regulator of virulence-
associated genes in Francisella tularensis. Infect Immun 77:1866-
1880 



 

25 
 

Nam IH, et al. (2003) A novel catabolic activity of Pseudomonas veronii in 
biotransformation of pentachlorophenol. Appl Microbiol Biotechnol 
62:284-290 

O'Reilly LMand Daborn CJ (1995) The epidemiology of Mycobacterium bovis 
infections in animals and man: a review. Tuber Lung Dis 76 Suppl 
1:1-46 

Pallen MJand Wren BW (2007) Bacterial pathogenomics. Nature 449:835-
842 

Pauly Dand Christensen V (1995) Primary production required to sustain 
global fisheries. Nature 374:255-257 

Pernthaler J, et al. (1997) Contrasting bacterial strategies to coexist with a 
flagellate predator in an experimental microbial assemblage. Appl 
Environ Microbiol 63:596-601 

Persson OP, et al. (2009) High abundance of virulence gene homologues in 
marine bacteria. Environ Microbiol 11:1348-1357 

Pomeroy LR (1974) The ocean's food web, a changing paradigm. Bioscience 
24:499-504 

Price MN, et al. (2010) FastTree 2--approximately maximum-likelihood 
trees for large alignments. PLoS One 5:e9490 

Quast C, et al. (2013) The SILVA ribosomal RNA gene database project: 
improved data processing and web-based tools. Nucleic Acids Res 
41:D590-596 

Ren G, et al. (2014) Identification of disulfide bond isomerase substrates 
reveals bacterial virulence factors. Mol Microbiol 94:926-944 

Reynolds CS (2006) The Ecology of Phytoplankton, Vol. Cambridge 
University Press, Cambridge, UK 

Salcher MM (2014) Same same but different: ecological niche partitioning of 
planktonic freshwater prokaryotes. J Limnol 73:74-87 

Salomonsson EN, et al. (2011) Type IV pili in Francisella - a virulence trait in 
an intracellular pathogen. Front Microbiol 2 

Santic M, et al. (2005a) Modulation of biogenesis of the Francisella 
tularensis subsp novicida-containing phagosome in quiescent 



 

26 
 

human macrophages and its maturation into a phagolysosome upon 
activation by IFN-gamma. Cell Microbiol 7:957-967 

Santic M, et al. (2005b) The Francisella tularensis pathogenicity island 
protein IglC and its regulator MglA are essential for modulating 
phagosome biogenesis and subsequent bacterial escape into the 
cytoplasm. Cell Microbiol 7:969-979 

Santic M, et al. (2011) Intra-vacuolar proliferation of F. novicida within H. 
vermiformis. Front Microbiol 2 

Schindler DW (1977) Evolution of phosphorus limitation in lakes. Science 
195:260-262 

Siddiqui Rand Khan NA (2012) Acanthamoeba is an evolutionary ancestor 
of macrophages: A myth or reality? Exp Parasitol 130:95-97 

Sjöstedt A (2011) Special topic on Francisella tularensis and tularemia. 
Front Microbiol 2 

Sjöstedt AB, et al. (2005) Family XVII. Francisellaceae, genus I. Francisella. 
In: Anonymous (ed) Bergey's manual of systematic bacteriology. 
Springer, New York 

Soborg DA, et al. (2016) Bacterial Human Virulence Genes across Diverse 
Habitats As Assessed by In silico Analysis of Environmental 
Metagenomes. Front Microbiol 7:1712 

Soborg DA, et al. (2013) Widespread occurrence of bacterial human 
virulence determinants in soil and freshwater environments. Appl 
Environ Microbiol 79:5488-5497 

Steinberg KMand Levin BR (2007) Grazing protozoa and the evolution of the 
Escherichia coli O157:H7 Shiga toxin-encoding prophage. Proc Biol 
Sci 274:1921-1929 

Sterner RW (2008) On the Phosphorus Limitation Paradigm for Lakes. Int 
Rev Hydrobiol 93:433-445 

Straskova A, et al. (2009) Proteome analysis of an attenuated Francisella 
tularensis dsbA mutant: identification of potential DsbA substrate 
proteins. J Proteome Res 8:5336-5346 

Strom SL, et al. (1997) Planktonic grazers are a potentially important source 
of marine dissolved organic carbon. Limnol Oceanogr 42:1364-1374 



 

27 
 

Sukumaran SK, et al. (2003) Entry and Intracellular Replication of 
Escherichia coli K1 in Macrophages Require Expression of Outer 
Membrane Protein A. Infect Immun 71:5951-5961 

Thelaus J, et al. (2009) Influence of nutrient status and grazing pressure on 
the fate of Francisella tularensis in lake water. FEMS Microbiol Ecol 
67:69-80 

Thelaus J, et al. (2008a) Role of productivity and protozoan abundance for 
the occurrence of predation-resistant bacteria in aquatic systems. 
Microb Ecol 56:18-28 

Thelaus J, et al. (2008b) Predation pressure on bacteria increases along 
aquatic productivity gradients. Aquat Microb Ecol 52:45-55 

Thomas Vand McDonnell G (2007) Relationship between mycobacteria and 
amoebae: ecological and epidemiological concerns. Lett Appl 
Microbiol 45:349-357 

Wang Q, et al. (2007) Naive Bayesian classifier for rapid assignment of rRNA 
sequences into the new bacterial taxonomy. Appl Environ Microbiol 
73:5261-5267 

Warton DI, et al. (2015) So Many Variables: Joint Modeling in Community 
Ecology. Trends Ecol Evol 30:766-779 

Weinbauer MG (2004) Ecology of prokaryotic viruses. FEMS Microbiol Rev 
28:127-181 

Wiedmann M, et al. (2000) Molecular and phenotypic characterization of 
Pseudomonas spp. isolated from milk. Appl Environ Microbiol 
66:2085-2095 

Winter C, et al. (2010) Trade-offs between competition and defense 
specialists among unicellular planktonic organisms: the "killing the 
winner" hypothesis revisited. Microbiol Mol Biol Rev 74:42-57 

Wolowski K (2002) Phylum Euglenophyta. In: John DM, Whitton BA, 
Brooks AJ (eds) Freshwater Flora of the British Isles. Cambridge 
University Press, Cambridge  

Zumla  A, et al. (2013) Tuberculosis. New Engl J Med 368:745-755 

 



 

28 
 

Tack! 
 


	Table of Contents
	List of papers
	Contributions
	Additional publications
	Abstract
	Sammanfattning
	Background
	The microbial food web
	Eutrophication and bacteria
	Bacterial defense against protozoan predation
	Evolution of pathogens
	Francisella tularensis

	Objectives
	Methods
	Repeated microcosm experiments for detection of plasticity (Paper I)
	Eutrophication as a driver of pathogens (Paper II and III)
	Mechanisms of importance for bacterial persistence in protozoa and a mammal host (Paper IV)

	Results and discussion
	Adaptation of predation resistance of bacteria (Paper I)
	Effects of nutrients and predation pressure on occurrence of predation resistant bacteria (Paper II and III)
	Adaptation of Fransicella tularensis ssp. holactica to protozoa and mammalian hosts (Paper IV)

	Concluding remarks
	Acknowledgements
	References
	Tack!

