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ABSTRACT 
This thesis investigates how a synthetic microbial community respond 
to environmental stress and microbial invasion, using the model 
community THOR—comprising Pseudomonas koreensis, Bacillus 
cereus, and Flavobacterium johnsoniae. Through microbiological 
assays, transposon mutagenesis (INSeq), and proteomics, the work links 
environmental conditions and genetic determinants to community 
stability and disruption. The aim was to explore how cooperative traits 
emerge and how pathogens like Pseudomonas aeruginosa interfere with 
these dynamics. 

Paper I shows that cooperative biofilm formation in THOR is highly 
temperature-sensitive, with peak synergy at 18 °C and collapse at higher 
temperatures, suggesting fragility in microbial interactions. Paper II 
demonstrates that P. aeruginosa invasion disrupts biofilm formation 
without altering species composition, indicating a mode of functional 
interference rather than direct competition. Paper III identifies 
chromosomal genes conferring resistance to ciprofloxacin and 
tetracycline, including mexH, rhlI, and cysA, though these did not 
influence community invasion. Paper IV reveals invasion-specific 
genes such as wzz, nqrD, and pvdE, essential for successful colonization 
of THOR biofilms. Paper V explores the role of pvdE in depth, showing 
that its overexpression enhances invasion and triggers broad regulatory 
changes beyond iron acquisition. 

This work highlights how microbial interactions depend on both 
environmental context and genetic regulation. Pathogens like P. 
aeruginosa can destabilize communities through subtle interference 
mechanisms, with specific genes enabling invasion. These findings 
advance our understanding of microbial ecology, virulence, and 
resilience, with implications for managing microbiomes in 
environmental and clinical settings. 

Keywords: Microbial community interactions, Synthetic communities, 
Microbial invasion, Pseudomonas aeruginosa. 
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SAMMANFATTNING PÅ SVENSKA 
Denna avhandling undersöker hur mikrobiella samhällen svarar på 
stress i form av miljöfaktorer och mikrobiell invasion, med hjälp av det 
mikrobiella syntetiska modellsamhället THOR, bestående av 
Pseudomonas koreensis, Bacillus cereus och Flavobacterium 
johnsoniae. Genom mikrobiologiska analyser, transposonmutagenes 
och proteomik kopplas miljöförhållanden och genetiska faktorer till 
mikrobiell invasionsförmåga. Syftet var att utforska hur kooperativa 
egenskaper uppstår och hur patogener som Pseudomonas aeruginosa 
påverkar dessa dynamiker mellan mikrober 

Artikel I visar att kooperativ biofilmbildning i THOR är mycket 
temperaturkänslig, med maximal samhällssamverkan vid 18 °C och 
kollaps av biofilmen vid högre temperaturer. Artikel II visar att 
invasion av P. aeruginosa stör biofilmsbildningen utan att ändra 
artsammansättningen, vilket indikerar påverkan på mikrobiella 
interaktioner snarare än direkt konkurrens mellan invaderare och 
samhälle. Artikel III identifierar kromosomala gener som ger tolerans 
mot två olika antibiotika – ciprofloxacin och tetracyklin – och fann att 
bland annat mexH, rhlI och cysA gav ökad antibiotikatolerans, men att 
dessa gener inte påverkade invasionsförmåga hos P. aeruginosa. 
Artikel IV avslöjar invasionsspecifika gener såsom wzz, nqrD och 
pvdE, som är avgörande för att P. aeruginosa ska kunna kolonisera 
THOR-biofilmer. Artikel V utforskar överuttryck av genen pvdE och 
fann att detta ökar invasionsförmågan och, med stöd av kvantitativ 
proteomik, utlöser breda regulatoriska förändringar bortom järnupptag. 

Arbetet visar att mikrobiella interaktioner styrs av både miljöfaktorer 
och genetisk reglering, samt att P. aeruginosa kan destabilisera 
etablerade samhällen genom subtila störningar snarare än genom direkt 
konkurrens. Tesen har visat på specifika gener som möjliggör invasion 
och sammantaget bidrar resultaten till en djupare förståelse av 
mikrobiell ekologi, virulens och stabilitet i mikrobiella samhällen, med 
relevans för både miljösystem och patienter i sjukvården. 
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1 THEORY AND BACKGROUND 

1.1 MICROBIAL COMMUNITIES 

In the late seventeenth century, Antonie van Leeuwenhoek 
fundamentally expanded the scientific understanding of the natural 
world by revealing the existence of microorganisms. Using microscopes 
of his own construction — simple yet remarkably effective instruments 
for the time — Leeuwenhoek examined samples of pond water, dental 
plaque, and various other substances, describing a diverse array of 
motile, microscopic life forms he termed “animalcules” (Griswold, 
2008). Although his observations were meticulous and groundbreaking, 
the broader implications of microbial life remained largely 
unrecognized for centuries, and the study of microbes subsequently 
focused predominantly on the isolation and characterization of 
individual species. This monoculture approach, while pivotal in the 
development of germ theory, microbiology, and early biotechnology, 
neglected the ecological reality that microbes seldom exist in isolation 
in natural environments (Konopka, 2009). 

Microbial communities, composed of diverse and interacting 
microorganisms, play a foundational role in shaping ecosystems across 
the planet (Konopka, 2009). These communities drive essential 
biological processes such as nutrient cycling, organic matter 
decomposition, and the maintenance of environmental homeostasis (Lee 
et al., 2022; Su et al., 2024; Cani et al., 2019). Importantly, their 
collective interactions often surpass the capabilities of individual 
species, underscoring the significance of microbial interactions and 
cooperation (Chevrette et al., 2022). From soil and aquatic environments 
to the human gut, microbial communities are integral to the stability and 
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functioning of diverse ecosystems, influencing everything from 
agricultural productivity to human health. 

However, the complexity inherent in microbial communities presents 
significant challenges for scientific investigation. Microbial interactions 
are not random; rather, they are governed by deterministic ecological 
interactive processes that shape community structure, function, and 
stability (Fig. 1). These deterministic interactions can be broadly 
categorized into positive and negative relationships, each influencing 
how microbial populations coexist and impact on their environments. 
Understanding these interactions — including forms such as 
commensalism, synergism, amensalism, and predation — is critical for 
deciphering microbial community dynamics and designing synthetic 
communities with predictable behaviors. 

  

Figure 1. Conceptual networks of positive and negative interactions currently used in 
the field of Synthetic Microbial Ecology. 
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Among positive interactions, commensalism describes a relationship in 
which one microbial species benefits from another without affecting it, 
such as when Staphylococcus epidermidis metabolizes skin oils and 
creates byproducts that other skin microbes can use without impacting 
S. epidermidis, thus allowing for the proliferation of secondary 
metabolite consuming bacteria, which in turn promotes a healthy barrier 
against opportunistic pathogenic colonizers of the skin microbiota (Otto, 
2009). Synergism, in contrast, involves a mutually beneficial 
relationship where the combined activities of multiple species produce 
desirable outcomes for both members of the party; for example, in 
nitrogen cycling, anammox bacteria (Planctomycetes) cooperate with 
ammonia-oxidizing bacteria to convert ammonium and nitrite directly 
into nitrogen gas, a process that would not be possible without their 
combined metabolic activities, and creating a unique deep-sea niche 
which wouldn’t be possible without both members present (Jetten et al., 
2009). Negative interactions also play critical roles. Amensalism occurs 
when one species is inhibited or destroyed while the other remains 
unaffected, exemplified by the production of pyocyanins by 
Pseudomonas aeruginosa, which generate reactive oxygen species that 
suppress the growth of neighboring microbes without significantly 
impacting the P. aeruginosa producing the pyocyanin (Goncalves, & 
Vasconcelos, 2021). Predation, a more direct negative interaction, 
involves one microorganism actively consuming or killing another, such 
as the predatory bacterium Bdellovibrio bacteriovorus preying on 
Gram-negative bacteria (Stolp & Petzold, 1962). Understanding these 
interactions is essential for designing stable and functional synthetic 
microbial communities, as the balance between cooperation and 
competition ultimately determines community dynamics and ecological 
performance. 
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1.2 MICROBIAL MODEL COMMUNITITES – A 
MICROBIOME IN A TEST TUBE 

 
Leibold et al. (2004), introduced the metacommunity concept as a 
powerful framework for understanding ecological processes across 
spatial scales. Defined as a set of local individuals linked by the 
dispersal of multiple, interacting species, this framework outlines four 
key paradigms: patch dynamics, species sorting, mass effects, and 
neutral perspective. Each paradigm emphasizes different processes—
ranging from colonization-extinction dynamics to stochastic 
assembly—and together they provide a multifaceted lens for 
interpreting how communities are structured and maintained. This cross-
scale thinking has become particularly relevant as ecologists work to 
understand complex mechanisms that transcend localized, individual-
based frameworks. 

Such integrative approaches are especially important in microbial 
ecology, where the sheer scale of diversity is immense. Soil 
microbiomes, for instance, are extraordinarily diverse—with global 
estimates of bacterial abundance ranging from 10⁵ to 10⁹ cells per gram 
(Anthony et al., 2023), and around 10⁷ per gram in Swedish grassland 
soils (Guasconi et al., 2023). Disentangling the drivers of microbial 
community assembly in such environments is difficult, as interactions 
among species are numerous, dynamic, and context dependent. 

Synthetic communities (Syncoms) offer a tractable approach for 
dissecting the rules of microbial assembly, enabling researchers to 
isolate specific factors such as competition, cooperation, and dispersal. 
When aligned with community theory, Syncoms can be strategically 
designed to simulate different ecological scenarios, such as testing for 
the influence of environmental filtering, stochastic colonization and 
microbial community invasion. By combining metacommunity theory 
with the empirical power of synthetic communities, microbial ecologists 
can bridge the gap between theory and experimentation, helping to 
clarify how complex microbial networks interact and persist across 
diverse environmental and biotic contexts (Delgado et al., 2025). 
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Figure 2. A hypothetical interaction framework for a microbial community consisting 
of 13 different species. 

However, as illustrated in Figure 2, which depicts a hypothetical 
interaction network of a microbiome which contains just 13 bacterial 
taxa, this approach scales poorly with increasing species richness. The 
number of possible interactions grows exponentially, quickly surpassing 
the capacity of experimental and analytical tools to resolve them. This 
complexity hinders efforts to isolate specific functional roles or 
interaction effects. While Syncoms remain invaluable for hypothesis 
testing and mechanistic insights, their utility diminishes as they attempt 
to capture the full intricacies of large-scale microbial ecosystems.  
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Traditional microbiological techniques, often based on monoculture 
approaches, fall short of capturing the full scope of community 
interactions. This limitation has necessitated the development of 
advanced tools that better bridge the gap between controlled 
experiments and the complexity of real-world ecosystems. Again, a 
promising approach to address this is the use of Syncoms, sometimes 
referred to as microbial model communities (Bengtsson-Palme, 2020; 
Northen et al., 2024; Jing et al., 2024; Xu et al., 2025). 

By utilizing SynComs, researchers have identified and implemented 
many different phenotypes that single microbes alone could not achieve. 
For instance, Niu and colleagues (2017) demonstrated that colonizing 
the corn (Zea mays) rhizosphere with a top-down designed SynCom 
increased leaf biomass and induced colonization resistance against 
Fusarium verticillioides, a common corn fungal pathogen. SynComs 
have also been successfully employed to enhance various plant traits, 
such as salt tolerance (Schmitz et al., 2022), phosphate tolerance 
(Castrillo et al., 2017), and flower yield and number (Kaur et al., 2022), 
among many others (Xu et al., 2025). 

Importantly, the emergence of novel properties in microbial 
communities is not unique to plant-associated SynComs. Many 
synthetic communities have been designed to investigate emergent 
behaviors across a wide range of environments and host systems. 
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1.3 MICROBIAL COMMUNITIES, WHY STUDY 
THEM? 

Microbes influence human health, serving both as contributors to 
disease and as tools for treatment through microbial-based therapies. 
Historical records from the Jin dynasty in the 4th century describe the 
Chinese philosopher Ge Hong administering a concoction known as 
"yellow soup"—a fecal slurry used as an early form of fecal microbiota 
transplant (FMT)—to treat severe food poisoning (Stripling & 
Rodriguez, 2018). Modern medicine has since validated this approach; 
FMT has proven to be one of the most effective treatments for 
Clostridioides difficile induced pseudomembranous enterocolitis 
(Bakken et al., 2011). Today, standardized, human derived anaerobic 
cultured microbial communities are available for treating C. difficile 
infections (Juul et al., 2018). 

Interestingly, patients successfully treated for pseudomembranous 
enterocolitis often continue to test positive for Clostridioides difficile 
via polymerase chain reaction (PCR) assays (Solomon & Milner, 2014). 
This suggests that viable C. difficile organisms may persist in the gut 
microbiota, but their pathogenic potential is suppressed—either by 
introduced microbial consortia or by the recovering native microbiota. 
Notably, higher abundances of native microbial communities, 
particularly non-clostridial members of the Firmicutes phylum, have 
been negatively correlated with C. difficile recurrence and subsequent 
infection blooms (Sehgal & Khanna, 2021). These observations 
highlight the critical role of microbial communities in maintaining 
ecological stability within the human gut and in regulating pathogen 
behavior through competitive exclusion and microbial signaling 
networks. 

However, when resident microbial communities are disrupted by 
external perturbations—such as antibiotics, invasive species, nutrient 
pulses or temperature stress, the stabilizing interactions that normally 
maintain diversity and function can break down, as is well documented 
for the previously mentioned Clostridioides difficile after antibiotic 
treatment (Mullish & Williams, 2018). Such disturbances drive 
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microbial succession, replacing the original community over time 
(Cordero et al., 2023; de Anda, 2018; Shade et al., 2012). In severe 
cases, the result is a collapse of the native microbiome, marked by 
dwindling diversity, reduced functional capacity and a loss of resistance 
to non-resident members. Understanding how exogenous stressors 
mediate these shifts is therefore key to predicting—and preventing—
transitions to dysbiosis and disease. 

Temperature is one of the more pervasive stressors shaping 
microbiomes. The latest IPCC report estimates that Earth is already ~1.1 
°C warmer than in pre-industrial times and will continue to heat up for 
decades (IPCC AR6, 2023). Even this seemingly modest rise skews 
competition toward heat-tolerant taxa while squeezing out cooler-
adapted populations (Zhou et al., 2016; Li et al., 2023; Jia et al., 2023). 
As prevalence of heat tolerant  and psychrophilic microbes reshuffles, 
the normal web of microbial interactions are distrupted, lowering the 
barriers that keep opportunists in check. Heat-pulse experiments 
illustrate the process clearly: brief soil pasteurisation triggered blooms 
of thermotolerant Actinobacteria and Proteobacteria and a loss of 
disease suppression (Voort et al., 2016), while a +4 °C anomaly on kelp 
blades enriched Flavobacteriales and collapsed resident 
Alteromonadales (Minich et al., 2016). Meta-analyses of heat-wave 
events confirm that warming favours stress-tolerant families, erodes 
functional redundancy and opens invasion windows for opportunistic 
invaders (Bérard et al., 2015). The ecological knock-on effects include 
faster carbon- and nitrogen cycling, weakened pathogen-suppressive 
microbiomes (Delgado-Baquerizo et al., 2020) and a growing 
prevalence of antibiotic-resistant or pathogenic traits (Cavicchioli et al., 
2019; Bagra et al., 2020). In short, global warming is not just nudging 
microbial composition across the whole climate, it is also rewriting 
microbial interaction networks in ways that often select for undesirable 
microbial systems, and thus studying microbial interactions in the light 
of small changes in environmental conditions allows us to predict future 
microbial community interaction changes.  
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1.4 ECOSYSTEM FUNCTIONS OF MICROBIAL 
COMMUNITIES 

That microbes exist within microbial assemblages is no novelty to the 
field of microbial ecology (Konopka, 2009). However, precisely how to 
characterize and define the term "microbiome" has remained somewhat 
nebulous over the years. Berg and colleagues (2020) reviewed the 
concept of “microbiome” and concluded that multiple conflicting 
definitions exist, often depending on the disciplinary perspective of the 
user. According to Berg, three main definitions are currently widely 
used within the scientific community: 

• Genomic definition: 
Method-driven definitions of microbiome often focus on DNA 
sequence-based analyses, describing it as the collective genomes 
of microorganisms inhabiting a specific environment. These 
approaches equate the microbiome with the metagenome — the 
total genetic material of a microbial community — and highlight 
both symbiotic and pathogenic members.  

• Ecological definition: 
Ecologically, a microbiome is understood as a characteristic 
microbial community occupying a defined habitat with specific 
physio-chemical properties. It includes not only the 
microorganisms themselves — bacteria, archaea, eukaryotes, 
and viruses — but also their genomes and interactions with the 
surrounding environment. Some definitions emphasize the 
genetic content (the metagenome), while others stress the 
functional and ecological roles microbes play within various 
ecosystems or tissues. Overall, a microbiome represents a 
dynamic, interacting ecological community shaped by both 
biotic and abiotic factors. 

• Host-dependent definition: 
Host-dependent definitions describe the microbiome based on its 
interactions with a host, though challenges remain in 
determining whether findings from one host species can be 
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extrapolated to another. These definitions often underrepresent 
the role of coevolution and selection. Generally, a microbiome 
refers to the community of microorganisms — including 
bacteria, fungi, archaea, and viruses — inhabiting a specific host, 
such as the human body. Initiatives like the Human Microbiome 
Project highlight the diversity and complexity of these host-
associated microbial communities. 

For the purposes of this thesis, I will incorporate aspects of all three 
definitions outlined above. However, given my background in 
microbial ecology, I will place particular emphasis on the idea that 
the environment in which microbes grow ultimately dictates which 
interactions the microbial community is able to perform. 

1.5 SYNTHETHIC MICROBIAL MODEL 
COMMUNITITES FOR STUDYING 
INTERACTIONS 

Complete understanding of microbes and their capability to act in their 
environments requires us to not only identify the individual bacteria 
residing within ecosystems but also to understand how these microbes 
interact with each other. One effective way to do this is using microbial 
model communities. These allow us to replicate key interactions found 
between natural microbes and to probe those interactions under 
controlled conditions. By doing so, we can determine which 
relationships are central to maintaining community structure and 
function and also identify the specific genetic and physiological 
underpinnings of these interactions. 

The idea of investigating microbial communities is not new. As early as 
1894, Professor Novy observed the effects of microbial combinations in 
vivo. He identified a trio of cultures—Bacillus acidi lactici, 
Micrococcus prodigiosus, and Proteus vulgaris—and inoculated them 
into guinea pigs. This resulted in pronounced oedema, an effect not seen 
when any of the cultures were introduced alone (Novy, 1894). Novy 
concluded that the interaction between these microbes generated a 
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response greater than the sum of its parts, a concept we now refer to as 
an emergent property. Emergent properties arise when collective 
microbial behaviors or effects emerge that are not predictable from 
studying the individual species in isolation. 

One microbial model community known for its many emergent 
properties that is central to the present thesis is The Hitchhikers of the 
Rhizosphere, or THOR. First identified by Professor Jo Handelsman and 
colleagues at the University of Wisconsin–Madison, THOR offers a 
highly amenable framework for studying interspecies microbial 
interactions (Lozano et al., 2019). THOR consists of three species of 
bacteria: Pseudomonas koreensis, Bacillus cereus, and Flavobacterium 
johnsoniae. Originally, researchers in Prof. Handelsman’s group were 
interested in B. cereus and its use in agricultural research. However, they 
consistently discovered that F. johnsoniae and P. koreensis were co-
isolated together with B. cereus cultures. This pattern was highly 
consistent across a wide range of replicates and lineages of B. cereus 
isolates, suggesting a strong ecological association between B. cereus 
and its partner microbes in THOR. 

THOR, as a microbial model community, presents a range of 
experimentally tractable interactions that can be used to probe both 
intra- and inter-community dynamics. As a defined, synthetic 
consortium composed of three relatively well-characterized rhizosphere 
isolates, THOR offers reproducibility, modularity, and ease of 
manipulation—qualities that make it ideal for controlled perturbation 
studies. 

One such interaction involves an auxotrophic relationship in which F. 
johnsoniae supports the growth of B. cereus in soybean or alfalfa root 
exudates medium, which B. cereus is unable to do while growing alone 
(Lozano et al., 2019). Furthermore, B. cereus has been shown to induce 
colony expansion in Pseudomonas koreensis on 1/10th TSB-agar plates 
when co-cultured or spotted adjacently (Lozano et al., 2019). Another 
notable emergent trait—defined here as a community-level property not 
predictable from the behavior of individual members—is the enhanced 
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biofilm production observed in B. cereus–P. koreensis co-cultures, 
which exceeds levels produced by either species alone. 

A particularly significant contributor to THOR's emergent behavior is 
koreencein, a potent alkaloid antibiotic-like compound secreted by P. 
koreensis (Hurley et al., 2022). Metatranscriptomic analyses, combined 
with targeted gene knockouts disrupting koreencein biosynthesis (Δkec 
constructs), have shown that this molecule can dramatically reshape the 
transcriptional landscape of the other community members. These shifts 
underscore the regulatory influence of small-molecule signaling within 
THOR and reveal how chemical cues can alter community-level 
behavior and gene expression (Hurley et al., 2022). 

Adding to the complexity, F. johnsoniae exhibits a novel type of spatial 
interaction during co-culturing. As described by Maghesh et al. (2025), 
F. johnsoniae can reorganize other bacterial cells into centralized, 
motile spheroids embedded within its biofilm, termed zorbs. These 
structures exhibit a distinct exclusion zone devoid of F. johnsoniae cells, 
suggesting a form of physical compartmentalization or boundary 
control. A variety of bacterial species—including THOR member B. 
cereus—can be incorporated into zorbs, and co-zorbing of multiple 
species has been observed in tripartite cultures. However, it remains 
unknown whether the complete THOR community can form mobile, 
multi-species zorbs, and what implications these structures may have for 
community dynamics, spatial organization, or resource distribution 
(Maghesh et al., 2025). 

Finally, and most relevant to the present work, the THOR community 
collectively produces significantly more biofilm than the sum of its 
individual members, with a biomass peak that occurs later in time 
compared to mono- or duo-cultures (Lozano et al., 2019). This emergent 
property provides a clear and quantifiable proxy for microbial 
interactions. Because biofilm production increases when members are 
grown in combination, it can be inferred that synergistic interspecies 
interactions are at play. Thus, any deviation in community-level biofilm 
output—relative to predictions based on simpler culture combinations—
can serve as a reliable indicator of changed microbial dynamics. For a 
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visualization of the fully described interaction currently known of the 
THOR microbial model community, see figure 3.  

While THOR is a simplification of the natural rhizosphere environment, 
its defined members and reproducible behaviors make it an invaluable 
platform for studying emergent properties and the molecular basis of 
microbial community interactions, which I aim to utilize in this thesis.  

 

 

Figure 3. Schematic overview of currently known interactions within the THOR microbial model 
community. This diagram illustrates the experimentally validated interactions among the three 
THOR members: Flavobacterium johnsoniae, Bacillus cereus, and Pseudomonas koreensis. 
Depicted interactions include auxotrophic support, colony expansion, enhanced biofilm 
production, koreencein-mediated transcriptional shifts, and zorb formation. Arrows and their 
color denote the directionality and origin of interactions.  
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1.6 PATHOGENS, AND THEIR ASSOCIATION 
WITH MICROBIAL COMMUNITIES 

Let us now take a step back and connect our microbial model community 
to the broader context of microbiome research. Environmental 
microbiomes—such as those found in soil, plant roots, and aquatic 
systems—are complex ecosystems composed of diverse microbial 
species. These communities not only support ecological functions and 
nutrient cycling but can also serve as reservoirs for microbes with 
pathogenic potential. In certain contexts, such microbes may transition 
from benign environmental inhabitants to disease-causing agents, 
particularly when they encounter favorable conditions or susceptible 
hosts. Among these are well-known pathogens such as Bacillus 
anthracis (Barandongo et al., 2023), Francisella tularensis (Hazlett et 
al., 2009), Vibrio cholerae (Almagro-Moreno et al., 2013), Coxiella 
burnetii (Abeykoon et al., 2021), and—most relevant to this thesis—
Pseudomonas aeruginosa (Virieux-Petit et al., 2025). 

In the case of P. aeruginosa, environmental cues play a central role in 
shaping its pathogenic potential. Factors such as nutrient availability, 
oxygen concentration, and population density can influence the 
activation of quorum sensing networks, which in turn regulate the 
expression of virulence factors, biofilm formation (Haidar et al., 2024), 
and antibiotic resistance. This environmental responsiveness enables P. 
aeruginosa to flexibly shift between environmental persistence and 
host-associated virulence(Ambreetha & Singh, 2023), making it a 
formidable pathogen able to survive and transfer across diverse habitats. 

This capacity for environmental responsiveness also enables P. 
aeruginosa to exert cross-kingdom competitive effects, influencing both 
microbial competitors and eukaryotic hosts(Berni et al., 2019; Habich et 
al., 2025). Such cross-mechanisms are of particular interest in 
microbiome ecology, where a single microbial species may impact a 
broad range of organisms through antagonistic interaction, like secreted 
toxins, metabolic competition, or manipulation of shared environmental 
resources. For example, the well-studied P. aeruginosa PA14 strain has 
been shown to infect Arabidopsis thaliana (Plotinikana et al., 2000), 
where it suppresses plant immune responses and causes disease 
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symptoms mirroring those seen in animal host-pathogen systems 
(Rahme et al., 1995). This demonstrates the capacity of environmental 
strains to adapt virulence mechanisms in novel host contexts, using 
overlapping regulatory networks that control pathogenicity, and thus 
competitiveness, across kingdoms. 

The remarkable environmental ubiquity of P. aeruginosa makes it 
indeed an interesting bacterial species. It is commonly isolated from 
soil, water, and plant surfaces, as well as from artificial environments 
such as hospital plumbing and equipment (Crone et al., 2020). This 
widespread distribution highlights its ability to persist under diverse 
conditions and suggests frequent encounters with existing microbiomes. 
P. aeruginosa must be able to navigate established microbial 
communities, raising important questions about its strategies for 
microbiome invasion. The mechanisms by which it integrates into, 
displaces, or reshapes these communities remain underexplored. 
Competitive traits like type VI secretion systems, exoproduct secretion, 
and biofilm-based spatial dominance are likely contributors, but their 
relative importance across environments is still not fully understood. 

Understanding how P. aeruginosa establishes itself within 
polymicrobial ecosystems is critical, not only for anticipating its 
behavior in clinical infections but also for predicting its influence in 
environmental and agricultural settings. Dissecting these invasion 
mechanisms in simplified, controlled models—such as synthetic 
communities like THOR—can provide key insights into how pathogens 
emerge from and reshape microbiomes. 
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1.7 Pseudomonas aeruginosa, a particularly 
problematic pathogen 

Pseudomonas aeruginosa is an opportunistic Gram-negative bacterium 
widely distributed in natural and man-made environments, including 
soil (Licea-Herrera et al., 2024), water systems (Walker & Moore, 
2015), and hospital surfaces (Gholipour et al., 2024). It is a leading cause 
of healthcare-associated infections, particularly affecting immuno-
compromised individuals (Volling et al., 2024), such as patients with 
cystic fibrosis (Davies 2002), severe burns (Gonzalez et al, 2016) or 
those requiring mechanical ventilation (el Sohl et al., 2008). It’s 
remarkable metabolic versatility and ability to thrive in diverse 
ecological niches enable it to persist under nutrient-limited and stressful 
conditions. A key factor in its persistence is its capacity to form and 
invade established biofilms (Sánchez-Peña et al., 2024), structured 
bacterial communities enclosed within a self-produced matrix, which 
protect it from desiccation, disinfectants, and host immune defenses. 
This ability allows P. aeruginosa to colonize medical devices and 
hospital plumbing systems, contributing to its role as a notorious 
nosocomial pathogen. 

The clinical and public health significance of P. aeruginosa is strongly 
linked to its extensive antibiotic resistance, which arises from both 
intrinsic mechanisms and acquired genetic elements. It exhibits natural 
resistance to many antibiotics due to low outer membrane permeability, 
robust efflux pump systems, and production of various β-lactamases. 
Moreover, it can acquire resistance genes through horizontal gene 
transfer from other bacteria in the environment (Bengtsson-Palme et al., 
2018) Environmental factors play a crucial role in the selection and 
spread of antimicrobial resistance (AMR) in P. aeruginosa. 
Contaminated water systems, agricultural runoff containing antibiotics, 
and improperly treated hospital wastewater create reservoirs and 
selective pressures that favor resistant strains. As a result, multidrug-
resistant and extensively drug-resistant P. aeruginosa strains have 
emerged globally, limiting treatment options and leading to worse 
clinical outcomes. The World Health Organization has classified P. 
aeruginosa as a critical priority pathogen for new antibiotic 
development (WHO, 2024), highlighting the urgent need for novel 



17 

therapeutics and integrated strategies that address both clinical and 
environmental dimensions of AMR. 

To tackle the challenge of intrinsic antimicrobial resistance in P. 
aeruginosa, advanced molecular tools such as insertion sequencing 
(INSeq) offer promising insights into the genetic involvement in AMR. 
INSeq combines high-throughput transposon mutagenesis with next-
generation sequencing to comprehensively identify genes essential for 
bacterial survival, under various conditions, which could be utilized to 
identify genes involved in antimicrobial resistance (Goodman et al., 
2014). By creating a dense library of random transposon insertions 
across the genome, researchers can pinpoint genetic determinants that 
contribute to resistance mechanisms. This approach allows for the 
systematic analysis of gene function on a genome-wide scale, providing 
insights into potential targets for novel therapeutics or strategies to 
disrupt resistance pathways. Additionally, INSeq can help elucidate how 
P. aeruginosa acquires and utilizes mobilized AMR genes, which are 
often shared via horizontal gene transfer. By combining INSeq data with 
information from global AMR gene databases, researchers can identify 
specific mobile genetic elements—such as plasmids, integrons, and 
transposons—that play crucial roles in the spread and maintenance of 
resistance traits. This approach enables a deeper understanding of the 
genetic networks and environmental factors that facilitate the 
acquisition of resistance determinants, both in clinical and 
environmental reservoirs. Harnessing such molecular genetics 
techniques, in conjunction with surveillance data, is therefore a critical 
step toward developing targeted interventions to disrupt gene transfer 
pathways, limit the dissemination of resistance, and safeguard the 
efficacy of existing and future antibiotics. 
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1.8 ANTIBIOTIC RESISTANCE, AND ITS 
ROLE IN MICROBIAL COMMUNITY 
ECOLOGY 

Traditionally, antibiotics in natural settings have been viewed primarily 
as weapons used to inhibit or kill competing microorganisms (Aminov, 
2009). However, recent research has revealed that at sub-inhibitory 
concentrations, antibiotics can function as signalling molecules within 
microbial communities, shaping collective behaviour rather than simply 
eliminating nearby competitors (Romero et al., 2011, Linares et al., 
2006). In soil environments, for example, Streptomyces species produce 
low levels of various antibiotic like molecules that act as signals to 
regulate sporulation, secondary metabolite production, and biofilm 
development in neighboring microbes (Takano, 2006). Similarly, in 
marine microbial communities, certain bacterial species secrete small 
amounts of tetrabromopyrrole, an antibiotic-like molecule that induces 
larval settlement in marine invertebrates and affects biofilm formation 
by other bacteria (Sneed et al., 2013; Whalen et al., 2018). These 
examples illustrate how antibiotics at low concentrations can function 
as nuanced chemical messengers that help bacteria coordinate activities, 
manage competition, and adapt to differing environmental conditions, 
highlighting a complex ecological role beyond their clinical function as 
antimicrobial agents. 

In addition to using antibiotics as signals, bacteria can actively secrete 
AMR determinants—such as β-lactamases and other inactivating 
enzymes—into their environment. These secreted resistance factors 
protect not only the producer but also nearby susceptible bacteria, 
effectively creating communal protection against antibiotics. This 
cooperative mechanism allows bacterial populations to maintain a stable 
community structure even under antibiotic pressure, preventing 
disruption from external threats and supporting the persistence of 
diverse strains. For example, Enterobacter cloacae can release β-
lactamases that degrade β-lactam antibiotics in the environment, 
benefiting neighboring bacteria and maintaining the collective survival 
of the community (Cho et al., 2023). 
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This strategy of shared resistance serves to uphold a microbial 
community status quo, preserving the balance of species and their 
interactions despite fluctuating antibiotic exposures. By distributing the 
metabolic burden of defense, it may reduce the selective pressure on 
individual bacteria to maintain high-level resistance internally. 
Interestingly, while these communal resistance mechanisms protect 
resident populations, they also shape which organisms can potentially 
invade. Rather than broadly allowing newcomers to enter into the 
antibiotic-degrading safe zone, colonization would only be permitted by 
invaders that are already resistant and capable of overcoming the 
external barrier around the safe zone created by active antibiotics. In this 
way, the community functions as a selective filter, favoring the entry 
and establishment of organisms carrying compatible resistance traits. 

In an even more sophisticated variation of this strategy, a microbial 
community might simultaneously secrete both an antibiotic, such as a 
beta-lactam compound, and a corresponding beta-lactamase enzyme. In 
this scenario, the community actively constructs a spatially structured 
environment: an internal zone where beta-lactamase neutralizes the 
antibiotic, allowing non-inherently resistant resident members to thrive 
and maintain community stability. Meanwhile, at the periphery, where 
antibiotic degrading enzyme concentrations are lower, the antibiotic 
remains active and acts as a barrier, excluding fully susceptible external 
competitors. Together, this dual mechanism not only preserves internal 
community equilibrium and reduces individual resistance burdens but 
also controls community membership by selectively admitting only 
those capable of surviving the antibiotic barrier. Thus, AMR in this 
context might both stabilize the existing community and define its 
community composition. Understanding these sophisticated communal 
AMR dynamics is therefore crucial for designing interventions that 
effectively disrupt protective community structures and limit the 
recruitment and establishment of new resistant strains and how these 
strains might overcome inherent microbial community barriers. 
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2 AIMS 
This thesis aims to leverage the unique capabilities of the THOR microbial 
model system to investigate community interactions at both ecological and 
genetic levels. Specifically, it seeks to address the following questions: 

1. How does variation in growth temperature influence the community 
interactions within THOR? (Paper I) 

2. What impact does Pseudomonas aeruginosa invasion have on 
microbial community dynamics inside THOR? (Paper II) 

3. Which chromosomal genes in P. aeruginosa confer tolerance to 
ciprofloxacin and tetracycline? (Paper III) 

4. Which genes are critical for the successful invasion of THOR by P. 
aeruginosa? (Paper IV&V) 

To address these aims, this thesis employs an integrated molecular and 
bioinformatic approach, including advanced genetic screening methods and 
high-resolution community interaction analyses, which will be described in 
detail in the subsequent chapters. 
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3 METHODS 

3.1 BACTERIAL STRAINS AND CULTURE 
CONDITIONS 

The bacterial strains comprising the THOR model community—Pseudomonas 
koreensis CI12, Flavobacterium johnsoniae UW101, and Bacillus cereus 
UW85—were obtained from the Handelsman Lab at the University of 
Wisconsin-Madison, Madison, WI, United States of America. Pseudomonas 
aeruginosa strains used in this study included PA14 (DSM 19882) acquired 
from DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen-
Leibniz Institut), PAO1 and its derivative PAO1ΔOSA provided and 
constructed by Anbo et al. (2024), and mPAO1 along with its knock-out 
mutants obtained from the Manoil Lab, University of Washington (Held et al., 
2012). 

All strains were stored at −80 °C in TSB (Tryptic Soy Broth) diluted to 50% 
strength containing 15% glycerol. For experimental work, strains were revived 
by streaking onto Lennox LB agar plates (Sigma-Aldrich, CAT# L2897) and 
incubated as follows: P. koreensis and B. cereus were incubated at 28 °C for 
18–24 hours, while F. johnsoniae required a longer incubation period of 36–
48 hours at 28 °C. After incubation, plates were stored at 4 °C for up to 7 days 
before being used to prepare liquid cultures. Plates exceeding this storage time 
were discarded, and fresh plates were prepared as needed. 

Liquid cultures of P. koreensis, B. cereus and F. johnsoniae were started by 
inoculating single colonies into 3 mL of 50% strength Tryptic Soy Broth (TSB) 
in 15 mL conical tubes (Fisher Scientific, CAT#10110101 or VWR, 525-
0604), followed by incubation at 28 °C with shaking at 150 rpm for 18–24 
hours. P. aeruginosa strains (including mPAO1 and knock-out derivatives) 
were streaked onto LB agar plates and incubated overnight at 37 °C. For liquid 
cultures, single colonies were transferred into 3 mL of 50% strength TSB in 14 
mL tubes (Sigma-Aldrich, CAT#CLS352059) and incubated at 37 °C with 
shaking at 150 rpm for 18–24 hours. 

A transposon mutant library of P. aeruginosa PAO1 was generated via 
conjugation with Escherichia coli S17-1 λpir carrying the pSAM-BT20 
plasmid, following the method described by Sivakumar et al. (2019). 
Exconjugants were selected on LB agar supplemented with gentamicin (CAS 
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1405-41-0), (40 μg/mL) and irgasan (25 μg/mL) to counter select against the 
donor strain. Integration of the transposon was confirmed by PCR targeting the 
gentamicin resistance gene using specific primers. Verified colonies were 
pooled in sterile phosphate-buffered saline (PBS) containing 15% glycerol, 
aliquoted (1 mL), and stored at −80 °C until use. 

 

3.2 BIOFILM QUANTIFICATION (CRYSTAL 
VIOLET ASSAY)  

3.2.1 PREPARATION OF CULTURES 
 

Overnight cultures of Pseudomonas koreensis were diluted in 10% TSB 
to an OD₆₀₀ of 0.004 (approximately 10⁴ CFU/mL), while 
Flavobacterium johnsoniae and Bacillus cereus were diluted to an OD₆₀₀ 
of 0.001 (approximately 10⁵ CFU/mL). Aliquots of these dilutions (200 
μL per well) were transferred into flat-bottom 96-well microplates 
(Sarstedt, CAT# 83.3924) and incubated statically at 18 °C for 15 hours 
to allow initial biofilm establishment. 

For co-culture experiments involving Pseudomonas aeruginosa, 
overnight cultures of P. aeruginosa wild-type strains were adjusted to 
an OD₆₀₀ of 0.08 (~10⁵ CFU/mL). A 5 μL aliquot of this suspension was 
added to each well containing pre-formed THOR community cultures, 
followed by an additional 24-hour incubation at 18 °C to promote 
biofilm maturation. 

3.2.2 STAINING AND WASHING 
After incubation, wells were gently washed three times with 200 μL of 
1× phosphate-buffered saline (PBS) to remove non-adherent cells. 
Biofilms were then stained by adding 200 μL of 0.1% crystal violet 
solution (Sigma-Aldrich, C0775) prepared in a mixture of 20% 
methanol and 80% water. Plates were incubated for 30 minutes at 
temperatures ranging from 9-25 degrees, but for invasion, 18 degrees 
was used. 
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Excess stain was removed by washing once with 400 μL PBS, followed 
by two additional washes with 200 μL PBS. To solubilize the retained 
crystal violet, 200 μL of 33% acetic acid (Merck, CAT# 695092) was 
added to each well and incubated for 30 minutes. 

3.2.3 QUANTIFICATION AND DATA ANALYSIS 
Absorbance was measured at 595 nm using either a FLUOstar Omega 
microplate reader BMG Labtech or a ThermoFisher Varioskan LUX 
reader. Raw absorbance values were corrected by subtracting 
background signal and, where applicable, normalized relative to 
monoculture P. koreensis values to account for its dominant biofilm-
forming capacity. 

Data processing and visualization were performed using Microsoft 
Excel and R (R Core Team, 2023) within RStudio (RStudio Team, 
2020). Experiments were conducted using four to six biological 
replicates (n = 4–6), each including multiple technical replicates. For 
each biological replicate, the median value of technical replicates was 
used to minimize the impact of outlier wells on the overall analysis. 

 

3.3  INVASION QUANTIFICATION AND 
COMMUNITY ENUMERATION  

3.3.1 THOR COMMUNITY ESTABLISHMENT 
Overnight cultures of Pseudomonas koreensis, Flavobacterium 
johnsoniae, and Bacillus cereus were diluted in 10%TSB to an OD₆₀₀ of 
0.004 (approximately 10⁴ CFU/mL) for P. koreensis and 0.001 
(approximately 10⁶ CFU/mL) for F. johnsoniae and B. cereus. The 
diluted cultures (200 μL per well) were transferred into flat-bottom 96-
well microplates (Sarstedt, CAT# 83.3924) and incubated statically at 
18 °C for 15 hours to allow initial community establishment. 
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3.3.2 P. aeruginosa INVASION 
Overnight cultures of P. aeruginosa strains were diluted to a final OD₆₀₀ 
of 0.08 (approximately 10⁵ CFU/mL). A 5 μL aliquot of this dilution 
was added to each well containing pre-established THOR communities, 
resulting in a final OD₆₀₀ of 0.004 for the invader. For experiments 
involving P. aeruginosa transformants carrying pSEVA428::pvdE, 
cultures were diluted in 1/10 strength TSB supplemented with 0.1 mM 
meta-toluic acid (Sigma-Aldrich, CAS# 99-04-7) prior to addition. 
Plates were then incubated for an additional 24 hours at 18 °C to allow 
invasion and further biofilm development. 

3.3.3 BIOFILM HARVEST AND CFU ENUMERATION 
Following addition of P. aeruginosa invaders, THOR biofilms were 
washed three times with 200 μL sterile PBS to remove planktonic cells. 
The liquid-air interface and side walls of each well were scraped using 
a sterile micropipette tip in two complete rotations to detach the biofilm 
matrix. The biofilm suspensions were transferred to a new 96-well plate, 
and serial 10-fold dilutions (up to seven levels) were prepared in sterile 
PBS. 

Dilutions were then plated (5 μL spots) onto LB agar plates containing 
species-specific antibiotics for selective enumeration: Irgasan (25 
μg/mL) for P. aeruginosa; Polymyxin B (5 μg/mL) for B. cereus; 
Gentamicin (10 μg/mL) for F. johnsoniae; and a combination of 
Erythromycin (3 μg/mL), Ampicillin (100 μg/mL), and Carbenicillin 
(125 μg/mL) for P. koreensis, as established by Lozano and colleagues 
(Lozano et al., 2019). Plates were incubated at 28 °C, with colony-
forming units (CFUs) recorded after 18–20 hours for B. cereus and P. 
koreensis, and after 44–46 hours for F. johnsoniae and P. aeruginosa. 

3.4 CONSTRUCTION OF OVEREXPRESSION 
VECTORS AND TRANSFORMATION 

To evaluate whether overexpression of selected genetic determinants 
could complement or reverse observed phenotypes, the pSEVA428 
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vector from the Standard European Vector Architecture (SEVA) 
collection (Silva-Rocha et al., 2013) was utilized. The pSEVA428 
vector was first transformed into Escherichia coli strain DH5-α or 
BW25113 following the protocol by Froger and Hall (2007) and plated 
on LB agar supplemented with streptomycin (50 μg/mL, CAS: 3810-74-
0). 

Genomic DNA from Pseudomonas aeruginosa was extracted using the 
DNA/RNA Quick Extraction Miniprep Plus Kit (Zymo Research, Cat# 
D7003), with the modification that samples were vortexed for 10 
minutes instead of bead-beating. Target genes (e.g., pvdE, mexH, rocA2, 
xylL, and cysA) were amplified via PCR. The pSEVA428 vector was 
digested with BamHI (NEB, Cat# R0136) and HindIII (NEB, Cat# 
R0104), and PCR products were ligated into the digested vector using 
T4 DNA ligase (Thermo-Fisher, Cat# IVGN2104), following the 
manufacturer's instructions. 

Recombinant plasmids were initially cloned in E. coli and then 
transformed into electrocompetent P. aeruginosa mPAO1 and ΔpvdE 
mutant strains. Electroporation was performed following Smith and 
Iglewski (1989) with slight modifications: log-phase cells were prepared 
at OD₆₀₀ of 0.5–0.7 (instead of OD₅₄₀ 0.3–0.5), and electroporation was 
conducted at 1.6 kV, 200 Ω, and 25 μF using a Bio-Rad MicroPulser 
(Bio-Rad, Cat# 165-2100). Transformants were plated on LB agar 
containing streptomycin (50 μg/mL). Successful transformants were 
confirmed via PCR of plasmid extracts and Sanger sequencing of the 
insertion site. Additionally, constructs containing GFP in the multiple 
cloning site were used to verify successful expression. 

3.4.1 OVEREXPRESSION ASSAYS IN THE 
PRESENCE OF CIPROFLOXACIN 

For functional assays, P. aeruginosa mPAO1 strains carrying 
pSEVA428 constructs (e.g., pSEVA428::mexH, pSEVA428::rocA2, 
pSEVA428::xylL, pSEVA428::cysA) were grown overnight in 50% 
TSB supplemented with 50 μg/mL streptomycin. Overnight cultures 
were then diluted to a final OD₆₀₀ of 0.04 (approximately 10⁶ CFU/mL) 
in the presence of 0.1 mM 3-methyl benzoic acid (MTA; CAS: 99-04-
7) as an inducer, along with either 0.01 μg/mL or 0.1 μg/mL 
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ciprofloxacin. Cultures were transferred to 96-well plates and incubated 
at 18 °C for 24 hours (n₍bio₎ = 3, n₍tech₎ = 6). Optical density at 600 nm 
was measured using a ThermoFisher Varioskan LUX plate reader 
(Thermo Fisher, Cat# VL0L00D0). 

3.5 PROTEOMIC SAMPLE PREPARATION, 
LC-MS³ ANALYSIS, AND DATA ANALYSIS 

3.5.1 SAMPLE PREPARATION 

Pseudomonas aeruginosa wild-type strain mPAO1 (n = 4) and 
transformants carrying pSEVA428::pvdE (n = 4) were grown in LB 
medium, with or without 0.1 mM meta-toluic acid (MTA), for 7 hours 
at 37 degrees, or until reaching log-phase. Cultures were pelleted by 
centrifugation (10,000 rpm, 10 minutes), and proteins were extracted 
using a lysis buffer containing 2% sodium dodecyl sulfate (SDS) and 50 
mM triethylammonium bicarbonate (TEAB) in a FastPrep®-24 
instrument (Matrix D, MP Biomedicals). 

Protein concentrations were measured using the Pierce BCA Protein 
Assay Kit (Thermo Scientific) on a SpectraMax iD3 microplate reader 
(Molecular Devices). Aliquots containing 40 μg of protein were reduced 
with 10 mM dithiothreitol at 56 °C for 30 minutes, followed by 
alkylation with 20 mM iodoacetamide at room temperature for 30 
minutes. 

A mixture of hydrophobic and hydrophilic Sera-Mag™ SpeedBeads 
(Cytiva) was added at a bead-to-protein ratio of 10:1. Proteins were 
precipitated on the beads using ethanol (final concentration 70%), 
washed with 80% ethanol, and air-dried. Beads were then resuspended 
in 50 μL of 100 mM TEAB, and proteins were digested first with 
Trypsin/Lys-C mix (Promega, 1:25) for 2 hours, followed by overnight 
digestion with trypsin (Thermo Scientific, 1:50). Peptide supernatants 
were collected, and magnetic beads were further washed with 50 μL 100 
mM TEAB; washes were combined with the original supernatant. 

Peptides were labeled using TMTpro 16-plex isobaric tagging reagents 
(Thermo Fisher Scientific). The labeled samples were pooled into a 
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single TMT set and purified using HiPPR Detergent Removal Resin and 
Pierce peptide desalting spin columns (both Thermo Scientific) 
according to the manufacturer's instructions. 

The TMT set was fractionated using basic reversed-phase 
chromatography on a Dionex Ultimate 3000 UPLC system (Thermo 
Fisher Scientific). Separations were carried out on an XBridge BEH C18 
column (3.5 μm, 2.1 × 250 mm, Waters Corporation) with a gradient 
from 3% to 38% solvent B over 80 minutes, followed by an increase to 
80% B for 10 minutes at 200 μL/min. Solvent A consisted of 25 mM 
ammonium formate, and solvent B consisted of 84% acetonitrile. A total 
of 210 primary fractions were combined into 15 final fractions, dried, 
and reconstituted in 3% acetonitrile, 0.1% trifluoroacetic acid for LC-
MS³ analysis. 

 

3.5.2 LC-MS³ ANALYSIS 

Peptide fractions were analyzed on an Orbitrap Eclipse Tribrid mass 
spectrometer equipped with a FAIMS Pro ion mobility system and 
interfaced with an Easy-nLC1200 liquid chromatography system (all 
Thermo Fisher Scientific). Peptides were first trapped on an Acclaim 
PepMap 100 C18 trap column (100 μm × 2 cm, 5 μm particle size, 
Thermo Fisher Scientific) and separated on an in-house packed 
analytical column (35 cm × 75 μm, 3 μm particle size, Reprosil-Pur C18, 
Dr. Maisch) using a stepped gradient from 5% to 35% acetonitrile in 
0.2% formic acid over 77 minutes at 300 nL/min. 

FAIMS Pro was operated by alternating between compensation voltages 
(CVs) of −50 and −70, using the same data-dependent acquisition 
settings for each CV. Precursor ion spectra were acquired at a resolution 
of 120,000 over an m/z range of 375–1375. Within a cycle time of 1.5 
seconds, the most intense precursor ions (charge states 2–7) were 
isolated with a 0.7 m/z window and fragmented by collision-induced 
dissociation (CID) at 35%. Fragment ion spectra were acquired in the 
ion trap at a rapid scan rate, with dynamic exclusion set to 60 seconds. 
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The ten most abundant MS² fragments per cycle were selected for multi-
notch MS³ isolation and fragmented using higher-energy collision 
dissociation (HCD) at 55%. MS³ spectra were recorded in the Orbitrap 
at a resolution of 50,000 within an m/z range of 100–500. 

3.5.3 DATA ANALYSIS 

Raw mass spectrometry data were processed using Proteome Discoverer 
(version 3.0, Thermo Scientific). Spectra were searched against the P. 
aeruginosa mPAO1 database (RefSeq: NZ_CP027857.1, downloaded 
June 2024) using Sequest with a precursor mass tolerance of 5 ppm and 
fragment ion tolerance of 0.6 Da. Searches allowed for one missed 
tryptic cleavage. Methionine oxidation was set as a variable 
modification, while carbamidomethylation of cysteine residues and 
TMTpro labeling on lysine and peptide N-termini were defined as fixed 
modifications. 

Peptide-spectrum matches (PSMs) were validated using Percolator with 
a strict false discovery rate (FDR) of 1%. TMT reporter ions were 
identified in the MS³ HCD spectra with a mass tolerance of 3 mmu, and 
intensities were normalized to total peptide abundance. The 
synchronous precursor selection (SPS) threshold was set at 65%, and a 
Sequest HT score threshold of 2 was applied. Only unique peptides were 
included for quantification, and proteins were required to pass a 1% 
protein-level FDR. 

Relative protein abundances were calculated by comparing 
transformants harboring pSEVA428::pvdE with mPAO1 control 
samples treated with 0.1 mM MTA. Only proteins with at least two 
unique peptide matches were considered. Welch’s t-test was performed 
in Microsoft Excel (n = 4), and proteins showing a fold-change greater 
than ±1.3 and p-value < 0.05 were classified as significantly 
differentially expressed. 

Protein interaction networks were generated by mapping KEGG 
accession numbers (December 2024) for biofilm and ABC transporter 
pathways using Cytoscape (Shannon et al., 2003). Fold-change data 
were visualized with the EnrichmentMap plugin, and enrichment scales 
were added using the LegendCreator plugin. 
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3.5.4 BIOINFORMATIC AND STATISTICAL 
ANALYSIS 

After completing the INSeq protocol up to DNA extraction and library 
preparation (Goodman et al., 2011), pooled DNA libraries were sent to 
the Swedish National Genomics Infrastructure (NGI) sequencing 
facility (Stockholm, Sweden). Libraries were sequenced using 50 bp 
single-end Illumina HiSeq 2500 technology, generating approximately 
2.6 billion reads across 75 samples, with more than 95% of reads 
achieving a quality score above Q30. 

The resulting reads were processed using the CAFE package (version 
1.0) (Abramova et al., 2021). Reads were first mapped to the 
Pseudomonas aeruginosa PAO1 reference genome (Winsor et al., 2016; 
genome 107,(https://www.pseudomonas.com/strain/show/107) and 
sorted by treatment and replicate using the cafe-map function. Mapping 
files were annotated using cafe-annotate, with the tab-separated 
annotation files from genome 107 used as the reference. 

Fitness coefficients (FCs) for each gene were calculated using the 
concept introduced by Abramova et al. (2021), converting read counts 
into log2-transformed fitness scores to compare two conditions (e.g., 
invasion vs. control, or antibiotic exposure vs. unexposed). Briefly, the 
read count for a gene in the test condition (n₍cond₎) was divided by the 
total mapped reads in that condition (s₍cond₎), then divided by the same 
ratio from the control condition (n₍ctrl₎/s₍ctrl₎). To correct for batch effects 
and library biases, this ratio was normalized using the proportion of 
reads mapping to intergenic regions in both conditions (u₍cond₎/s₍cond₎ and 
u₍ctrl₎/s₍ctrl₎). The resulting value was then log2-transformed and 
multiplied by –1, resulting in positive FCs for genes important under the 
tested condition and negative FCs for genes detrimental or non-essential 
under those conditions (Equation 1). Genes unaffected by the condition 
were expected to have FCs around zero. 
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                                (Equation 1) 

For invasion experiments, fitness coefficients for libraries where P. 
aeruginosa invaded THOR biofilms were compared to corresponding 
biofilm libraries without THOR, using the same biological replicates 
(i.e. derived from the same transposon mutant libraries) to account for 
differences in growth or biofilm formation alone. Similarly, for 
antibiotic exposure experiments (both planktonic and biofilm 
conditions), fitness coefficients were calculated by comparing each 
antibiotic-treated condition to its corresponding untreated control. 

All analyses were conducted in R version 4.2.2 (R Core Team, 2023), 
using R components of the CAFE package. Fitness coefficients were 
computed using the fitCof function, and significant differences were 
identified with the rankByP function. Venn diagrams summarizing 
shared and condition-specific genes were generated using the 
ggVennDiagram package (Wickham, 2016). Gene set enrichment 
analysis was performed using the genesetAnalysis function in CAFE, 
with KEGG (Kyoto Encyclopedia of Genes and Genomes) annotations 
(Kanehisa et al., 2017) for P. aeruginosa PAO1 as the reference. 
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4 RESULTS 

4.1 PAPER I  
To investigate how environmental conditions shape microbial 
community behavior, we focused on biofilm formation within the 
THOR microbial model community. Specifically, we aimed to 
determine how temperatures flanking room temperatures influence both 
individual, co-culture and community-level biofilm production and 
species composition. By systematically varying incubation temperatures 
and analyzing both surface-attached biofilms and planktonic growth, we 
sought to uncover the extent to which temperature modulates microbial 
interactions and structural organization within the THOR community.  

We quantified surface-attached biofilm production by the THOR model 
microbial community using a crystal violet assay, comparing biofilm 
amounts at different temperatures to that of P. koreensis grown alone 
(Figure 3). At 25 °C, the typical gradual increase in biofilm production 
seen in THOR was completely lost. In contrast, at 18 °C, a clear stepwise 
increase in biofilm production was observed: the co-culture with F. 
johnsoniae increased biofilm by 66%, and with B. cereus by 53%, 
compared to P. koreensis alone. The full three-member community 
showed the largest increase, with 117% more biofilm at 18 °C. 

Interestingly, the highest total biofilm production across all tested 
temperatures was seen at 9 °C (Figure 4). However, at this low 
temperature, biofilm production by the two-member and three-member 
communities was lower than for P. koreensis alone, indicating that 
temperature strongly impacts community-level biofilm interactions. 
Across all tested temperatures, we found that THOR’s biofilm 
production was heavily dependent on incubation temperature. At higher 
temperatures (25 °C and 28 °C), biofilm formation by the community 
was nearly eliminated. 

We then assessed planktonic growth of each THOR member 
individually to determine if biofilm changes were linked to differences 
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in growth. B. cereus showed the highest OD₆₀₀ at 15 °C (0.302), but 
lower growth at both lower and higher temperatures, ending at 0.258 at 
28 °C. P. koreensis increased from OD₆₀₀ 0.193 at 11 °C to 0.32 at 17 
°C and stayed relatively stable up to 28 °C. F. johnsoniae showed a 
steady increase, peaking at OD₆₀₀ 0.209 at 28 °C. At 9 °C, all species 
had very poor growth (OD₆₀₀ < 0.1). 

To see if temperature-dependent growth differences also occurred in 
biofilms, we grew THOR communities at 11, 18, and 25 °C and 
quantified community composition by CFU counting (Figure 3). At 11 
°C, P. koreensis had 3.19 × 10⁶ CFU, increasing to 1.13 × 10⁷ at 18 °C, 
but dropping sharply to 4.5 × 10⁴ at 25 °C. F. johnsoniae increased from 
2.03 × 10³ at 11 °C to 8.26 × 10⁴ at 18 °C, then decreased again at 25 
°C. B. cereus showed 3.87 × 10³ CFU at 11 °C, slightly fewer at 18 °C 
(1.77 × 10³), and nearly disappeared at 25 °C. 

Overall, P. koreensis was clearly dominant in the biofilms, with the 
other species present at much lower abundances. Despite these 
differences, F. johnsoniae and B. cereus significantly impacted biofilm 
production, suggesting important interactions within the community. 
Moreover, these interactions, and each member’s ability to participate, 
were strongly influenced by temperature — highlighting temperature as 
a key factor shaping THOR community structure and biofilm formation. 
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Figure 3 Average relative biofilm production by THOR community combinations compared to 
Pseudomonas koreensis monoculture across different temperatures. The dotted line represents 
the baseline biofilm level produced by P. koreensis alone. At 18 °C, co-cultures with F. 
johnsoniae and B. cereus, as well as the full three-member community, showed substantially 
increased biofilm production. Error bars represent the standard error of the mean across four 
biological replicates. Taken from Burman & Bengtsson-Palme 2021 
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Figure 4. Total biofilm production by P. koreensis alone and in co-cultures at 
various incubation temperatures. The highest overall biofilm amounts were observed 
at 9 °C, despite reduced contributions from the co-cultures at this temperature. 
Biofilm production decreased markedly at higher temperatures (25 °C and 28 °C), 
highlighting the strong temperature dependence of community biofilm formation. 
Error bars represent the standard error of the mean across four biological 
replicates. Taken from Burman & Bengtsson-Palme 2021. 

Through our experiments, we demonstrated that THOR community 
interactions could be effectively and easily be quantified using a simple 
environmental parameter such as growth temperature. By monitoring 
shifts in biofilm production and community composition across 
temperature gradients, we revealed clear, temperature-dependent 
interaction patterns among the THOR members. Building on this 
foundation, we next aimed to investigate whether these interactions 
could also be probed and perturbed by introducing an external invader. 
To address this, we moved forward to explore the impact of 
Pseudomonas aeruginosa invasion on the established THOR 
community structure and dynamics. 
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4.2 PAPER II 
To investigate whether invasion by Pseudomonas aeruginosa affects 
biofilm formation in established THOR communities, we compared 
biofilm biomass between uninvaded THOR controls and THOR 
communities invaded by two P. aeruginosa strains: PAO1 and the more 
virulent PA14. We observed a statistically significant reduction in 
biofilm biomass when THOR was invaded by PAO1 (Student's t-test, p 
< 10⁻⁷; Fig. 5). An even greater decrease in biofilm production was seen 
with PA14 invasion (Student’s t-test, p < 0.001; Fig. 5). 

These findings suggested potential competitive interactions between P. 
aeruginosa and the resident THOR members. To further understand 
these effects at the community level, we examined the abundances of 
the individual THOR strains in the invaded biofilms by CFU counting. 
Interestingly, invasion by PAO1 did not result in significant changes in 
the relative abundances of THOR members (Student's t-test, p > 0.05; 
Fig. 6), indicating that despite the reduction in total biofilm biomass, the 
overall community composition remained stable following PAO1 
invasion. 
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Figure 5. 
Impact of Pseudomonas aeruginosa invasion on biofilm biomass and community composition 
in THOR. Total biofilm biomass of uninvaded THOR communities was compared to THOR 
communities invaded by P. aeruginosa PAO1 and PA14 strains. A significant reduction in 
biofilm biomass was observed with PAO1 invasion (p < 10⁻⁷) and an even stronger reduction 
with PA14 (p < 0.001). Despite these decreases, quantification of colony-forming units 
(CFUs) revealed no significant changes in the relative abundances of THOR community 
members following PAO1 invasion (p > 0.05). Error bars represent standard error of the 
mean across biological replicates. 

 

 



37 

 

Figure 6. Impact of Pseudomonas aeruginosa invasion on the abundances of individual THOR 
community members within biofilms. CFU counts for each THOR species are shown, with P. 
aeruginosa CFUs included where relevant (n = 3). Invasion by PAO1 did not significantly affect 
the abundances of any THOR members. In contrast, invasion by the more virulent PA14 strain 
resulted in significant reductions in P. koreensis and F. johnsoniae populations, while B. cereus 
remained relatively stable. Error bars represent the standard error of the mean. * indicates p < 
0.05; ** indicates p < 0.01. 

Notably, invasion by the virulent P. aeruginosa PA14 strain led to 
significant reductions in the CFU counts of both P. koreensis and F. 
johnsoniae. Specifically, P. koreensis decreased from 5.6 × 10⁶ 
CFU/mL to 9.5 × 10⁴ CFU/mL, and F. johnsoniae declined from 7.8 × 
10⁴ CFU/mL to 9.8 × 10² CFU/mL. In contrast, B. cereus showed a 
reduction from 1.1 × 10³ CFU/mL to 8.2 × 10² CFU/mL; however, this 
change was not statistically significant (Fig. 6). These findings suggest 
that the extent of THOR biofilm disruption may depend on the virulence 
characteristics of the invading P. aeruginosa strain. 
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4.4 PAPER III 
Given the role that antimicrobial resistance could play in shaping 
invasion dynamics, including in the context of community invasion, we 
sought to identify genetic determinants that contribute to antibiotic 
susceptibility in Pseudomonas aeruginosa., we used a form of 
transposon mutagenesis, INSeq, to screen many genes across different 
growth conditions and antibiotic exposures. Due to the scale of the 
dataset, we anticipated that some significant hits might represent false 
positives. To focus on the most robust candidates, we prioritized genes 
that had statistically significant fitness coefficients for more than one 
antibiotic at either concentration, or that were significant in both 
planktonic and biofilm conditions (Figure 7). Through this analysis, we 
identified 15 genes that were significantly associated with reduced 
susceptibility to both tetracycline and ciprofloxacin at both low and high 
sub-inhibitory concentrations in planktonic growth. Among these were 
well characterised genes such as cysA, dgt, mexH, rhlI, snr1, tsf, and 
xylL, in addition to nine genes of unknown function (Figure 7A). 
Furthermore, 23 genes were important for resistance only at higher 
concentrations, and 13 genes were relevant for high concentrations and 
one lower concentration condition (Figure 7A). Interestingly, only a 
single gene (xylL) was important for resistance to the higher sub-
inhibitory concentrations used for both antibiotics in biofilm conditions 
(Figure 7B). When examining genes critical for resistance to high sub-
inhibitory concentrations in both planktonic growth and biofilms, we 
identified eight genes important for resistance to ciprofloxacin, 
including hisH1 and seven uncharacterized genes (Figure 7D), but no 
genes met these criteria for tetracycline (Figure 7C). 
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Figure 7. Genes involved in susceptibility to antibiotics across different conditions. 
(A) Venn diagram showing genes important for antibiotic susceptibility during 
planktonic growth. (B) Venn diagram showing genes important for antibiotic 
susceptibility in biofilm conditions. (C) Venn diagram illustrating genes involved in 
susceptibility to tetracycline. (D) Venn diagram illustrating genes involved in 
susceptibility to ciprofloxacin. Conditions are indicated as follows: TetL = 0.05 µg/mL 
tetracycline; TetH = 0.5 µg/mL tetracycline; CipL = 0.01 µg/mL ciprofloxacin; CipH 
= 0.1 µg/mL ciprofloxacin; pl = planktonic growth; bf = biofilm. 

 

We next selected a subset of the genes identified through INSeq 
screening for experimental verification in independent assays. Using 
single-gene mutants, we tested their involvement in ciprofloxacin 
susceptibility during planktonic growth. Remarkably, all tested mutants 
confirmed the expected increased susceptibility to ciprofloxacin, 
supporting their functional role. Among these, particularly strong effects 
were observed for snr1, rhlI, mexH, dgt, cysA, pabB, xhaA, and PA1292 
(Figure 7A). 
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The xylL gene, which was initially identified as important for antibiotic 
susceptibility in biofilms (but not in planktonic growth), did not show a 
significant effect in this validation experiment. Additionally, 
ciprofloxacin exposure at concentrations below 1 μg/mL had only a 
limited impact on the biofilm formation ability of the xylL mutant 
(Figure 7B). Importantly, while we could not conclusively confirm its 
role in biofilm-associated ciprofloxacin susceptibility under these 
conditions, given that the crystal violet assay used in this experiment is 
not specific to cell viability, further experiments focusing on viability 
and more sensitive biofilm disruption analyses would be needed to 
clarify the role of xylL. 

Interestingly, several genes initially identified as important only during 
planktonic growth (snr1, rhlI, and mexH) also showed marked increases 
in ciprofloxacin susceptibility when tested in biofilm conditions in these 
single-mutant assays. This highlights the potential for these genes to 
contribute to resistance across different community and lifestyle 
contexts. 

Figure 8. Experimental validation of increased ciprofloxacin susceptibility in selected 
Pseudomonas aeruginosa single-gene mutants identified from the high-throughput INSeq 
screen. (A) Relative planktonic growth of selected P. aeruginosa mutants in the presence of 
different ciprofloxacin concentrations, expressed as OD₆₀₀ of the mutant normalized to the wild-
type OD₆₀₀ under the same antibiotic condition. The xylL mutant (far right in the plot) was 
identified as important for ciprofloxacin susceptibility specifically in biofilm conditions and was 
therefore not expected to show a strong effect in planktonic assays. 
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4.5 PAPER IV 

In Paper II, we demonstrated that Pseudomonas aeruginosa invasion 
causes significant disruption to biofilm formation, while not notably 
affecting community composition within the established THOR model 
microbiome. While the disruptive effects were clearly evident, the 
precise molecular and ecological mechanisms through which P. 
aeruginosa exerts this interference remain to be fully understood. 
Building on these findings, we employed INSeq to systematically 
identify a diverse set of genes in P. aeruginosa specifically involved in 
the invasion of THOR biofilms. By basing the fitness coefficients for 
each gene on comparison to single-species biofilm formation, we could 
focus on determinants required exclusively for successful invasion, 
rather than for general colonization or biofilm maintenance. This 
analysis revealed a subset of invasion-specific factors that enable P. 
aeruginosa to overcome the competitive barriers and defense strategies 
of the resident THOR community (Fig 9.). To experimentally validate 
the results from the high-throughput transposon mutant screen, we 
performed targeted invasion assays using individual P. aeruginosa 
single-gene insertion mutants. Genes selected for this validation 
included those with strong statistical support, as well as additional 
candidates identified through literature-based evidence of their 
involvement in biofilm formation or interspecies interactions. We 
hypothesized that if these genes were critical for successful 
colonization, mutants lacking them would exhibit diminished invasion 
capacity and lower abundance within the THOR biofilm community 
compared to the wild-type strain. 
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Figure 9. Genes important for Pseudomonas aeruginosa invasion of THOR biofilms. 
The plot shows genes stratified by their importance for biofilm formation in P. 
aeruginosa monocultures (x-axis), with fitness coefficients determined from INSeq 
data. Highlighted genes were selected based on having either the most statistically 
significant fitness coefficients or among the largest effect sizes. This stratification 
illustrates the overlap and potential dual roles of certain genes in both biofilm 
formation and successful community invasion. 
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Based on the fitness coefficient analysis, we selected a subset of genes 
with the most statistically significant p-values for further experimental 
verification. However, several candidates proved challenging to validate 
for practical reasons. For example, lolB and rpsA are essential genes 
under most conditions, making it impossible to generate viable knockout 
mutants (Hoang et al., 2011). Ultimately, we prioritized 30 genes for 
testing, chosen not only by statistical ranking, but also by the feasibility 
of obtaining knockout strains and previous evidence suggesting 
potential involvement in relevant phenotypes. 

We then conducted invasion experiments using these selected P. 
aeruginosa knockout mutants from the library described by Held et al., 
2012, to assess their ability to colonize THOR biofilms. Notably, 
mutants in wzz, nqrD, dgt, and pvdE displayed significantly impaired 
invasion compared to the wild-type mPAO1 strain (Figure 10). 
Specifically, wzz populations were reduced by approximately 70%, 
while nqrD and pvdE mutants showed over a tenfold decrease in 
abundance relative to wild-type. The remaining mutants exhibited minor 
reductions in invasion capacity, but these differences were not 
statistically significant (Student’s t-test, p > 0.05) when compared to 
wild-type mPAO1 (Figure 10). 
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Figure 10. Abundances of P. aeruginosa knockout mutants quantified as CFU counts 
after invasion into THOR biofilms. The dashed line represents the mean population 
size achieved by the wild-type mPAO1 strain (n = 3). Mutants lacking wzz, nqrD, and 
pvdE displayed significantly reduced colonization success compared to wild-type, as 
indicated by statistical testing (Student’s t-test, p < 0.05). Significance levels are 
marked: * denotes p < 0.05; ** denotes p < 0.01. Error bars indicate the standard 
error of the mean for biological replicates. 
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4.6 PAPER V 
In Paper IV, we identified a subset of Pseudomonas aeruginosa genes 
that contribute specifically to the successful invasion of established 
THOR biofilms, revealing several key genes involved significantly in 
invasion. Among these, pvdE emerged as a particularly strong 
candidate, prompting deeper investigation into its specific contribution 
to community invasion We investigated the role of Pseudomonas 
aeruginosa gene variants in community invasion by introducing various 
strains into pre-established THOR biofilms. Both pvdE and pvdD are 
part of the same biosynthetic pathway responsible for pyoverdine 
production, with pvdD being essential for its synthesis. Consequently, 
one would expect these two mutants to display similar invasion 
phenotypes. To explore this, we tested knockout mutants for pvdE and 
pvdD, an overexpression transformant carrying pSEVA428::pvdE, and 
a ΔpvdE background strain complemented with pSEVA428::pvdE. 

Selective plating revealed that the ΔpvdD mutant did not differ 
significantly in biofilm colonization compared to wild-type mPAO1 
(Student’s t-test, p > 0.05). By contrast, mPAO1 strains overexpressing 
pvdE showed a marked increase in CFU counts (Student’s t-test, p < 
0.05, n = 5). Furthermore, complementing ΔpvdE with 
pSEVA428::pvdE fully restored the invasive capacity, confirming the 
functional importance of pvdE during invasion (Fig. 11). 

These findings present an interesting paradox, as pvdE has been 
described primarily in pyoverdine secretion (Lamont et al., 2002; Suzuki 
et al., 2018; Imperi et al., 2009). The observed effects suggest potential 
additional, previously uncharacterized functions for PvdE beyond its 
established role. To explore this further, we pursued an unbiased, 
proteome-wide approach to identify downstream consequences of pvdE 
overexpression. We performed TMT-based quantitative proteomics to 
compare the global protein profiles of wild-type mPAO1 and the 
pSEVA428::pvdE transformant, aiming to uncover new functions or 
pathways linked to PvdE activity. 
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Figure 11 Effect of pvdE and pvdD on P. aeruginosa invasion of THOR biofilms. The 
graph shows colony-forming unit (CFU) counts per mL for different P. aeruginosa 
genotypes following invasion, alongside corresponding dilution series where 5 µL of 



47 

each dilution was plated. Statistical significance is indicated as follows: * = p < 0.05, 
** = p < 0.01 (Student's t-test). 

Using pathway-level networks, we examined differential protein 
enrichment, comparing fold-change values between wild-type mPAO1 
and the pSEVA428::pvdE P. aeruginosa overexpression strain. Several 
proteins displayed notable upregulation in the transformant, suggesting 
enhanced activity in siderophore-related processes, transport functions, 
and metabolic adaptation. Strongly enriched proteins included BmpA 
and BpvC (both +1.70), PuuR (+1.66), Pa2594 (+1.52), and TrpG 
(+1.49). Additional proteins, such as RsmA, ProX, PqsC, InfA, and 
HitA, also showed moderate enrichment with fold-change values 
ranging from +1.24 to +1.48 (Fig. 12). 

On the other hand, several proteins were significantly depleted in the 
pvdE-overexpressing strain, indicating potential suppression of 
pathways related to motility, quorum sensing, and environmental stress 
adaptation. The most downregulated proteins included LasI (−2.49), 
FlgM (−2.25), and RbsA (−1.74), with additional decreases observed for 
ClpV1, CheW, ImpA, FtsX, and Pa4504 (ranging from −1.24 to −1.70). 

By overlaying these fold-change data onto the STRING-db interaction 
networks and visualizing them in Cytoscape, we observed some 
clustering patterns. These patterns indicated a coordinated 
reorganization of cellular functions in response to pvdE overexpression, 
pointing toward roles beyond iron acquisition, such as altered regulation 
of motility and quorum sensing. This network-based analysis highlights 
how PvdE expression might reshape broader cellular strategies under 
microbial competition or under community-associated conditions. 
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Figure 12. Interaction networks of proteins identified through quantitative relative 
proteomics, annotated based on KEGG classifications as (a) ABC transporters and (b) 
biofilm-associated proteins. Proteins with significantly altered abundance (fold 
change [FC] > 1.3, p < 0.05) are highlighted in blue (upregulated) or red 
(downregulated), whereas proteins showing no significant change are depicted in 
gray. The PvdE protein is specifically marked in green. 
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5 DISCUSSION 
Understanding how microbial communities form, maintain stability, and 
respond to perturbations is a central goal of microbial ecology. This 
thesis used the microbial model community THOR as a model system 
to investigate these dynamics at both ecological and genetic levels. By 
combining classic microbial ecology techniques with high-throughput 
genetic screens and proteomic profiling, the research has provided a 
multifaceted view of how interspecies interactions are structured, and 
disrupted, by environmental conditions and community invasion events. 
Across five interlinked studies, We have examined how a simple three-
member SynCom responds to temperature changes, copes with invasive 
disruption by Pseudomonas aeruginosa, and how antibiotic resistance 
traits shape both susceptibility and colonization behavior. 

Together, the findings reveal that microbial communities are not only 
shaped by who is present, but also by how those members interact under 
shifting environmental and competitive pressures. In particular, this 
thesis highlights how microbial invaders, such as the opportunistic 
pathogen Pseudomonas aeruginosa, can disrupt established community 
functions, including cooperative biofilm formation, without necessarily 
altering community composition. This points to a form of non-
competitive virulence, where interference rather than overt takeover 
destabilizes community function and stability. Furthermore, specific 
virulence-associated genes, such as pvdE, appear to play roles beyond 
classical pathogenicity, contributing to invasion success in community 
contexts. These results suggest that virulence traits may have broader 
ecological functions acting not only in host infection but also as tools 
for navigating and reshaping polymicrobial environments. By focusing 
on the intersection of ecological interaction and virulence, this thesis 
offers new insights into the strategies that pathogens use to overcome 
community-level defenses and establish dominance within microbial 
communities.  
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5.1 EMERGENT PROPERTIES ARE 
TEMPERATURE SENSITIVE AND 
FRAGILE 

The results from Paper I clearly demonstrate that temperature is a 
powerful regulator of microbial community behaviour, particularly in 
relation to emergent properties such as cooperative biofilm formation. 
In the THOR model system, maximal biofilm production occurred at 
18 °C, a temperature that appeared to do not emphasize the most 
individual growth of community members, but their combined biofilm 
production maximum. This suggests that certain ecological traits—such 
as mutual support and synergistic resource sharing—are optimized 
within narrow environmental windows. Modest temperature increases 
to 25 °C, well within the range of many ambient environments, led to 
the near-complete collapse of biofilm synergy, while colder 
temperatures altered interaction patterns without completely abolishing 
biofilm formation. These findings indicate that emergent community 
properties are not simply additive outcomes of species performance but 
rather coordinated microbial behaviours highly sensitive to 
environmental cues. 

Microbial communities frequently function as central hubs of ecosystem 
activity being responsible for vital processes such as nutrient cycling, 
organic matter decomposition, and pathogen suppression. Studies have 
shown that temperature fluctuations can directly alter microbial 
biomass, metabolic rates, and community structure, thereby disrupting 
the ecosystem services these communities provide (Ji et al., 2024). For 
example, warming effects on aquatic bacterial communities have been 
linked to altered nutrient cycling and detritus processing, reflecting 
impaired ecosystem resilience (Ji et al., 2024). Likewise, evidence from 
terrestrial systems indicates that elevated temperatures can reduce 
microbial diversity and functional stability, thereby undermining multi-
nutrient cycling and long-term ecosystem functioning (Xu et al., 2025). 

The IPCC’s AR6 Working Group II report underscores the vulnerability 
of ecosystem processes to rising temperatures. It highlights that 
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ecosystem services—including those mediated by microbial activity are 
under threat from even small-scale warming (e.g., 0.5–1.5 °C), which 
can cascade into impaired nutrient cycling, reduced soil fertility, and 
worsening pathogen outbreaks (IPCC AR6, 2023). By revealing how the 
emergent biofilm properties of the THOR model are vulnerable to 
similar thermal shifts, this thesis offers a mechanistic blueprint for 
understanding broader-scale ecological disruptions. The parallels 
between controlled THOR findings and global-scale climate impacts 
affirm the urgent need to consider microbial ecological resilience when 
predicting and managing the outcomes of climate change 

5.2 INVASION IS A DISRUPTIVE PROCESS 
TO THOR.  

One of the most striking findings in this thesis is that Pseudomonas 
aeruginosa can significantly disrupt the functional output of an 
established microbial community without causing major changes in 
species composition. In Paper II, we showed that THOR biofilm 
biomass decreased sharply following invasion by both the lab-adapted 
mPAO1 strains and the more virulent PA14 strain. Yet, in the case of 
mPAO1, the relative abundances of resident species remained largely 
unchanged. This reveals a form of non-competitive disruption, where 
the invader alters community behavior not by displacing resident 
species, but by interfering with their interactions. In contrast, invasion 
by the more classically considered aggressive strain, PA14, led to both 
more significant biofilm biomass loss and reductions in P. koreensis and 
F. johnsoniae abundance, suggesting that strain-specific virulence traits 
may determine whether invasion leads to functional suppression alone 
or full compositional turnover. 

These findings align with ecological invasion theory, where invaders 
can exert influence not only by outcompeting residents, but also by 
modifying the environment or disrupting community-level processes 
(Granato et al., 2019). In microbial terms, this could include degradation 
of extracellular polymeric substances, secretion of quorum sensing 
inhibitors, or active consumption of public goods (Wheeler et al., 2025), 
The observation that P. aeruginosa can exert such disruptive influence 
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within a non-host, soil-derived synthetic community model like THOR 
suggests that traits commonly associated with virulence may have 
originally evolved to confer ecological advantages in competitive 
microbial landscapes, rather than exclusively in host-pathogen contexts. 
Mechanisms typically framed as virulence factors, such as secretion 
systems, toxins, and biofilm modulators, may thus be better understood 
as general tools for niche domination, enabling microbes to dismantle 
cooperative networks, reconfigure community structure, and 
monopolize limited resources. 

This perspective broadens the concept of virulence, framing it not 
merely as a function of pathogenicity in hosts but as a more general 
ecological strategy for overcoming competition and reshaping microbial 
ecosystems. Importantly, it also highlights the risk that even short-term 
or transient microbial invaders can leave a lasting imprint on 
microbiome function and stability. By disrupting communication, 
cooperation, or metabolic complementarity among resident species, 
such invaders may trigger cascading effects that persist long after their 
removal, potentially compromising resilience, functional diversity, and 
the recovery of ecosystem services. 

 

5.3 AMR TRAITS REFLECT BROADER 
ECOLOGICAL CAPACITIES BUT DO NOT 
PREDICT INVASION SUCCESS 

The results from Paper III reveal that Pseudomonas aeruginosa 
possesses a diverse suite of chromosomal genes that contribute to 
reduced susceptibility to ciprofloxacin and tetracycline, particularly 
under sub-inhibitory concentrations. Using a high-throughput INSeq 
screen, we identified 15 genes linked to resistance across multiple 
antibiotic conditions in planktonic growth, several of which (mexH, 
snr1, rhlI, dgt) were further validated in single-gene knockout assays. 
These findings reinforce the well-established understanding that P. 
aeruginosa harbors intrinsic mechanisms of antimicrobial resistance 
including efflux pumps, metabolic adaptations, and stress-response 
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pathways. Notably, some of these genes also affected susceptibility in 
biofilm-associated growth, suggesting that P. aeruginosa’s resistance 
machinery contributes to its survival across a range of ecological 
contexts. However, when we compared these resistance determinants to 
those identified as essential for invasion of the THOR biofilm 
community in Paper IV, we found no direct overlap—highlighting that 
while AMR genes support survival in antibiotic-stressed environments, 
they are not sufficient nor necessary for community invasion in the 
absence of drug pressure. 

This distinction is important, especially given the increasingly 
recognized ecological roles of both antibiotics and resistance 
determinants. As discussed in the introduction, sub-inhibitory 
concentrations of antibiotics can act as signaling molecules, modulating 
behavior, communication, and even cooperation within microbial 
communities. Likewise, it is possible that secreted resistance enzymes 
may establish protective communal zones that filter incoming species 
based on their resistance compatibility. Yet, in our experimental system, 
conducted without exogenous antibiotic exposure, such mechanisms did 
not appear to govern invasion outcomes. Instead, invasion success was 
driven by a distinct set of genes unrelated to resistance. These results 
support the view that while AMR traits contribute to P. aeruginosa’s 
ecological versatility and long-term adaptability, they function 
independently from the traits required for colonizing established 
microbial communities under neutral conditions. AMR may thus 
facilitate community establishment in environments where antibiotics 
are present, but under non-selective conditions, invasion is orchestrated 
by other genetic strategies. 

5.4 FROM DISRUPTION TO GENETICS: 
IDENTIFYING THE BASIS OF P. 
AERUGINOSA INVASION 

In Paper II, we showed that Pseudomonas aeruginosa invasion can 
significantly disrupt the biofilm-forming capacity of the established 
THOR community, despite causing minimal shifts in its taxonomic 
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composition. This decoupling of function and structure suggests that P. 
aeruginosa interferes with cooperative behavior through subtle, 
possibly molecular-level interactions rather than through overt 
competition or displacement. These findings raised a key question: 
which genes enable P. aeruginosa to overcome community-level 
defenses and enact this disruption. In Paper IV, we addressed this 
question directly by performing an INSeq-based screen to identify P. 
aeruginosa genes that are specifically required for successful invasion 
of the THOR biofilm, as opposed to genes simply involved in general 
biofilm formation or survival. 

The results revealed a distinct set of invasion-specific genetic 
determinants, including wzz, nqrD, and pvdE, that were experimentally 
validated in single K/O mutant assays. Mutants lacking these genes 
showed significantly reduced colonization capacity compared to the 
wild-type strain, indicating that successful invasion depends on 
dedicated specific genetic functions. For example, wzz affects LPS chain 
length and may modulate surface interactions or immune evasion; nqrD 
encodes a subunit of a respiratory complex possibly relevant for stress 
adaptation or energy acquisition in competitive niches; and pvdE, while 
associated with siderophore secretion, may also influence interspecies 
competition or signalling. Together, these findings show that the ability 
to disrupt and invade a pre-formed microbial community is encoded by 
a specific and diverse genetic toolkit, distinct from both classical 
virulence and resistance traits. Understanding these genes can offer 
mechanistic insight into how pathogens like P. aeruginosa destabilize 
resident microbiomes without necessarily supressing the native 
microbiota.  

5.5 BEYOND IRON: THE MULTIFACETED 
ROLE OF PVDE IN COMMUNITY 
INVASION 

Among the genes identified as critical for P. aeruginosa invasion of the 
THOR community, pvdE emerged as a particularly intriguing candidate 
due to its established role in pyoverdine secretion. Pyoverdines are high-
affinity siderophores that scavenge iron from the environment—an 
essential function for microbial survival under iron-limited conditions. 
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In monoculture and host infection contexts (Kang et al., 2018), pvdE is 
considered part of the classical virulence and resource acquisition 
machinery (Kang et al., 2019). However, our findings in Paper V 
suggest that its relevance extends beyond iron metabolism. In invasion 
assays, pvdE deletion mutants showed a dramatic decrease in their 
ability to colonize pre-established THOR biofilm, while overexpression 
of pvdE significantly enhanced invasion efficiency. This phenotype was 
not shared by pvdD, another core gene in the pyoverdine biosynthetic 
pathway (Merriman et al., 1995), suggesting that pvdE’s function in this 
context may be more multifaceted than previously believed.  

To further explore these possibilities, we conducted a TMT-based 
quantitative proteomic analysis comparing the wild-type strain to pvdE-
overexpressing cells. The results revealed significant shifts in the 
abundance of proteins linked to membrane structure, efflux systems, and 
environmental stress response categories that are not typically 
associated with siderophore production alone. These changes suggest 
that pvdE overexpression may act upstream of broader regulatory 
networks that influence surface sensing, community integration, or 
chemical warfare. If so, pvdE may function as part of a regulatory or 
transport hub that coordinates invasion-relevant behaviours in response 
to environmental cues. Such multifunctionality is likely 
underappreciated in genome annotation pipelines but may be critical for 
microbial adaptability, especially during the early stages of community 
invasion.  

The case of pvdE highlights an important theme emerging from this 
thesis: genes traditionally studied in virulence or metabolism may carry 
latent ecological functions that become evident only under complex, 
structured, or competitive conditions. By examining microbial behavior 
in a community context, we can uncover unexpected gene-environment 
interactions and trait co-options that would be invisible in monoculture 
models. The functional versatility of pvdE thus exemplifies how 
microbial traits are often contingent on ecological setting—and how 
single genes may underpin a diverse array of behaviors relevant to 
survival, competition, and invasion. Understanding such multifaceted 
traits is essential for developing ecological models of pathogenicity and 
for designing interventions that account for microbial plasticity in real-
world environments. 
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6 CONCLUSION 
This thesis explored how microbial communities form, maintain 
stability, and respond to disruption, focusing on the THOR microbial 
model community as a tractable model system. Using a combination of 
environmental manipulation, high-throughput genetic screening, and 
proteomics, five interrelated studies revealed how ecological 
interactions and microbial traits shape both cooperation and 
competition. 

The results demonstrate that cooperative behaviors such as biofilm 
formation are not static features but context-dependent, fragile traits. In 
Paper I, temperature shifts as small as 5–10 °C destabilized synergistic 
biofilm production, even without large changes in growth of the 
individual species. These findings reflect broader ecological concerns, 
as they mirror patterns seen in natural systems under climate change 
related stress and support predictions from the IPCC that warming may 
impair microbial ecosystem functions like nutrient cycling and pathogen 
control. 

In Papers II and IV, we showed that invasion by Pseudomonas 
aeruginosa disrupts community function—not necessarily by 
outcompeting resident members, but by interfering with their 
interactions. This “non-competitive disruption” was especially evident 
with the lab strain mPAO1, while the more aggressive PA14 strain also 
altered species abundance. These findings reflect principles from 
invasion ecology, which emphasize that invaders can reshape 
communities not only through direct displacement but also by altering 
interaction networks and environmental conditions. In this context, our 
results suggest that virulence traits, even outside host-associated 
environments, may serve broader ecological functions that destabilize 
microbial networks and compromise community resilience. 

Papers III to V addressed the genetic basis of these dynamics. While P. 
aeruginosa carries a broad suite of chromosomal antibiotic resistance 
genes, our results showed no overlap between these and the genes 
required for community invasion. This suggests that AMR traits may 
support environmental resilience but are not sufficient for colonizing 
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structured communities in the absence of antibiotics. Instead, successful 
invasion was mediated by a distinct set of genes—such as wzz, nqrD, 
and pvdE—that likely support environmental sensing, matrix 
interaction, or subtle interference with resident metabolism. 

Finally, in Paper V, we focused on pvdE, a gene previously linked to 
iron acquisition, and showed that it also enhances invasion capability. 
Proteomic data indicated that pvdE overexpression alters stress 
responses and membrane-associated functions, suggesting broader 
ecological roles for this gene. This highlights an important theme across 
the thesis: genes commonly labeled as related to “virulence” or 
“metabolism” may have underappreciated multifunctional roles in 
complex communities. 

Taken together, this work underscores that microbial behavior cannot be 
fully understood in isolation. Environmental conditions, genetic 
determinants, and ecological context jointly shape how microbes 
interact, cooperate, and compete. Understanding these dynamics is 
essential for anticipating how communities will respond to stress, 
designing stable synthetic consortia, and managing the ecological 
impact of invasive pathogens in both clinical and natural environments. 
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7 FUTURE PERSPECTIVES 
While the THOR model community has proven valuable as a controlled, 
reproducible system for dissecting microbial interactions, its simplicity 
also presents important limitations. With only three bacterial species, 
THOR cannot fully capture the complexity, diversity, or spatial 
organization of natural microbiomes. Many community behaviors—
such as metabolic cross-feeding, spatial partitioning, or multi-layered 
resistance networks—emerge only in larger, more functionally 
redundant systems. As such, while the findings in this thesis offer key 
insights into principles of microbial cooperation and invasion, their 
generalizability to natural or clinical microbiomes must be approached 
with caution. 

One limitation is that THOR, being a three-species community, has a 
low level of taxonomic and functional diversity. For example, the 
absence of fungi or protists excludes major ecological players that 
strongly influence microbial structure and function in situ. Similarly, 
interactions such as syntrophic nutrient exchange, predation, and 
horizontal gene transfer occur at much higher frequency in dense, 
heterogeneous communities. Future work should aim to expand the 
model by incorporating additional species or by transitioning to more 
complex synthetic ecosystems—such as defined soil or gut-derived 
consortia—while maintaining the reproducibility and genetic 
tractability that make systems like THOR powerful. 

Another challenge lies in ecological relevance. While temperature and 
antibiotic stress were used in this thesis to simulate environmental 
pressures, real-world microbiomes are shaped by fluctuating nutrient 
levels, host immune factors, spatial constraints, and multiscale temporal 
dynamics. To identify more ecologically relevant phenotypes, future 
experiments should apply multifactorial perturbations—e.g., nutrient 
pulses, desiccation, and flow-based microbial communities—to better 
mimic the complexity of natural environments. Likewise, moving 
beyond static biofilm assays toward microfluidic or spatially structured 
systems may allow for the discovery of phenotypes that only emerge 
under physical constraints, such as nutrient gradients, migration barriers, 
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or spatial competition—none of which are adequately captured in a 
traditional well-plate setup. 

While high-throughput genetic screening using INSeq enabled the 
identification of several key genes associated with antibiotic resistance 
and community invasion, the method is not without its limitations. One 
important challenge is the occurrence of genetic hitchhikers—mutants 
that appear enriched or depleted not because of a direct role in the 
phenotype of interest, but due to linkage effects, secondary mutations, 
or growth artifacts that arise during library propagation. These false-
positive signals can obscure the interpretation of fitness data, 
particularly in complex or multi-condition screens. In this thesis, we 
addressed this issue by applying conservative thresholds and validating 
key hits in independent assays. Nonetheless, the presence of genetic 
hitchhikers underscores the importance of coupling genetic screens with 
ecological validation—ensuring that putative hits correspond to true, 
biologically meaningful phenotypes in structured, community-level 
systems. 

Despite these caveats, this thesis uncovered several compelling and 
reproducible phenotypes—from temperature-sensitive cooperation, to 
non-competitive disruption of biofilms, to the discovery of invasion-
specific genes like pvdE with unexpected ecological functions. These 
insights underscore the value of synthetic microbial communities as 
tools for hypothesis-driven ecological genetics. To build on this 
momentum, future work would benefit from systematically replicating 
findings like these across a suite of synthetic communities varying in 
taxonomic composition, complexity, and origin. Ultimately, the field 
may benefit from adopting standardized SynCom models—analogous 
to model organisms in other areas of biology—that enable cross-study 
comparison, benchmarking of phenotypes, and collaborative data 
sharing. As synthetic ecology matures, such models could serve as 
reference systems for investigating microbial traits, interactions, and 
resilience under controlled but ecologically meaningful conditions.  
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