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Abstract 
 
Predator-prey interactions are recognised to change the pace of evolution in microbial 

communities, but investigations into how selection for predation accelerates 

antagonistic behaviours, genomic evolution and the process of coadaptation are 

scarce. Here we performed a 20-day and an extended 90-day evolution experiment to 

investigate the adaptive traits that arise in in prey bacterium Pseudomonas 

fluorescens SBW25 on solid media in the presence and absence of a wild 

Acanthamoeba sp. Coevolution led to bacterial diversity, resistance to predation in 

coevolved bacterial lineages and evolution of predators. We show evidence of 

reciprocal adaptation, strong phenotypic and genotypic parallelism among prey 

lineages undergoing predation. We observed evolution of new colony morphotypes 

such as Wrinkly Spreader, Volcano and Mountain. Evolved morphotypes conferred 

grazing resistance and an increase in relative prey fitness that resulted in increased 

encystment and reduced replication of the protozoan populations. Mutation profiles of 

the coevolved phenotypes were associated with altered gene function in amrZ, wspF, 

fadD1, fadD2 and putative hypothetical protein upstream of RND transporter. RNA 

sequencing results of the mutants also revealed a significant increase in the number 

of genes that up or downregulated while interacting with Acanthamoeba sp. We 

investigated the degree to which these mutations affect biofilm formation, capsulation, 

motility, mucoid and fatty acid degradation pathways. Some of these traits are 

associated with virulence in pathogenic organisms. We further found evidence of 

mutualisms where both prey and predator increased their survival relative to their 

respective ancestors. On the other side, we show promoted killing performance and 

higher generations upon feeding on WT bacteria in coevolved Acanthamoeba 

compared to their ancestors. Together, our findings demonstrate the emergence of 
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divergent colony morphologies and molecular parallelism that arise as an adaptation 

to predation and notably affects the fitness and evolution of predators suggesting Red 

Queen co-evolutionary dynamics between predators and prey. These findings suggest 

that protozoan predation can profoundly influence the course of genetic and 

phenotypic evolution in short and long-time scales. 
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In contrast to multicellular eukaryotes, protozoa belong to the main lineage of protists 

and are free-living. The term protist refers to the eukaryotic organisms with a 

unicellular level of organisation. In contrast to multicellular species, distinct division 

of tasks does not occur in unicellular organisms, a fundamental difference that 

distinguishes these two eukaryotes [60,61]. These organisms have organised nuclei, 

possess mitochondria, Golgi complex and ribosomes etc (Fig. 1.1A). Many 

unicellular hosts are free-living and have different types of vacuoles in their cells. 

They have a short life span and a single cell is responsible for its own survival, in the 

sense that simple cell damage can contribute to the rapid demise of the organism 

[62] 

 

 
 
Figure 1. 1. Modelled schematics are a comparison of two different eukaryotic cells. A. Unicellular 

protozoan cell in the process of 1) phagocytosis of a bacterium (Red). (2) Upon engulfment, this 

bacterium employs a virulence factor (Type 4 Secretion System) to perform inhibition of endocytosis to 

be able to (3) colonise the protozoan host and possibly escape in order to infect other targets. B. 

Mammalian immune cell (leucocyte) in the process of engulfing a bacterium; (a) bacterium becomes 

attached to pseudopodia, (b) is ingested in a phagosome, (c) lysosomal enzymes produced by host cell 

(red arrows) fuse with phagosome to (d) digest and lyse the bacteria and (e) finally release the waste 

products from the immune cell. 
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Host-bacterial interaction 

Bacterial microorganisms are widely distributed in diverse environments on earth [63]. 

This range of bacterial ubiquity puts prokaryotes in close contact with many eukaryotic 

organisms. Bacteria have long been the dominant organisms on this planet because 

of their inherent adaptive nature and ability to evolve rapidly. The inevitable 

consequences of large population sizes and short generation times allows bacteria to 

exploit the host and colonise every ecological space of the host. Indeed, selection 

drives microorganisms to compete for nutrients and enhance their adaptation to all 

suitable environments [64]. In comparison to their natural habitats in soil and water 

which have limited resources, the potential ecological niche within the host provides a 

new stable condition for bacterial life. This ideal environment is such that a multicellular 

host can therefore be seen as a reservoir with the potential to protect and enable 

bacteria to proliferate and increase their population [22,65,66].  

  

Prey-predator interaction and adaptation to protozoa  

Free-living protozoan predators are unicellular eukaryotes that are abundant in all 

environments (soil, river, ocean etc.) [67,68]. Some of these organisms are capable of 

causing severe infectious diseases in both humans and animals [13,69]. Several 

studies have shown the role of protozoans as vectors that can harbour pathogenic 

bacterial cells, resulting in the development of pathogenicity and emergence of new 

infectious disease. Ecologically FLA have roles in energy turnover, soil fertility and 

nutrient cycling in the environment. They compete with prokaryotes for nutrients, niche 

space, energy [70], and can feed on other prokaryotes, resulting in the bacterial 

community being limited as the daily turnover of bacterial communities is 60%[35]. 
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However, some bacteria have developed numerous mechanisms to resist protozoan 

predation [36,65,71,72]. Importantly, resistance or pathogenic traits in bacteria are 

upregulated as a response to protozoan predation contribute to emergence of higher 

virulence functions [6,73,74]. Adaptation to protozoan predators increases the survival 

of bacteria in the environment [75]. For example, Bacillus licheniformis secretes lytic 

compounds to prevent phagocytosis by Naegleria fowleri. In some cases, after 

engulfment bacteria can establish a mutual relationship within the protozoan host 

called endosymbiosis from which both can benefit [34,76]. In general, there are two 

possible modes of prey-predator interaction when bacteria and protozoa encounter 

one another in their normal habitat; Intracellular lifestyles and extracellular life styles 

[36] (Fig. 1.2). In this thesis, we focus on extracellular lifestyles and traits associated 

with extracellular resistance. In either mode, bacteria can evolve adaptive 

characteristics to withstand the protozoan predator [77] (before ingestion or after 

ingestion) and therefore can increase their population [78]. Intracellular and 

extracellular bacterial strategies to protozoan predation are outlined further below. 

  

Intracellular strategies after engulfment, fighting back 

Once the bacteria are engulfed by free-living amoebae, some of them can avoid 

phagosomal lysis to maintain their intracellular viability (Fig. 1.2 a-c). Legionella 

pneumophila is a typical example of a bacterium able to survive inside the protozoan 

predators such as Dictyostelium discoideum [15]. Some bacteria have developed 

virulence strategies (adhesion and invasion) to penetrate into the host cell, resulting 

in host cell infection. If the defence system of the protozoan predator is ineffective to 

overcome the bacteria, the outcome can be co-adaptation and establishment of new 

symbiotic relationships which can either be cooperative or antagonistic. It has been 
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suggested that intracellular bacterial pathogens acquire similar mechanisms to infect 

both human macrophages and amoebae. Essentially, amoeba and human 

macrophages exhibit the same phagocytic strategies to kill the bacteria [19]. 

Therefore, close contact between protozoa and bacteria in the environment may 

support the evolution of bacterial pathogenicity and may be a cause of pathogen 

evolution [6]. 

  

Extracellular resistance to predation 

A key focus of this thesis is extracellular lifestyles of bacteria and characteristics that 

contribute to extracellular resistance to amoeboid predation. Bacteria can evolve a 

complex set of anti-predatory strategies to maintain stable communities in the face of 

protozoan predation (Fig. 1.2 d-f). Biofilm formation is one of the predominant 

extracellular lifestyles of many prokaryotes and is considered to be an integral part of 

survival in many different environments. Growth in a biofilm allows prokaryotes to grow 

in a range of hostile environments and protects them from being phagocytosed by 

protozoans [79,80]. This indicates that free-living amoebae that reside in many 

habitats can be integral modulators of the bacterial community in biofilms. However, 

other phenomena including antibacterial agents, metal toxicity, acid exposure, and 

salinity also have a role in biofilm formation [81,82]. 

  

For instance, P. aeruginosa cells in the presence of the predator Dictyostelium 

discoideum form microcolonies which are the same size as the protozoa [83,84]. The 

establishment of microcolonies is the first stage of anti-predatory response, and 

increasing their survival against protozoan grazing [85,86]. At a later stage, bacterial 

microcolonies may produce various chemical components and secrete cytotoxins and 
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rhamnolipids [85]. The production of these components not only damages the 

amoebae, but it can also result in additional protection of the bacteria against a broad 

range of non-size-selective protozoans. Intriguingly, many of pathogenic traits 

developed by P. aeruginosa are common response strategies to all eukaryotes, 

multicellular and unicellular hosts. Therefore, it is plausible that the cause of parasitic 

bacteria may have origins in successful anti-predatory adaptations and in its inherent 

natural pressures [79,87]. 

 

 
 
Figure 1. 2. Schematic model of predator-prey interactions and bacterial strategies towards symbiosis 

with protozoa. This overview is of the typical interactions that develop when bacteria and protozoa 

encounter one another. Shown are the several strategies that resistant bacteria exhibit in response to 

predation (adaptation strategies) leading to two distinct anti-predatory behaviours. (a-c) bacteria are 

engulfed and intracellular resistance factors by which bacteria may evolve to survive within protozoa. 

https://paperpile.com/c/Fq6BSA/vzTie
https://paperpile.com/c/Fq6BSA/Wpwwl+YJtfQ


21 
  

Extracellular survival strategies such as (d) biofilm formation, (e) high speed and other virulence factors 

including (f) the release of distinct toxins that bacteria develop to escape from being phagocytosed by 

protozoa. 

  

Symbiosis 

A symbiosis is when two or more organisms live closely together, for example a 

bacterium and another species. Although symbiosis is most often used to describe the 

relationship between normal microbiota and host, the microbial world is also rife with 

interactions including protozoa-bacteria relationships [88]. Symbionts are defined as 

microorganisms that reside and colonise in a semi-permanent state and normally do 

not harm the host. However, a symbiosis can be any relationship that is intimate and 

need not describe a favourable relationship for either organism [14]. 

  

A typical example of a symbiosis occurs when a bacterium as an independent (free-

living) organism colonises new ecological niches and develops a reliance on its host. 

Bacteria have developed several functions (detailed below) to gain access to and 

colonise new niches. The proliferation of prokaryotic cells within the host is a symbiotic 

interaction and can range from harmful to beneficial [89,90] (Fig. 1.2 a-c). Symbiotic 

interactions are important factor in the evolution of organisms. In natural ecosystems, 

numerous organisms have a tendency to interact and coevolve with each other, 

resulting in diverse beneficial or non-beneficial interactions [91]. Molecular 

phylogenetic studies from long-term symbioses of animal-associated bacteria have 

revealed many bacterial symbionts switched between mutualism and parasitism over 

time [92]. Once bacteria are established within the host, four different types of lifestyles 

can emerge: co-operation (mutualism - commensalism), parasitism, and amensalism. 

These are described in detail below.  
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Co-operation (mutualism) 

In the symbiotic interaction termed mutualism, both species benefit. In rare cases 

intracellular growth and adaptation of both protozoa and bacteria can evolve 

successfully, resulting in the establishment of a mutually beneficial relationship 

between bacteria and amoebae. This relationship in which bacteria adapt and survive 

mutually within the free-living amoebae is termed endosymbiosis, from which both 

organisms benefit [93,94]. Free-living amoeba including Acanthamoeba spp., 

Naegleria and Echinamoebae have developed into a safe harbour for a variety of 

bacteria such as Listeria and Legionella spp. For example, in isolated free-living and 

pathogenic Acanthamoebae from humans and environmental samples, nearly 25% 

were carrying obligate endosymbionts [34]. Another example of a cooperative 

relationship in nature which has evolved for more than 65 million years, is established 

between Rhizobium species and plants known as legumes [95]. The symbiotic 

association between these two partners leads to nitrogen-fixation, a considerable 

ecological consequence that occurs in abundance on earth. Molecular nitrogen is an 

important element for the growth of plants. The Rhizobia naturally inhabit the soil and 

gain access to the root, infecting the cortex of the legume and intracellularly colonising 

in nodules that are able to fix nitrogen [96,97]. Nitrogen fixation makes the plant rich 

in an ingredient required for the production of proteins and can enhance crop yield 

[98]. On the other hand, rhizobia benefit from the host carbon sources and for a 

suitable environment for replication and survival [95]. This interaction is a successful 

mutualistic partnership that allows the plant to thrive in poor soils. In the case of P. 

fluorescens SBW25, several studies have shown it is able to colonise several distinct 

plant species [99]. Intriguingly, P. fluorescens SBW25 is able to establish a beneficial 

relationship both in soil and agar environments with plant hosts, resulting in the 
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promotion of the growth rates of a variety of plants such as tomato, wheat, pea and 

potato [100].  

 

Parasitism 

If the cooperative status is not established, protozoan-bacterial interactions can lead 

to a parasitic response leading to death of the protozoan cell [101]. This is another 

type of symbiosis in which one partner benefits while the other organism is adversely 

affected [102,103]. Many bacteria that contribute to the development of disease states 

in a host are parasites. For example, Legionella pneumophila and Listeria monocytosis 

are successful intracellular pathogens that have evolved various virulence functions 

to kill their protozoan hosts. These intracellular pathogens are able to exit the host cell 

in order to colonise other favourable niches [104,105]. Intriguingly, these bacteria can 

express a variety of strategies to infect either multicellular or unicellular eukaryotes 

[106,107]. Similarly, L. pneumophila in the early stages of the infection within 

mammalian cells can generate apoptosis in macrophages (programmed cell death). 

This involves the bacterial expression of an enzymatic regulator of apoptosis which 

modulates the activation of caspase-3 and induces cell necrosis in order to kill the host 

cell [108]. 

  

Intriguingly, both on ecological and evolutionary time scales, the evolution of virulence 

strategies and the range of harm caused by bacteria in damaging the host may be 

developed by a variety of factors (bacterial competition for nutrients) not only by host-

pathogen interaction [109,110]. 
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Penicillium as a bread mould where the outcome is the death of the many types of 

bacteria by penicillin secretion [117].  Amensalistic interaction basically involves two 

types of relationship; antibiosis (one species secrets molecular substance that kills the 

other species) and competition (a dominant species excludes another species from 

energy sources), black walnut tree is also a good example of this symbiotic 

relationship that prohibited from the growth of other plants habitat in its root zone [118]. 

 

Acanthamoeba sp. a model unicellular eukaryote 

Protozoan predators are found in diverse habitats. Many are non-pathogens such as 

Naegleria gruberi [119] and some are potentially animal parasites, such as 

Acanthamoeba, Balamuthia [120,121] or Naegleria fowleri, a major cause of brain 

infection known as primary amoebic meningoencephalitis [122,123]. In general, these 

organisms in one stage of their life cycle possess flagella, cilia and pseudopodia that 

enable them to navigate. Free-living amoeba at least have developed two stages in 

their life cycle: the amoeboid form and cyst form (Fig. 1.3). Protozoans in the amoeboid 

form are able to engulf food by the process called phagocytosis and also are capable 

of establishing symbiotic relationships with other organisms. Fundamentally, 

protozoans are known for their potential pathogenicity and also as a major reservoir 

of pathogenic bacteria [124]. Acanthamoebae spp., the organism selected for this 

research project [125] is a wild protozoon  that has a worldwide distribution. 

Acanthamoeba is a common soil based protozoan predator and grows in natural 

habitats and thrives in laboratory conditions. The life cycle of Acanthamoeba includes 

encysted form, for example in our experiment Acanthamoeba is in a cyst form when 

stored in a buffer and vegetative form, in which bacterial predation takes place (Fig. 
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capsules that are fundamental to their virulence [8,131,132]. This is also found to be 

the effective defence mechanism of many bacteria such as Salmonella and Klebsiella 

against predation [114,133]. In our model bacterium P. fluorescens SBW25, LPS plays 

an important role in biofilm formation. It has been previously reported that a biofilm 

forming colony morphotype named Wrinkly Spreader (WS) arises in P. fluorescens 

SBW25 from smooth colony in response to environmental stressors such as lack of 

oxygen and predation pressure. The production of LPS in WS bacterial strain is crucial 

for adherence of these bacteria when they become attached to other cells or surfaces, 

resulting in successful resistance of the organism against a protozoan predator and 

an immune cell [71,134,135]. 

 

 

Figure 1. 3. Schematic encapsulated bacterial cell and the traits shown. Virulence trait is the ability that 

bacteria employ to harm other organisms to survive and grow.  
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Secretion systems 

Secretion systems of many bacterial pathogens play roles in adhesion, adaptation and 

increasing bacterial virulence during host-bacterial interaction [146]. These are 

complex molecular machines that translocate proteins through bacterial cytoplasm 

into multiple locations (target cell, extracellular space or outer membrane) resulting in 

recipient host tissue damage. Secretion systems of pathogenic bacteria are divided 

into diverse classes, based on their functions and structures [147]. Almost all common 

secretion systems, Type I secretion systems through Type VI are secreted by a wide 

range of Gram-negative pathogens [148]. In contrast, a small number of Gram-positive 

bacteria have these secretion systems. The Gram-positive bacteria possess only one 

lipid membrane which is surrounded by a thicker cell wall compared to Gram-negative 

bacteria [149]. 

  

The type 1 secretion system (T1SS) is a major virulence factor in an array of 

pathogenic bacteria, including Vibrio Cholerae, Serratia marcescens and E. coli. The 

TISS in these bacteria release toxins that can result in rupture of host tissue cells 

[150,151]. 

  

Type II secretion systems are made up of up to 15 diverse proteins that are known to 

be a general secretion system (Gsp) and have the ability to export an array of proteins 

outside of the bacterial cell into an extracellular environment [152]. Some of these are 

proteins including Xps in P. aeruginosa and Ecp in V. cholera. T2SS has an integral 

role in survival and replication of many pathogenic and non-pathogenic bacteria in 

environmental niches and/or within hosts. Secretion of hydrolysing enzymes including 

pseudolysin in P. aeruginosa and cholera toxin of V. cholerae are examples of 
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vacuole, inhibiting host defence and thereby allowing cells to successfully replicate 

within hosts [13,160]. 

  

Type V secretion systems (T5SS) or autotransporter systems are unique in that the 

substrate forms an individual polypeptide that can be transferred via secretion through 

the outer membrane. Besides their fundamental role as a major virulence secreting 

system, T5SS also serve in biofilm formation and adhesion process [161]. Some well-

known substrates are protein YadA of Y. enterocolitica which enhances exportation of 

T3SS into host cell and participates in regulating resistance against host complement 

system and, immunoglobulin A protease in N. gonorrhoeae which adhere firmly to host 

antibodies [162]. 

  

Type VI secretion system (T6SS) has been found most recently and less is known 

about their mechanisms and structure. T6SS more commonly delivers the proteins 

into other bacterial cells and also eukaryotic cells. They are known for translocating 

effector proteins into other bacterial cells that may have a role in bacterial 

communication and interaction in many environments [163,164]. 

  

Type VII secretion systems (T7SS) are found in Gram-positive bacteria such as 

Mycobacterium tuberculosis, Bacillus anthracis and L. monocytosis that contain a thick 

cell wall layer. These bacteria therefore employ this specialised delivery mechanism 

to transfer proteins through their inner membrane to the extracellular environment. and 

have a variety of roles in pathogenicity of these bacteria. Many of the T7SS are divided 

into two ESX molecules (first identified in pathogenicity of M. tuberculosis) and PPE 

proteins [165,166]. 
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 Based on molecular structure and strategy of harm, toxins can be further divided 

into non-proteinaceous (endotoxins) and proteinaceous (exotoxins). These are 

described in more detail below. 

 

Endotoxin 

Bacterial cell walls are present in most Gram-negative and Gram-positive bacteria. 

The cell walls of bacteria can contain diverse structural toxic components that have a 

role in pathogenicity of bacteria [167]. These toxic components have different 

structures compared to conventional toxins (explained below). Bacterial LPS and 

teichoic acid produced by Gram-negative and Gram-positive organisms are known as 

endotoxins. These toxic molecules are potential virulence factors leading to mortality 

[168]. 

 

Exotoxin 

Proteinaceous toxins are identified as general enzymes which can be secreted into 

the surrounding milieu in the eukaryotic host or be delivered directly into the cytoplasm 

of the host cell via secretion pathways such as T3SS. Bacterial exotoxins are divided 

into four types based on their role and amino acid composition [169]: 1) A-B toxins; 

subunit A have enzymatic activity and subunit B organise the toxin to be bound and 

delivered into the target cell (E. coli and P. aeruginosa are two distinct bacteria that 

contain this toxin). 2) Proteolytic toxins are responsible for destroying specific proteins 

in the host. These toxins block the release of the neurotransmitters in the nervous 

system of the host and cause the appearance of clinical symptoms of the disease such 

as paralysis (ie. Clostridium botulinum and Clostridium tetani). 3) pore-forming toxins; 
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can cause cell lysis and ultimately cell death via forming a pore in the host cell 

membrane. And 4) Other toxins not included in the other three categories [21,170]. 

 

Adhesion 

Pathogenic bacteria employ numerous strategies to bind to the specific surface of the 

host tissue and start a biochemical process leading to host disease. Adhesion 

mechanisms are therefore a principal part of host-pathogen interactions. Microbial 

adherence factors can attach to host cell surfaces including the oral cavity, 

nasopharynx, lymphoid tissue, endothelial tissue, gastric and intestinal epithelia 

[171,172]. Adhesins can consist of polypeptides (protein), which are divided into two 

main groups; pili (fimbrial) and also non-pilus (afimbrial) or can be made by 

polysaccharides (carbohydrates or sugar). An example of this attachment is the 

bacterium E. coli adhesions that are necessary for infection in the urinary tract [173]. 

In response to the attack, host tissue cells produce a number of mechanical forces 

(saliva secretion, mucus flow, blood flow, coughing, sneezing and peristalsis) to avoid 

the bacteria binding to these surfaces [174]. 

 

One of these mechanical forces occurs against Helicobacter pylori in the mucosal 

surface of the stomach where the gastric epithelium releases a glycoprotein, known 

as mucin MUC1. H. pylori binding to the MUC1 prevents the adhesion of the bacteria 

to the cell surface and therefore limits the bacterial population. This results in limitation 

of the disease. Besides this role, MUC1 can act as a physical barrier against other 

bacteria to protect the epithelial surface [175]. 
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The first objective of my thesis is to characterise the evolution of prey in the presence 

and absence of predator Acanthamoeba in a short period of time (20-day co-

evolution). To do this I will evolve prey bacteria in three lines in the presence and 

absence of predators on solid media. This will allow me to measure anti-predatory 

strategies that bacteria have developed in response to predation. I will also identify 

morphological and molecular changes by DNA and RNA sequencing in bacterial 

colonies that have altered phenotypes. Mutants will be allowed to grow with ancestral 

predators to measure their growth, survival and fitness, relative to WT prey. This is to 

determine how mutations affect the fitness of the strains in the presence and absence 

of predators. This also establishes a baseline for understanding the resistance traits 

in bacteria in a short period of time and for conducting the 90-day experiment. 

Understanding the results of the evolution experiment will help to better understand 

the future results. 

  

2. My next objective is to conduct a 90-day experimental evolution of prey-predator 

and control (predation-free) in nine and three lines, respectively. This allows me to 

identify bacterial colony diversification and parallel phenotypic changes in co-evolved 

(CE) and prey-only (PO) groups. Next, I will measure colony morphotypes for anti-

predatory traits (special relationship) that have developed in coevolved prey in the 

presence of all predator types (coevolved, evolved and ancestral Acanthamoeba) 

relative to WT bacteria. Furthermore, we will analyse predator specialisation and the 

effect of bacterial evolution on predator efficiency. This will allow us to further 

investigate reciprocal adaptation and Red Queen dynamics among the coevolved 

predator and prey populations. 
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Chapter 2 
 
Protozoan predation drives adaptive divergence in Pseudomonas fluorescens 

SBW25: ecology meets experimental evolution. 

Farhad S. Golzar1, Michael E. Miller1, Gayle C. Ferguson1, and Heather Lyn Hendrickson2  
1School of Natural and Computational Science, Massey University, Auckland, New Zealand. 
2School of Biological Sciences, University of Canterbury, Christchurch, New Zealand. 
 

Abstract 

Protozoan predators affect the structure of bacterial communities, but investigations 

into how predation influences bacterial evolution and antagonistic behaviours are 

scarce. We performed a 20-day predator-prey evolution experiment on solid media to 

investigate the adaptive traits that arise in bacterial prey under continuous protozoan 

predation. We chose Pseudomonas fluorescens SBW25 and a wild Acanthamoeba 

sp. isolate as a predator prey pair that ecologically overlap in nature. Predation by 

Acanthamoeba led to the evolution of previously described bacterial colony 

morphotypes like Wrinkly Spreaders but also novel morphologies we describe as Fried 

Egg and Wrinkly Fried Egg. These evolved morphotypes conferred grazing resistance 

and an increase in relative prey fitness. When subjected to these evolved prey, 

Acanthamoeba sp. increased encystment and reduced replication. An investigation of 

the mutations responsible for predation resistance revealed that the Wrinkly Spreader 

and Fried Egg morphotypes were the result of mutations in wspF and that Wrinkly 

Fried Egg was caused by a mutation altering the transcriptional regulator amrZ. We 

investigated the degree to which these mutations affect biofilm formation, capsulation 

and motility. RNA sequencing results of WS and WFE also revealed a significant 

increase in the number of genes up or down regulated while interacting with 
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Results 

Experimental evolution of bacteria under amoeboid predation 

To test the degree to which amoeboid predation contributes to the adaptive evolution 

of bacterial virulence, we established a coevolution experiment on solid media.  Six 

lineages of GFP labelled strain of WT P. fluorescens SBW25, a non-pathogenic plant-

associated bacterium, were established. Three lineages were maintained without 

predators as a media adaptation control with bacterial prey only (PO), and three of 

which were subjected to continuous predation by common soil-based amoeboid 

protozoan predator Acanthamoeba sp. (P) (Fig. 2.1 A and B). The Acanthamoeba sp. 

were added to a lawn of bacteria on a filter paper and the feeding front of active 

amoebae moving across the plate from the filter paper was visible as a loss of bacterial 

lawn as time passed (Fig. 2.1 C), Acanthamoeba and GFP labelled P. fluorescens 

SBW25 could be viewed by fluorescent, phase contrast microscopy (Fig. 2.1 C, inset).  

 

 As the coevolution progressed, viable cell counts of bacteria and amoebae were 

estimated by serial dilution and plating for CFU and PFU as appropriate, at each 

transfer (Fig. 2.1 C). The average number of the bacterial population in the PO lines 

has dramatically increased and reached its maximum density over 20 days of evolution 

(1 x 1011, +/- 5 x 102) (Fig. 2.1 D). There was roughly a 100-fold reduction in the number 

of the bacteria observed on the predation plates, this remained relatively stable, and 

predation did not lead to extinction events. Similarly, the number of the amoebae cells 

in each prey-predator line was stable over 20-days of coevolution ranging between 2 

x 106 to 8 x 106 over time (Fig. 2.1 D). 

 
At each transfer, CFU plates were also inspected for changes in colony morphology 

that would indicate genetic changes in response to propagation on solid media or 



https://paperpile.com/c/w3Y1c7/BiKv
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P. fluorescens SBW25 are directly inhibiting robust growth of the predator, or that the 

Acanthamoeba are unable to efficiently consume the mutant cells in quantities that 

produce robust observable plaques, or that some plaques were being formed 

underneath a layer of extracellular material produced by the bacteria.  

 

In order to determine the degree to which predation-evolved isolates limit the strong 

growth of the Acanthamoeba cells we performed the plaque test assay once again, 

washing at T=0 and T=4 days in order to estimate the average number of amoebal 

generations on ancestral or evolved isolates. We found that in the presence of WT or 

LWT (evolved) bacteria, the Acanthamoeba sp. were able to divide approximately 19 

times. However, when Acanthamoeba cells were grown in the same conditions on the 

evolved P. fluorescens SBW25 isolates, they achieved far fewer divisions. 

Acanthamoeba in the presence of lawns of WS1, WS2, FE, and WFE were only able 

to divide 11, 14, 10.3 and 9 times, respectively (Fig. 2.2 C). These results suggest that 

these mutants have a negative influence on replication and division of Acanthamoeba 

cells leading to the slow growth of protozoan predators.  

 

Reduced division in the presence of evolved prey bacteria could be due to 1) increased 

cell death, 2) reduced access to bacterial prey as a food source or 3) reduced 

metabolic activity in an unfavourable environment (increased encystment). In order to 

evaluate the evidence for these possibilities, we subjected Acanthamoeba sp. to each 

of the evolved isolates of interest for four days, and measured life cycle stages and 

viability by flow cytometry (Supplementary Fig. 2.1), using propidium iodide staining to 

enumerate dead amoeboid cells.  
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We observed that up to 80% of the Acanthamoeba cells are in the active vegetative 

form when growing on WT and LWT isolates and less than 10% of their population 

was encysted (Two sample T test, P< 0.02 and P< 0.06). In contrast, more than 40% 

of the Acanthamoeba population was encysted when the prey was WS1, WS2, FE or 

WFE (Two sample T test, P< 0.002, P< 0.006, P< 0.00006, P< 0.00003) (Fig. 2.2 D). 

Further, amoebae cells have shown death rates of up to 11%, 9% and 10% in the 

presence of lawns of WT and LWT, respectively (Two sample T test, P< 0.01, P< 0.1); 

3% death when exposed to the lawns of WS1, WS2 and FE (Two sample T test, P< 

0.0001, P< 0.00001, P< 0.0001); and 1% death when growing with the WFE isolate 

(P< 0.000005) (Fig. 2.2 D).  

 

 



https://paperpile.com/c/w3Y1c7/3vTU+UttJ
https://paperpile.com/c/w3Y1c7/s9EU
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calculate the predation rates (Fig. 2.3 C) and by accounting for the bacterial densities 

we can calculate relative prey fitness for the morphotypes tested. We note that the WT 

and LWT variants tested had low relative prey fitness whereas all the evolved 

morphologies had substantially improved prey fitness in the line test assay (Fig. 2.3 

C). Together these results demonstrate that the WS1, WS2, FE and WFE 

morphotypes have evolved adaptations that improve their relative prey fitness by 

providing grazing resistance in the presence of an amoeboid predator.  
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Figure 2. 3. Predation of ancestral Acanthamoeba sp. against evolved P. fluorescens SBW25 

populations. A) A representative plate showing a line test assay after 72 hours. B) Line test 

disappearance produced by Acanthamoeba predation. Error bars indicate standard deviation (N=8). C) 

Rate of Acanthamoeba predation on the colony morphologies of interest as calculated in line tests and 

relative fitness of prey. D) Bacterial fitness on agar surface with and without ancestral predators. 

Bacteria were grown in the presence and absence of predator Acanthamoeba for four days on PM 

supplemented media. 

 
 

Grazing resistance incurs a fitness cost   

In order to understand the larger consequences of evolved grazing resistance we 

estimated bacterial fitness in the absence of the protozoan predators on agar plates. 

The ancestral WT strain was set to a fitness of 1 and LWT isolates 1 & 2 had a relative 

fitness of ~0.98. Colony morphotypes have adaptive predator resistance (WS1, WS2, 

FE and WFE) experience trade-offs in fitness in the absence of predators (Fig. 2.3 D). 

WS1 mutant replicated and grew with a low relative fitness of ~ 0.15. The three of the 

evolved mutants however gained a higher relative fitness (~ 0.4 - 0.67) than the WS1, 

their reproduction rate was lower than WT and LWT on plates over 4 days (Fig. 2.3 

D). This suggests that evolved predation resistance imposes a fitness cost in this 

environment in the absence of predators. 
 

Sequencing results 
The colony morphologies that we observed after 20 days of evolution under protozoan 

predation are reminiscent of the WS mutations observed at the AL interface in P. 

fluorescens SBW25. In order to determine how similar, the underlying mutations might 

be, we subjected six evolved isolates from the prey-predator lines (four with colony 

morphology changes and two smooth colonies) and three smooth isolates from the 

PO (non-predation) plates to shotgun DNA sequencing.  



https://paperpile.com/c/w3Y1c7/otHi
https://paperpile.com/c/w3Y1c7/rzsY
https://paperpile.com/c/w3Y1c7/VbPt+CEqs
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methylesterase domain (Table 2.1, Fig. 2.4). This mutation is within 2 AA of a 

previously detected mutation at 274 discovered in the AL interface experiment 

(Supplementary Table 1) to lead to a robust WS morphology and constitutive 

expression of cellulose [43].  

 

WFE had acquired mutations in AmrZ. The WFE mutant isolates included a single 

nucleotide change in the amrZ ORF (alginate and motility regulator). The AmrZ DNA 

binding protein has been implicated as a negative regulator of the Wsp operon [58,59], 

a positive regulator of algD (alginate synthesis) and a negative regulator of flagellum 

synthesis in P. fluorescens (Table 2.1, Fig. 2.4 D) [58]. To determine the degree to 

which the amrZ mutation might be disrupting function, we aligned the AA sequence of 

amrZ from P. fluorescens SBW25 and five other bacterial species [60] (Fig. 2.4 E). 

The AA identity at position 33 in amrZ is a highly conserved residue that lies outside 

of the dimerization zone. This alignment suggests that the mutation will cause some 

loss of function. 

 

https://paperpile.com/c/w3Y1c7/rzsY
https://paperpile.com/c/w3Y1c7/5PcI+LtXH
https://paperpile.com/c/w3Y1c7/5PcI
https://paperpile.com/c/w3Y1c7/E0nI


https://paperpile.com/c/w3Y1c7/E0nI


https://paperpile.com/c/w3Y1c7/VXW3
https://paperpile.com/c/w3Y1c7/1yzy
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Mat strength and cellulose expression 
Three out of the four colony morphology mutants that we chose to focus on are 

mutations that are similar but not identical to those observed in the classic A-L 

interface experiments [44]. We therefore examined cellulose production on solid 

surfaces (Fig. 2.6 A, B and C) and adopted the glass bead strength test to measure 

the strength of biofilms formed (Fig. 2.5 D) [55]. We included the P. fluorescens 

SBW25 Large Spreading Wrinkly Spreader (LSWS) mutant as a positive control, as 

this mutant forms rapid and robust biofilms at the AL interface [43]. We initiated KB AL 

interfaces in standard microcosms from the colony morphology mutants of interest 

(shown) [44]. 

https://paperpile.com/c/w3Y1c7/daGk
https://paperpile.com/c/w3Y1c7/otHi
https://paperpile.com/c/w3Y1c7/rzsY
https://paperpile.com/c/w3Y1c7/daGk




https://paperpile.com/c/w3Y1c7/gtKm


https://paperpile.com/c/w3Y1c7/g3t2
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Figure 2. 7. Heatmap of the top differentially expressed genes among evolved strains WS1 and WFE 

when interacting with the ancestral predator (WS1 + predator, WFE + predator). All fold change 

calculations are made against SBW25 (WT) grown on solid media, without amoeba. CPM (counts per 

million) is a raw count of the number of reads mapped to a gene, normalised for library size (number of 
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Discussion 

We conducted a 20-day predator-prey coevolution experiment in order to 

experimentally evaluate bacterial adaptations that increase resistance to amoeboid 

predation on solid surfaces. The predation-free lines did not develop recognisable 

colony variants or mutations, but after 20 days of predation a set of novel and not-so-

novel bacterial colony morphologies were selected from the predation adapted 

bacterial lineages for further study. Two of the novel types closely resembled WS types 

observed in AL experiments performed previously in the same organism while the 

other two, WFE and FE, were not previously described.  

 

All four colony variants evolved under predation regime demonstrated increased 

grazing resistance in plaque assays and line test assays and all four had substantially 

increased prey fitness relative to the WT. The strategies in place to resist predation 

appear however to be distinguishable.  

 

As noted, two of the colony variants selected were classified as WS types. Complete 

genome sequencing revealed that the WS1 and WS2 isolates both had mutations in 

the phosphorylation domain of the well characterised wspF gene (Fig. 2.2). Similar 

mutations in this response regulatory domain are well known to increase cellular levels 

of cyclic-di-GMP and ultimately cause cells to constitutively over-produce extracellular 

cellulose, resulting in robust biofilms at the AL interface. In light of this genotype, we 

tested WS1 and WS2 in a classic AL interface experiment and found they produced 

high strength biofilms, comparable to a well-studied positive control (LSWS) [59]. This 

extracellular production strategy parallels the bacterial prey Escherichia coli and 

bacterial predator Myxococcus xanthus predation experiments that favour increased 

https://paperpile.com/c/w3Y1c7/LtXH
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extracellular mucoid production [65]. The evolution of constitutive biofilm production 

as an adaptive response to predation is consistent with expectations [18]. There is 

growing evidence that biofilm formation is a common response of Pseudomonads to 

ecological challenges, aside from protozoan predation, including AL interfaces [44], 

the CF lung [53], and even space travel [66]. This may be an ecological consequence 

of the many negative repressors that contribute to the regulation of this trait, providing 

a large target for random mutations [59].    

 

We observed trade-offs in the fitness of the majority of bacterial mutants that had 

acquired resistance to amoeboid predation (Fig. 2.4 B). This was particularly 

pronounced in the WS1 mutant, which lost an average of 23.8% generational growth 

compared to WT on these plates. The relative fitness of WS morphotypes measured 

in mixed colony fitness assays was 0.33 of WT over 100 generations [67]. In our 

hands, WT cells achieved an average of 9 generations over the 4-day experiment. A 

loss of 23.8% over a short time represents a substantial trade-off. However, trade-offs 

of this kind were not universal in these predation resistant mutants.  

 

The FE mutation did not appear to impose a selective cost as measured by cell growth 

on solid media in the absence of predators (Fig. 2.4 B). This may suggest that the 

strategy of these cells to resist predation is optimal. It is also possible that we have 

failed to measure their growth in an environment in which deleterious fitness effects of 

this wspF mutation would be apparent.  

 

The FE colony variant was also revealed to be a wspF mutation, however this one was 

in the demethylase domain of the WspF repressor. This mutation (L272P) is 

https://paperpile.com/c/w3Y1c7/tbYp
https://paperpile.com/c/w3Y1c7/RqCc
https://paperpile.com/c/w3Y1c7/daGk
https://paperpile.com/c/w3Y1c7/UttJ
https://paperpile.com/c/w3Y1c7/PGSG
https://paperpile.com/c/w3Y1c7/LtXH
https://paperpile.com/c/w3Y1c7/He9D
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comparable to the LSWS mutation, which is found in the same domain (Fig. 2.1 B & 

C). The result is a much less robust biofilm, which can only maintain the weight of 0.31 

grams whereas the LSWS can support 1.1 grams. The cellulose production was also 

much less pronounced in the FE isolate as visualised by calcofluor staining (Fig. 2.6). 

This mutation is proximal (2 AA away) from the WSF (AA274) mutation observed 

previously in AL experiments (Supplementary Table 1) and shown to have a higher 

fitness than the LSWS in A-L competitions.  Our results suggest that the FE mutation 

modulates the methylase activity of the WspF domain but the effect on the balance of 

Wsp and therefore c-di-GMP accumulation in the cell and cellulose production are not 

as dramatic as in the LSWS (S301R) mutation in the same domain [56].  

 

The WFE colony variant also affects the function of a repressor that is implicated in c-

di-GMP production via the Wsp regulatory system but this mutation was found in the 

AmrZ gene. AmrZ acts as a master regulator among Pseudomonads by binding to 

operator regions [60] and serves mostly as a transcriptional repressor of flagellar 

function, chemotaxis, and iron homeostasis in Pseudomonas fluorescens F113 [68]. 

AmrZ in Pseudomonas fluorescens is known to repress the Wsp system whilst 

simultaneously stimulating the production of alginate through AlgD and repressing 

production of the flagella through FleQ (Fig. 2.2 D & E) [58,59]. The amrZ mutation in 

evolved WFE appears to reduce the effectiveness of AmrZ as a regulator, possibly by 

changing its affinity for promoters or by reducing its abundance by inhibiting its 

production. We base this inference on the observation of multiple downstream 

changes in the biofilm pathway in WFE. AmrZ inhibits type VI secretion and pyoverdine 

synthesis in Pseudomonas fluorescens F113 [68]. Indeed, we observe evidence of 

https://paperpile.com/c/w3Y1c7/VbPt
https://paperpile.com/c/w3Y1c7/E0nI
https://paperpile.com/c/w3Y1c7/pB0v
https://paperpile.com/c/w3Y1c7/pB0v


https://paperpile.com/c/w3Y1c7/BbWl
https://paperpile.com/c/w3Y1c7/qvgP
https://paperpile.com/c/w3Y1c7/5PcI
https://paperpile.com/c/w3Y1c7/EH2q
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suggested by our mat strength results), but may still provide predation resistance. For 

example, fibrils may increase the effective profile size of a bacterial cell. Increased 

Fap-mediated biofilm formation also induces increased alginate synthesis in P. 

aeruginosa PA01, an exopolysaccharide that protects mucoid P. aeruginosa against 

macrophage killing [69,72]. Interestingly, we found increased expression of alginate 

biosynthesis genes in both WFE and WS1 (algA, algF), suggesting alternate 

mechanisms leading to increased alginate production in these two strains. 

 

We set out to determine if evolution under amoeboid predation would lead to an 

increase in bacterial virulence, focussing on altered colony morphologies in order to 

identify adaptive mutations. Given the focus on colony morphology, it is perhaps 

unsurprising that the isolates characterised were involved in biofilm formation to one 

degree or another. While biofilm formation has certainly been implicated as a virulence 

trait in some Pseudomonads [14,53], the WS1, WS2, FE and WFE variants were 

highly resistant to predation without increasing amoeboid mortality.  

  

Contrary to our expectations, we found that predation of LWT or WT isolates resulted 

in higher mortality (10% cell death) in the Acanthamoeba sp. than predation of WS, 

FE or WFE isolates (Fig. 2.3 D). This increased mortality of predators likely results 

from the defensive traits expressed by WT P. fluorescens SBW25 in the presence of 

Acanthamoeba. For example, WT P. fluorescens SBW25 has been shown to produce 

viscosin, a cyclic lipopeptide biosurfactant implicated in increased motility and surface 

spreading and which has lethal effects on N. americana [61,73]. However, predators 

also demonstrated significantly better growth (19 generations) in the presence of the 

WT and Like-WT isolates than they did on the evolved isolates (9-14 generations). We 

https://paperpile.com/c/w3Y1c7/0RMH+BbWl
https://paperpile.com/c/w3Y1c7/q4AE+UttJ
https://paperpile.com/c/w3Y1c7/IGJX+VXW3


https://paperpile.com/c/w3Y1c7/Ii43
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https://paperpile.com/c/w3Y1c7/NJso
https://paperpile.com/c/w3Y1c7/Yx0t+i8zp
https://paperpile.com/c/w3Y1c7/ehcJ
https://paperpile.com/c/w3Y1c7/MJfM+umQo+pcm8
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Materials and Methods 
Strains and media. A strain of P. fluorescens SBW25 (NC_012660.1) that 

constitutively expresses GFP was used in order to easily confirm the genetic 

background of the strain and detect contamination [59]. The strain was regularly grown 

in 5 mL Lysogeny Broth (LB) [80] from -80°C frozen stock and incubated at 28°C in a 

shaker (180 rpm). Protozoan Strain Acanthamoeba sp. T2-5 (EF378666.1) was 

isolated from a tadpole 2 (Bullfrog, Rana catesbeiana) and propagated on solid PM 

media (4 g Difco Bacto Peptone, 2 g dextrose, 1.5 g K2HPO4, 1 g KH2PO4 and 20 g 

agar (2%) per litre H2O) supplemented with 2% heat-inactivated Fetal Bovine Serum 

(FBS) (MEDIRAY, MG-FBS0820) and incubated in parafilm sealed plates at 28°C 

[81].  

 

For the purpose of plaque assays (Plaque Forming Unit) (Fig. 2. 2A) in which only WT 

was present, PM media was supplemented with 33 mg of cholesterol (Sigma-Aldrich, 

C8867) per litre of PM agar in parafilm sealed plates and incubated at 28°C [82]. This 

was sufficient to allow for growth of Acanthamoeba sp. on the ancestral WT strain in 

order to measure PFU. However, in all other experiments, FBS was supplemented, as 

described above Acanthamoeba sp. stock was regularly stored in a 2 mM Tris HCL 

buffer (121.1 g Tris base in 800 mL H2O, 60 mL HCl to get pH 7.6 (autoclaved or filter 

sterilised) at room temperature [74]. Amoebae were cultivated on WT bacterial prey 

before experimental evolution on medium-sized Petri plates (90 x 15mm). 

 

Prey-predator experimental evolution. Experimental evolution was performed on 

solid PM agar plates, supplemented with 2% FBS to support long term Acanthamoeba 

sp. growth. Three replicates of prey-only (PO) treatment were used as a control by 

https://paperpile.com/c/w3Y1c7/LtXH
https://paperpile.com/c/w3Y1c7/BdBf
https://paperpile.com/c/w3Y1c7/mE9z
https://paperpile.com/c/w3Y1c7/t7qw
https://paperpile.com/c/w3Y1c7/Ii43
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spreading a lawn of 1x108 P. fluorescens SBW25 cells in 100 µl on agar plates. Co-

evolution of prey and predator (P) were started in the same way with the subsequent 

addition of 1x103 protozoan cells in 2 µl of Tris HCl buffer on one side of the agar plate 

on a sterilised filter disk. Plates were wrapped in parafilm to prevent drying of the 

medium and incubated at 28°C to allow Acanthamoeba sp. to consume the bacterial 

lawn across the plate (Fig. 2.1 A, B and C).  

 

Predation plates were developed for 5-day cycles, after which the lawn of the surviving 

prey bacteria and protozoan predators or prey-only controls were each washed with 3 

mL of Tris buffer. The wash from the co-evolution plates was subjected to 

centrifugation at 400 g for 3 minutes in order to separate the amoebae (primarily in 

their encysted state) from bacterial cells. The supernatant was removed and 100 µl of 

Tris HCL was used to resuspend the amoebae pellet. Approximately 3% of the 

bacterial supernatant in 100 µl (3 x 107 - 1.6 x 108 for predator-evolved and 1 x 1010 - 

3 x 1010 for prey-only) and 2% of the resuspended pellet containing protozoan cells in 

2 µl (9 x 104 - 1.6 x 105) was transferred to fresh solid FBS supplemented PM plates 

for the next cycle. This cycle was performed every 5 days (4 cycles) for a total of 20 

days. The remaining bacterial cells were frozen in equal parts for a final concentration 

of 4.25% NaCl and 35% glycerol at -80°C for further investigation. We were unable to 

reliably cryopreserve Acanthamoeba sp. during the course of the experiment. 

 

Isolation of the Predation Adapted Bacteria. After 20 days of growth the evolved 

bacterial cells from the prey-predator and control group were plated for colony-forming 

units (CFU). Eight novel colony morphologies that appeared to have distinct 

phenotypes, along with five smooth isolates from three prey-predator lines were 
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Chapter 3 
 

Reciprocal Adaptation in Predator-Prey lineages Mediates Coevolutionary Arms 

Race and Causes Specialised Traits in Prey Bacteria 

Farhad S. Golzar1 and Heather Lyn Hendrickson2 
School of Natural and Computational Science, Massey University, Auckland, New Zealand 
School of Biological Sciences, University of Canterbury, Christchurch, New Zealand 
 

Abstract 
Ecological interactions between predator and prey strongly influence the structure of 

microbial communities and evolutionary processes. Here we performed a 90-day 

predator-prey coevolution on solid media composed of Pseudomonas fluorescens 

SBW25 and a wild Acanthamoeba sp. to investigate the adaptive characteristics that 

arise in predator-prey lineages. We report how predator-prey interactions can lead to 

bacterial diversity, altered performance and evolution of predators. We show evidence 

of reciprocal adaptation, diversity and strong phenotypic parallelism among prey 

lineages undergoing predation. We found the evolution of novel colony morphologies 

such as Mountain and Volcano along with Wrinkly Spreaders specific to the predation 

groups. The bacterial isolates demonstrated a general resistance that resulted in 

reduced replication of the protozoan populations. We found evidence of mutualisms 

where both prey and predator increased their survival relative to their respective 

ancestors. Further, as a result of coevolution, evolved Acanthamoeba showed 

promoted killing performance and higher generations upon feeding on WT bacteria 

compared to the ancestral Acanthamoeba sp. Together, our findings show the 

emergence of divergent colony morphologies that arise as an adaptation to predation 

and notably affects the fitness and evolution of predators suggesting Red Queen co-

evolutionary dynamics between predators and prey. 
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strains are proficient both in soil and phytosphere, and recognised to promote plant 

growth by competing and antagonising other pathogenic microbes [42,43]. 

Investigating how predator-prey interactions affect diversity and bacterial growth in soil 

is crucial to understand how they colonise future habitats [44]. Acanthamoeba was 

selected as a protist predator because it is a wild organism that has an ability to 

phagocytose on surfaces and its direct impact on phenotypic evolution of non-

pathogenic prey bacteria on surfaces has received little attention. 

 

We have previously reported on 20-day experimental co-evolution between 

Acanthamoeba sp. and Pseudomonas fluorescens SBW25 in which novel bacterial 

colony morphologies were investigated to reveal early mutations responsible for anti-

predatory adaptations [5]. Biofilm formation through mutation in the wspF gene and 

the overexpression of amyloid fibrils were early adaptations to predation on solid 

surfaces. In that work, the effects of co-evolution on the predatory protozoa were not 

evaluated.  Here, we report on an expanded 90-day experimental predator-prey co-

evolution between these organisms with an increased number of parallel lines and the 

introduction of preserved protozoan predators. We explore the pattern and process of 

coadaptation and coevolution between protist and bacteria, particularly characteristics 

of bacterial survival, including the emergence of defensive traits and phenotypic 

evolution over coevolution. This approach allows us to study phenotypic turnover in 

the bacterial population and the effect of co-evolution on predator preferences in the 

co-evolutionary lineages. In addition, this approach enables us to observe reciprocal 

adaptation between predators and prey. We documented the co-evolutionary arms 

race between bacterial isolates and protozoan predator populations over an extended 

time scale. The experiment was established in two predator-prey and only-prey 
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groups. All replicate plates undergo 22 growth cycles (~4 days each) and 2% of each 

population was randomly transferred to a fresh plate for the next cycle giving ~5.6 and 

~13.6 generations over four days of growth or 123.5 and 299.4 for the entire of the 

experiment in coevolved and prey-only populations, respectively (see method). 

However, we expected fluctuations in the number of cells and so in generation 

numbers each time that was transferred to a fresh plate and this is because of the 

heavy predation pressure that may limit the entirety of the prey bacteria.  

 

Together, our experimental data show that divergent colony morphology arises as an 

adaptation to predation and notably affects the evolution and fitness of predators. 

Considering how coevolution between generalist protozoan predators and prey 

bacteria may structure bacterial diversity is fundamental to understanding how these 

organisms will evolve in the future. 

 

Results 

Ninety-day predator-prey coevolution drives bacterial diversification  
In order to study the long-term effects of co-evolution between a ubiquitous generalist 

amoeboid predator and a non-pathogenic plant associated bacterium, we propagated 

nine lines of predator-prey co-evolution (CE) by washing and replating 2% of the 

surviving microbes and their predators on solid media for ninety days (Fig. 3.1 A). The 

prey bacteria, GFP labelled P. fluorescens SBW25, were subjected to continuous 

predation by a common soil-based amoeboid protozoan predator Acanthamoeba sp. 

(T2-5, EF378666.1) [45]. Alongside the nine CE lines, three lines of prey only (PO) 

bacterial control plates were propagated in parallel (Fig. 3.1 B).  
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The lines were monitored for colony morphology changes, indicative of genetic 

changes in individual cells, by inspecting colony forming unit (CFU) plates for non-

Smooth (WT) colonies. A set of distinct colony morphologies were identified 

exclusively on the CE line plates. These were designated; Wrinkly Spreader (WS), 

Mountain (Mnt), and Volcano (Vol) (Fig. 3. 1C). Several Like Wild Type (LWT) colonies 

that retained the WT or Smooth colony morphology were also selected for further 

study. In the nine co-evolved lines, bacterial morphotypes remained Smooth for the 

first four transfers (16 days). After the fifth transfer novel colony morphologies were 

observed in the CFU plates. At this time point we also observed the appearance of 

microcolonies on the co-evolution plates (Fig. 3.1 D) 
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Figure 3. 1. Experimental co-evolution of A GFP labelled P. fluorescens SBW25 and Acanthamoeba 

sp. A) Overview of plate transfer protocol for experimental co-evolution of Acanthamoeba sp. Preying 

on P. fluorescens SBW25 on solid PM plates for 90 days. Initially, 1x108 bacterial cells were spread on 

the agar surface and 1x103 amoebal cells were added on a filter paper set at the wall of the plate. 

Washing between transfers takes 2% of the amoebae and bacteria in the wash, the rest are 

cryogenically preserved for further study. B) Nine lines of CE (coevolved) predators and prey and three 

lines of PO (predator only) control plates were maintained for 90 days. C) Photographs of novel colony 

morphologies identified in the CE lines over 90-days. Four representative colony morphologies are 

depicted; Like Wild Type (LWT), Wrinkly Spreader (WS), Mountain (Mnt) and Volcano (Vol) phenotypes 

(scale bar, 15 mm). D) The appearance of the bacterial lawn during predation in the CE lines (CE Line 

5 shown) at days 2, 42, 66, and 88 (top, black and white). The feeding front is visible in the first plate 

as amoebae emerge from the filter paper (top). Subsequent transfers include both amoebae and 

bacteria in washed solution so clearing and microcolonies are apparent but not a feeding front. CFU 

plates were used throughout evolution of the CE lines to estimate the population size at each transfer 

(bottom plates). Colony morphologies fluctuate as observed in CFU plates on LBA after washing the 

CE plate lines. E) CFU plates from the PO lines (PO Line 1 shown) do not alter in colony morphology 

days 16, 66 and 88 are shown. F) Population dynamics in PO and CE lines over time. Estimates 

obtained from CFU plate counts at the end of transfers.  

 

As expected, colony morphologies on the three prey-only plates remained Smooth 

throughout the 90-day experiment. This confirmed our previous observations that 

growth on solid media alone does not select for mutations that manifest as colony 

variants [5] (Fig. 3.1 E).  

 

Viable bacterial and amoeboid populations were monitored between passages by 

plating for CFU and plaque forming units (PFU) at every second transfer for 90 days 

and estimating the population size (Fig. 3.1 F). The three prey-only control lines 

reached their highest density at twelve days and remained relatively stable throughout, 

ranging in population from 2x1012, to 2x1013per plate. The populations of co-evolved 

amoebae remained relatively stable as well, ranging from 6x104 to 5x106 per plate in 

all experimental lineages (Fig. 3.1 F, Supplementary Fig. 1).  
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The CE prey exhibited reduced cell census counts compared to PO plates of ~103 fold 

on average per plate, presumably due to predation. There were no extinction events 

observed in any of the nine CE lines, but population estimates ranged over four orders 

of magnitude with a maximum 3x1011 per plate. In each instance in which co-evolved 

prey numbers were dramatically reduced, populations rapidly recovered.  

 

Parallel phenotypic evolution in co-evolved prey 
In contrast to the PO lines, bacteria from CE lines formed notably divergent colony 

morphologies that were apparent after 16 days of coevolution. We identified three 

distinct colony morphotypes; WS, Mnt, and Vol. WS colonies expected as they had 

been identified in the pilot predation experiment [5]. Mnt and Vol however were new 

colony morphologies; neither had been detected in our previous work.  

 

We monitored the prevalence of each of these colony morphotypes on the CE lines 

by recording their frequencies on the CFU plates. The biofilm associated WS colony 

morphology performed well early on in lines 2, 4, and 5 (Fig. 3.2). However, the fate 

of this morphotype in each of these lineages was highly variable. In Line 2 the WS 

phenotype was rapidly replaced by LWT (Smooth) morphotypes at day 64, only to 

recover high frequency at day 90. In L4 the WS morphology dominates at the end and 

in L5 it is surpassed by the Mnt type. WS morphotypes were the most frequent at the 

end of 90 days in lines L2, L3 and L4 with final frequencies 1.0, 0.8 and 0.96, 

respectively (Fig. 3.2, Red).  

 

The Mnt colony appeared after 40 days of coevolution and was found in all of the nine 

CE lines. In lines 2 and 9, Mnt morphotypes went completely extinct by 90 days. 

https://paperpile.com/c/IuLtC4/0RPr
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However, the Mnt phenotype was the most frequent phenotype after 90 days of 

coevolution in L5, L6 and L8 with final frequencies of 0.7, 0.45 and 0.30, respectively 

(Fig. 3.2, Blue).  

 

The Vol morphotype was never observed at high frequencies during the course of the 

experiment but at the end of 90 days it persisted in four lines; L1, L6, L7 and L8 at final 

frequencies of 0.45, 0.30, 0.60 and 0.30, respectively (Fig. 3.2, Green). 

  

The Smooth morphotype (LWT) appeared to come to near fixation in CE line 9 after 

90 days (0.99), replacing the Mnt morphotype in this line (Fig. 3.2, Black). This 

suggests that while we are focusing here on colony morphologies, there are fitness 

affecting mutations in this experiment that are not strongly influencing colony 

morphology. Representative isolates of LWT colony morphotypes isolated and 

preserved for further study (Supplementary Table 1).  
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Figure 3. 2. Average frequency of the colonies in nine CE and three evolved PO populations based on 

CFU. Divergence of the bacterial colony morphologies occurs in the presence of predators but not in 

their absence.  

 

Measuring colony morphotypes for anti-predator traits (investigation of special 

relationships)  

The observation that phenotypically similar colony morphotypes (WS, Mnt and Vol) 

developed independently in the CE lines, and their absence in the PO lines, suggests 

that predation exerts a strong selection pressure on P. fluorescens SBW25 in these 
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conditions and that these bacterial colony morphotypes represent adaptations to 

protozoan predation. We also hypothesised that the CE Acanthamoeba were evolving 

in response to the prey and that we would see evidence of these amoebae adapting 

to familiar morphotypes.  

 

We therefore performed line-test assays with a set of isolates from day 90 from 

different CE lines. Line-test assays allow us to measure the predation rate of the 

amoebae on various bacterial prey morphotypes by measuring the distance that 

amoebae travelled (Fig. 3.3 A). By selecting the prey and predators this assay allows 

us to measure the ability of CE or WT P. fluorescens SBW25 to resist specific 

predators when grown on plates. We selected five predators and 11 representative 

isolates; WS (L2, L6, L7), Mnt (L2, L6, L7, L9), Vol (L2, L6, L7), LWT (L9) morphotypes 

from different CE lines along with the WT. For each selected morphotype, we 

performed line tests with different Acanthamoeba, the ancestral predator (Anc.) or the 

Day 90 predator from CE lines L2, L6, L7 or L9. Ultimately, this allowed us to analyse 

predation by a naive ancestral predator, the co-evolved predator from the same CE 

line, and an evolved predator from a different CE line. In choosing the latter we 

attempted to identify predators with the least experience of that morphotype, though, 

particularly in the case of the common Mnt morphotype, this was not necessarily 

possible. An ancestral P. fluorescens SBW25 WT prey was also incorporated in the 

line tests as a reference.  

 

The line test assay allows us to measure not only the predation rate of the amoebae 

on various bacterial prey morphotypes (Fig. 3.3 B & C) but by adjusting for prey density 

we can also use these data to estimate relative prey fitness, setting the least preferred 
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prey to 1 (Fig. 3.3 D) [46]. Based on the rate of line consumption we can confirm that 

the WS and Mnt colony morphologies are highly resistant to predation and that this 

resistance is generalizable to both Ancestral and unfamiliar CE predators (Fig. 3.3 C 

Red and Blue). As expected, the WS and Mnt morphotypes have higher relative prey 

fitness than either the WT or the LWT morphotypes indicating that the net effect of the 

mutations in these isolates confers generalizable resistance to predation.  

 

We were surprised to find that the Vol morphotypes had the highest rate of line 

consumption and the corresponding lowest relative prey fitness of all morphotypes, 

including the WT (Fig. 3.3, green). This result contrasts with our observation that the 

Vol morphotypes appeared independently in five CE lineages and persisted until the 

end of the predation experiment in four of five CE lines (Fig. 3.2, Lines 1, 6, 7 & 8).  

https://paperpile.com/c/IuLtC4/4AgV
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Figure 3. 3. Line test assay; Predation of ancestral and coevolved Acanthamoeba sp. against WT, new-

evolved and coevolved P. fluorescens SBW25 populations. A) A representative plate showing a line 

test assay after 48 hours. B) Line test disappearance produced by Acanthamoeba predation on co-

evolved isolates from line 2. Error bars indicate standard deviation (N=8). C) Predation rate of ancestral, 

new-evolved and co-evolved Acanthamoeba against evolved P. fluorescens SBW25 populations from 

the same line and the line they had not evolved within in the line test experiment. Predation rates (mm) 

shown per 24 hours (N=6). D) Relative prey fitness of each of the isolates in the presence of their 

coevolved predator and predators from the other three lines.  
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The line-test assay had previously been employed to measure predation resistance of 

both newly isolated and reconstructed prey bacteria against various amoeboid 

predators [45,46]. However, this method may underestimate phenotypic effects that 

are the result of proximity during growth. We therefore developed the Performance 

Assay (PA) which more closely replicates growth in the 90-day experiment by allowing 

bacteria and amoebae to grow near one another and estimating their respective fold 

population change relative to WT on full plates after four days (Fig. 3.4 A). We used 

the PA to test 15 CE isolate susceptibility in the presence of ancestral, CE or non-CE 

protozoan predation (Supplementary Table 1).  

 

In keeping with our findings in the line test, the WS and Mnt CE isolates from distinct 

lines demonstrated a highly positive performance in the face of all three predator 

classes (ancestral, CE and Non-CE) relative to the WT prey (Fig. 3.4 B and 

Supplementary Fig. 3A - Red and Blue).  

 

WS isolates exhibited increased fold survival against familiar and unfamiliar predators. 

Fold survival, relative to WT against the same predators, ranged from 1.9-fold to a 

maximum of 25-fold survival against the ancestral amoebae and from 3-fold to 35-fold 

increased survival in the presence of CE predators (Fig. 3.4 B & Supplementary Fig. 

3A Red). The maximum observed was WS L1 which demonstrated a 782-fold 

increased survival over WT in the presence of non-CE L4 predators (Supplementary 

Fig. 3A Red).  

 

https://paperpile.com/c/IuLtC4/JPlQ+4AgV
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Mnt isolates increased in their fold survival over WT from eightfold to 27-fold in the 

presence of ancestral predators and from 1.5-fold to as much as 27-fold in the 

presence of CE predators (Fig. 3.4 B, Blue).   

 

In the presence of the ancestral Acanthamoeba, three out of the four Vol isolates we 

tested fared less well than the WT in the same conditions (Fig. 3.4 B, Green). The 

exception was Vol L7 which showed a 2.6-fold survival above the WT prey in the same 

conditions. However, what was striking was the contrast between the line test assays, 

and the PA test with respect to Vol survival against CE predators. In the presence of 

the predators that they had previously evolved with, the Vol isolates were much better 

off, demonstrating growth from 3.2-fold better up to a maximum of 170-fold better 

survival than the WT in the case of CE L1 predator (Fig. 3.4 B, Green). This result 

suggests that not only do the Line test assays not measure what is adaptive in the Vol 

isolates but that this quality requires that the bacteria be physically close during growth 

to their co-evolved predators. This surprising environmental factor, growth proximity 

to predators, did not appear to make a difference in the degree of predation resistance 

for either the WS or Mnt isolates.  

 

In the presence of non-CE predators (those from other CE lines), the Vol isolates 

showed variable fold change differences (Supplementary Fig. 3A, Green). For 

example, the L4 predator was used in the PA for three of the four Vol isolates and 

though Vol isolates were never observed in L4, the fold values for this morphotype 

ranged from ~2-fold decrease in survival to a maximum of 80-fold increase in survival 

(relative to WT). These results suggest that the effects the Vol colonies are having on 
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Anti-predation strategies can take many forms. The success of the CE bacterial 

isolates could be explained by an evolved ability to limit the growth of Acanthamoeba 

by becoming toxic or otherwise inedible. Our pilot experiment showed that the WS 

phenotypes formed strong biofilms that made the bacterial prey inedible to the 

Acanthamoeba [5]. In order to gain insight into the wellbeing of the predators in the 

presence of these prey we took advantage of the PA PFU measurements to estimate 

the fold change in each of the three predator classes (Anc., CE, and non-CE) while 

growing on WS, Mnt or Vol isolates. We report these in terms of the fold change in 

population size after predation, relative to the growth of ancestral predator on the WT 

prey (Fig. 3.4 C).  

 

When predating upon WS and Mnt isolates the Acanthamoeba cells did not replicate 

as well as the ancestral predator did on the WT prey (Fig. 3.4 C, Red and Blue). When 

the predators were provided with the WS or Mnt isolates with which they had co-

evolved they generally performed better than the ancestral predators on the same 

strains but most did not grow better on these strains than they did on the WT. The 

exception was the CE L7 predator, which had marginally improved replication on CE 

WS and MNT prey over the ancestral Acanthamoeba growing on WT (Fig. 3.4 C). The 

L7 Mnt prey supported a 3-fold increase in L7 CE predator population and the L7 WS 

supported a 3.5-fold increase over ancestral predator on WT prey. These data suggest 

that the L7 predator has adapted to consuming these prey bacteria, this is also the 

single CE line in which Vol was thriving by the end of the 90 day experiment (Fig. 3.2). 

 

The non-CE amoeba from selected lines demonstrated generally lower growth on 

either the WS isolates (~14 to 2-fold change) or the Mnt isolates (5 to 2-fold change) 

https://paperpile.com/c/IuLtC4/0RPr
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(Supplementary Fig. 3B - blue and red lines). This supports the idea that the mutations 

that underlie these colony morphologies are general anti-predator strategies.  

 

Interestingly, under the same conditions, the Vol isolates appear to support ancestral 

and CE growth better than the WS or Mnt isolates. Vol supported population growth 

closer to that of the WT ranging from fold differences of between -2.2 to 3. The growth 

of CE amoebae were similar (fold change difference from -2.25 to 3) (Fig. 3.4 C and - 

green lines). We found similar results when Volcano isolates were provided to non-CE 

predators with fold change differences ranging from -2.1 to 3.5 (Supplementart Fig. 3B 

- green lines). Remarkably, the Vol isolates consistently showed evidence of 

supporting roughly WT growth of the Acanthamoeba, whether they had coevolved with 

the predators or not. The Vol cells were being eaten less, particularly by the CE 

predators (Fig. 3. 4B, Green), but in our measurements, this was not having a negative 

effect on the population of the predators (Fig. 3.4 C, Green).  

 

Predator specialisation  
 
Acanthamoeba is a generalist predator that, under normal circumstances, maintains 

a flexible predation strategy in a diverse microbial prey environment. The observation 

that Ancestral, CE, and non-CE predators had varying success with diversifying prey 

raised the question as to whether predator adaptation to P. fluorescens SBW25 had 

also occurred during 90 days of coevolution. We first conducted line tests to calculate 

the efficiency of the evolved Acanthamoeba cells when predating upon WT prey 

populations. We observed that the ancestral predators were able to consume 20 mm 

of the WT prey over four days whereas, all CE predators with the exception of CE L3 

appeared to have evolved increased consumption rates on ancestral prey of between 
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22 - 32 mm over four days (Supplementary Fig. 4). This suggested to us that during 

90 days of CE our natural isolate of Acanthamoeba spp. have evolved to improve their 

predator efficiency on the WT P. fluorescens SBW25.   

 
To further examine evolution in the CE predators we sought to determine if the 

increased speed in the line test assay resulted from a generally improved growth rate 

on agar plates. We performed the PA and calculated the number of the Acanthamoeba 

cells produced during predation upon WT prey. Similarly, we found all CE predators 

have a higher generation rate compared to the ancestral predator while consuming 

the WT bacteria (Fig. 3.5).  

 

Line 9 exhibited a higher and Line 7 lower generation numbers (on average 11.5 and 

9.5, respectively), but overall greater than ancestral Acanthamoeba (on average 9.2). 

This suggests that coevolution with prey conferred a rapid replication rate on 

coevolved predators in the presence of WT prey. Generally, CE predators 

demonstrated improved growth on P. fluorescens SBW25 WT as measured by the 

number of generations achieved on this prey. This indicates that the CE predators are 

doing better than the ancestral predator and suggests prey diversification had a 

positive effect on predator efficiency. Previous results point to the advantage of the 

coevolved over ancestral predator. To investigate the degree to which the speed and 

reproduction rate of the coevolved predators contributed to WT prey survival, we 

further allowed Acanthamoeba lines to predate upon WT prey for a 4-day-cycle under 

the same condition as in the 90-day experiment. The population sizes of the WT 

bacteria to a greater degree were reduced by all coevolved lines. WT prey bacteria 

demonstrated a greater survival when subjected to the ancestral predator (2x108), 
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while in the presence of the CE predators, WT bacteria exhibited notably a lower 

survival rate (ranging from 106 to 1.5x108 cells) (Fig. 3.4 C).  

 

 
 

Figure 3. 5. Evidence of coevolved predator efficacy on WT prey. Performance test assay accomplished 

with CE and ancestral predators on WT prey. Generation rate estimated based on PFU of CE and 

ancestral Acanthamoeba after 4 days feeding upon WT prey; CE predators achieved more generations 

than their ancestors over four days while growing on WT prey and, lower survival of WT prey when 

encountered with CE predators in comparison with their ancestors. The differential survival rate in WT 

prey when subjected to CE predators is a product of the positive predator activity. 

 
  

Discussion 
Overall, experimental evolution has afforded a remarkable approach to understanding 

the ecological [47,48] and evolutionary process [49,50]. This experimental system 

allows us to identify evolutionary changes in bacteria as an adaptive response to 

protozoan predation and observe the effect of this on predator evolution. Here, we 

https://paperpile.com/c/IuLtC4/vMII+BeH2
https://paperpile.com/c/IuLtC4/3eyc+Yny5
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conducted a 90-day predator-prey coevolution experiment on solid surfaces to 

evaluate the phenotypic turnover in P. fluorescens SBW25 prey population in 

response to predation and the effect of this coevolution on Acanthamoeba spp., a 

generalist amoeboid predator.  

 

We observed stable populations of both prey and predator that do not appear to show 

waves of predominance predicted mathematically [51]. This may be because we do 

not have the time scale or numerical resolution to observe this effect [52]. Alternatively, 

this may be due to the conservative nature of Acanthamoeba as predators which 

switch to an encysted developmental state once local resources become limited [53]. 

We observed the maintenance of both populations in our pilot experiment as well [5]. 

The population sizes of predators remained relatively stable throughout (6x104 to 

5x106 cells/plate) and predation did not lead to extinction events in either the bacterial 

or amoebal populations. This is consistent with empirical studies between E. coli and 

S. cerevisiae that results in coexistence of both organisms [54]. This indicates 

coadaptation of both prey and predator over evolutionary time scale suggestive of Red 

Queen Coevolution. Importantly, in this extended solid surface propagation, prey-only 

lines did not develop new colony morphotypes over 90 days. However, at 16 days 

novel colony morphotypes were observed in the CE lineages. This strongly suggests 

that predation pressure drives higher prey diversity in this structured environment and 

that WS, Mnt and Vol morphotypes are anti-predator adaptations that evolved with a 

high degree of parallelism in the CE lines.  

 

We have previously described the WS types that are the result of mutations in wspF 

and amrZ genes, responsible for anti-predatory adaptations [5]. However, as the 

https://paperpile.com/c/IuLtC4/wvoo
https://paperpile.com/c/IuLtC4/loKH
https://paperpile.com/c/IuLtC4/uq30
https://paperpile.com/c/IuLtC4/0RPr
https://paperpile.com/c/IuLtC4/uiq6
https://paperpile.com/c/IuLtC4/0RPr
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coevolution progressed other colony variants such as LWT, Vol and Mnt were 

observed as well. These morphotypes exhibited variable frequencies over the 90-day 

experiment, and were retained until the end of the predation experiment. Variation in 

a clonal level as an adaptation to a new niche is very common among bacterial 

populations [55] and this has been previously well observed in the populations of P. 

fluorescens SBW25 when competing for the resources in a liquid environment [56]. In 

this study we observed a high degree of parallel phenotypic evolution across CE lines 

undergoing predation on solid surfaces. Phenotypic convergence and evolution of 

similar traits in the replicates of multiple populations is very likely to arise among 

microorganisms [57] when exposed to homogenous environmental pressures [58,59]. 

High degrees of genotypic and phenotypic parallelism previously have been observed 

in the experimental coevolution of bacterial prey Escherichia coli and generalist 

bacterial predator Myxococcus xanthus [12]. However, such evolution of parallel 

colony diversification within prey populations undergoing predation in a structured 

environment have not been detected previously. Because of the strong identical 

predation pressure among coevolved prey and lower chance of bacterial competition 

for resources in a structured environment like the plate-constrained, it is not surprising 

to see the parallel adaptive phenotypic evolution in P. fluorescens SBW25.  

 

In this study, parallel phenotypic evolution was found to be strongly accelerated under 

a predation regime. The WS and Mnt morphotypes were found in eight and nine of the 

CE lines, respectively and Vol was observed in four lines. Such observation predicts 

that predation pressure strongly tends to drive the evolution of defensive traits that can 

be beneficial in the face of stranger microorganisms. WS and Mnt isolates were highly 

resistant to all three Acanthamoeba classes (Ancestral, CE, and non-CE). Our results 

https://paperpile.com/c/IuLtC4/fAle
https://paperpile.com/c/IuLtC4/WYYk
https://paperpile.com/c/IuLtC4/w1tv
https://paperpile.com/c/IuLtC4/rYFj+hleW
https://paperpile.com/c/IuLtC4/z3Zm
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strongly support that predation by generalist protists on a solid environment drives 

parallelism and colony morphology divergence that have emerged that have not been 

observed previously.  

 

Strikingly in the line test assay we found the Vol morphotypes were defenceless 

against all three predator classes. This suggested that either the niche these bacteria 

were occupying in the experiment was not related to predator resistance, which 

seemed unlikely, or that our method of testing predation preference was not capturing 

this anti-predator strategy appropriately. This line of thought led us to develop a new 

method for measuring prey fitness which is closer to the conditions of the CE lines; the 

performance test assay. This method also has the advantage of measuring the 

populations of Acanthamoeba in the same experimental trial, which we will discuss in 

turn.  

  

We subjected multiple WS, Mnt and Vol isolates to this modified performance test and 

observed that the WS and Mnt isolates consistently demonstrated increased survival 

(relative to WT) in the face of all three predator classes (ancestral, CE, and non-CE) 

(Fig. 3.4 B). These results suggest that the WS and Mnt morphotypes are 

generalisable anti-predator adaptations. In the case of the WS, the nature of this 

adaptation is most likely the production of extracellular cellulose. WS colony 

morphotypes of P. fluorescens SBW25, when investigated molecularly, have 

previously been demonstrated to be associated with mutations that increase cyclic di-

GMP levels in the cell resulting in the production of extracellular cellulose [5,60,61]. 

As a response to predation, constitutive biofilm production is expected to evolve in 

bacteria as an adaptive mechanism [62]. Biofilm formation appears to be a common 

https://paperpile.com/c/IuLtC4/SUQO+yAkq+0RPr
https://paperpile.com/c/IuLtC4/c09H


https://paperpile.com/c/IuLtC4/WYYk
https://paperpile.com/c/IuLtC4/3kGH
https://paperpile.com/c/IuLtC4/QmT1
https://paperpile.com/c/IuLtC4/7IZX
https://paperpile.com/c/IuLtC4/2mtt
https://paperpile.com/c/IuLtC4/jo7z


https://paperpile.com/c/IuLtC4/DBS5
https://paperpile.com/c/IuLtC4/0RPr


https://paperpile.com/c/IuLtC4/nh5Y
https://paperpile.com/c/IuLtC4/nWuq
https://paperpile.com/c/IuLtC4/bUII
https://paperpile.com/c/IuLtC4/PngA+zzPr+c09H
https://paperpile.com/c/IuLtC4/bWZm+UAZd+wUkH
https://paperpile.com/c/IuLtC4/ErNZ
https://paperpile.com/c/IuLtC4/F1iJ+Fo5Y+c09H


https://paperpile.com/c/IuLtC4/c8KH+D6O0
https://paperpile.com/c/IuLtC4/UTgO+Idzu
https://paperpile.com/c/IuLtC4/RtSh+pUFV+YjCs+qOQK
https://paperpile.com/c/IuLtC4/MUfz+Wo2S+PjCI
https://paperpile.com/c/IuLtC4/725Y
https://paperpile.com/c/IuLtC4/uiq6
https://paperpile.com/c/IuLtC4/GCpI
https://paperpile.com/c/IuLtC4/AKbH+z3Zm+2mtt
https://paperpile.com/c/IuLtC4/o5s4+KV3Y+97oj+uiq6
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By showing the evolution of parallel colony variants in prey and that they are resistant 

to predation, we support both the ecological causes and the evolutionary significance 

of adaptive phenotypic diversification among P. fluorescens SBW25 populations. The 

consistent predation by a single predator can select for permanence in traits (like 

biofilm formation) that are generally regulated by gene expression changes. Predators 

that are phagocytic are a normal part of bacterial life on surfaces from soil particles, 

leaves or animal tissues. This experiment aims to help us understand the factors that 

prompt adaptation to predation over different time scales in this short time frame (of 

90 days) therefore, we can better understand both the traits that they can deploy in a 

short time (hours). In addition, this can provide a framework to consider how long-term 

predation pressure may affect the suite of parallel defensive traits that a bacterium 

might deploy over evolutionary time scales to adjust its relationship with a consistent 

predator in the environment. The results of this work can apply to understand bacterial 

stability, function of ecological interactions, bacterial resistance, and the evolution of 

parasites.  

 

Materials and Methods 
 
Strains and media. A GFP tagged strain of P. fluorescens SBW25 (NC_012660.1) 

[96] grown in Lysogeny Broth (LB) [97] and protozoan strain Acanthamoebae sp. T2-

5 (EF378666.1) propagated on modified solid PM media [98,99] were used as model 

organisms in this experiment as described in chapter 2.  

 

Amoebae were cultivated on WT bacterial prey before experimental evolution on 

medium-sized Petri plates (90 x 15mm). Acanthamoebae stock was regularly stored 

in a 2 mM Tris HCL buffer (121.1 g Tris base in 800 mL H2O, 60 mL HCl to get pH 7.6 

https://paperpile.com/c/IuLtC4/vF03G
https://paperpile.com/c/IuLtC4/inMgz
https://paperpile.com/c/IuLtC4/esJP+xYiC
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(autoclaved or filter sterilised) at room temperature [101]. For long-term storage and 

where required, Acanthamoebae cells were frozen for a final concentration of 7.5% 

DMSO at -200°C in liquid Nitrogen (N2). Plaque Forming Unit was performed using 

supplemented PM media [100] as described previously.  

  

Ninety-day experimental evolution. Nine replicate plates of predator-prey and three 

populations of only-prey were propagated on modified PM media supplemented with 

2% FBS (4 g difco bacto peptone, 2 g dextrose, 1.5 g K2HPO4, 1 g KH2PO4 and 20 

g agar (2%) per litre H2O) at 28°C [98,99]. In order to investigate the degree to which 

protozoan predation contributes to the evolution of bacterial characteristics, we 

established a 90-day evolution experiment. P. fluorescens SBW25, a non-pathogenic 

plant-associated bacterium, was subjected to continuous predation by common soil-

based protozan predator Acanthamoebae sp. A single culture of GFP labelled WT P. 

fluorescens SBW25 bacteria was split into twelve populations and grown for 90 days 

on a solid PM supplemented media. Nine lineages were propagated with 

Acanthamoebae sp. protozoan predators and three lineages as control were 

propagated in the absence of protozoan predators. 

 

We established nine predator-prey lines, where Acanthamoebae sp. were allowed to 

depend on prey and three predation-free lines, where P. fluorescens SWB25 solely 

were evolved. All organisms were cultivated in PM agar media that was supplemented 

with 2% Fetal Bovine Serum (FBS) to minimise the likelihood of extension events 

occurring in the populations of Acanthamoeba sp. coevolving with prey bacteria. Both 

predation and only-prey lineages undergo 22 growth cycles (~98 hours each and in a 

total of 90 days). At the end of each cycle, the lawn of the surviving prey bacteria and 

https://paperpile.com/c/IuLtC4/jHqbe
https://paperpile.com/c/IuLtC4/czdup
https://paperpile.com/c/IuLtC4/esJP+xYiC
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protozoan predators or prey-only controls were each washed with 5 mL of Tris buffer. 

Randomly, 2% of the washed solution in 100 µl containing on average 2x105 to 4x109 

bacterial and 2x103 to 6x104 protozoan cells was transferred to fresh solid FBS 

supplemented PM plates for the next cycle. Similarly, 2% of the prey-only control 

solution containing 3x1010 to 2x1011 bacterial cells were transferred to new plates as 

mentioned above. However, we expected that there might be fluctuations in the 

number of cells each time that was transferred to a fresh plate and this is because of 

the heavy predation pressure that may limit the availability of the prey bacteria.  

 

At each transfer the wash from the coevolution plates were subjected to centrifugation 

at 400 g for 3 minutes in order to separate the amoebae (primarily in their encysted 

state) from bacterial cells. The supernatant containing bacterial cells along with the 

wash from the prey-only group was transferred to new tubes and subjected to 

centrifugation at 7000 g for 5 min to pellet the bacterial cells. Bacterial cells were frozen 

in equal parts for a final concentration of 4.25% NaCl and 35% glycerol at -80°C. To 

reliably cryopreserve Acanthamoebae sp., during the course of the experiment, the 

pellet containing protozoan cells were frozen for a final concentration of 7.5% DMSO 

at -200°C in liquid Nitrogen (N2) for further investigation.  

 

Colony morphology measurement. In order to examine the abundance of the colony 

morphotypes in each evolutionary line during the experiment, bacterial cultures from 

none-predation and predation groups on day 16, 40, 64 and 90 were grown overnight 

in LB from -80°C glycerol stocks. Cells were then serially diluted and plated for CFU 

on LBA pates in order to yield 20-30 colonies on a total of three replicate plated. Plates 
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were incubated at 28°C for 4-5 days, the number of colonies was recorded and 

photographed when required.  

 
Line test assay and prey fitness. Line test assays were performed as previously 

described [46]. Predation rates were calculated as the average of the rate of line 

disappearance over time for each evolved type over at least eight replicate plates. 

These were adjusted for absolute bacterial density based on relative CFU of the lawn 

of the isolates. Prey fitness values were calculated by multiplying the overall rate of 

predation (mm/96 hours) by the normalised cell density (cells/mm), normalising 

relative prey fitness (cells/96 hours) to set the value of the least-preferred mutants 

(WS) to 1 and the most preferred mutant to 0 (Volcano). 

 

Performance test assay. Overnight cultures of bacterial isolates were grown in LB 

from -80°C glycerol stocks. Co evolved and ancestral protozoan strains were revived 

from liquid N2 by incubating them at 35°C for 5 minutes. Protozoan cells were 

amplified in PM plates supplemented with 2% FBS by adding 10 µl of the cells on a 

lawn of WT bacteria. Plates were incubated up to five days at 28°C and harvested by 

washing off the plates using 1 µl sterile loop with 2 mM Tris HCL buffer. The washed 

solution was subjected to the centrifugation at 400 g for 3 minutes in order to separate 

the amoebae from bacteria. The pellets containing protozoan cells were collected, 

transferred into an Eppendorf tube containing 400 µl Tris buffer and stored at room 

temperature. Prior to the experiment, plaque test assay was performed in order to 

achieve the absolute number of the alive Acanthamoeba cells in each line. The 

bacterial performance assays were performed on solid PM agar plates supplemented 

with 2% FBS. To estimate the growth rate of bacterial lines in the absence of protozoa, 

replicate cultures of 1x107 bacteria (30 µl) were spread on small Petri plates (35 x10 

https://paperpile.com/c/IuLtC4/4AgV
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mm). For the predation group, 1x107 bacteria (30 µl) were spread in the same way 

and quantities of ancestral, evolved, and coevolved Acanthamoeba cells in the volume 

of 2 µl (1x103) were subsequently added to one edge of each plate. All plates were 

wrapped in parafilm and incubated for days at 28°C. Plates were washed with 1.5 mL 

Tris HCl buffer, serially diluted, and plated for CFU and PFU on LBA and PM plates 

respectively in order to obtain 20-30 bacterial colonies and 5-10 protozoan plaques. 

 

The fold numbers of the bacteria and protozoa were calculated based on the number 

of the bacterial and amoebae populations after four days of growth together on PM 

plates. The WT P. fluorescens SBW25 and ancestral Acanthamoeba populations while 

growing in the presence of each other were used as the baseline (equal 0). A simple 

estimate of absolute fold numbers was generated by using the formula: (Y - X)/X or 

equivalently Y/X - 1. Where Y is the number of WT + Ancestral cells in four days 

(original value), X is the estimated CFU/PFU of the bacterial/protozoan cells after 96 

hours of growth, respectively (final value). Bacterial number was calculated while 

under predation by Acanthamoeba and amoebae population while predating upon 

bacterial isolates after four days as mentioned above.   

 

Predator generation and prey survival. To evaluate the predator generation on WT 

prey bacteria, performance test assays were conducted. The bacterial and various 

protozoan strains of interest were prepared as mentioned above. Cells were allowed 

to interact for four days and then washed off using 1.5 mL Tris HCl. The wash solution 

containing Acanthamoebae was subsequently diluted and plated for PFU. A simple 

estimate of predator generation numbers were generated by assuming that the 

Acanthamoebae were undergoing binary fission and solving for G using the formula: 
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Virulence, cellular masking and grazing resistance in the struggle to survive 

under long term protozoan predation; the genetics of survival 
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2School of Biological Sciences, University of Canterbury, Christchurch, New Zealand 
 

Abstract  
Generalist protozoan predators affect the pace of evolution in microbial communities, 

but investigations into the molecular consequences of predation for the genomic 

evolution of defence or coadaptation are scarce. We have previously performed a 90-

day co-evolution experiment to address these effects using the bacterium 

Pseudomonas fluorescens SBW25 on solid media in the presence and absence of a 

wild Acanthamoeba sp. predator. Coevolution led to genomic divergence, altered 

phenotypes and resistance to predation in coevolved bacterial lineages. Strong 

parallel phenotypic evolution was observed among the coevolved replicates leading 

to Wrinkly Spreader, Volcano and Mountain colony phenotypes. Here, we describe the 

genomic mutations underlying this parallelism with a focus on these morphotypes. The 

Wrinkly Spreader colonies were predation resistant and caused by familiar mutations 

which alter the function of the protein methylesterase, WspF, inducing constitutive 

biofilm formation. Separately, the Volcano morphotype was caused by a fusion of the 

FadD2 and FadD1 proteins, a pair of long-chain-fatty-acid-CoA ligases responsible for 

directing long chain fatty acids to degradation in the tricarboxylic acid cycle. The 

presence of this mutation led to reduced predation but only when the cells had grown 

in close proximity to the predators. The Mountain morphotypes were the product of the 

deletion of a putative hypothetical protein upstream of a large transporter complex 
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which increases predation resistance, the basis of which is not clear. The mutations 

responsible for WS, Volcano and Mountain colony morphology appeared in eight, five 

and nine out of the nine coevolved population lines, respectively. Our results suggest 

that coevolution can prompt bacterial resistance and result in acquisition of novel 

beneficial mutations that are advantageous for bacterial survival in the natural 

ecosystem. In addition, we have observed remarkable levels of parallel molecular 

evolution that appear to be underpinned by 33 bp and 10 bp sequences tandem 

repeats in the case of both the Volcano and the Mountain mutations.  

 

Introduction 
 
Bacteria are the dominant organisms on this planet because of their inherent adaptive 

nature and ability to evolve rapidly [1]. Bacteria are widely distributed and interact with 

a wide diversity of competing organisms to survive in their natural habitats [2,3]. 

Competition drives phenotypic adaptation, the product of which varies according to 

environmental factors and leads to complex traits that exploit, eliminate or crowd out 

other organisms [4]. Apart from competition, interactions with either prokaryotic and 

eukaryotic organisms can include predation.   

 

In soil, interactions between predator and prey have an important effect on shaping 

bacterial diversity [5,6] and maintaining the natural balance of microbial ecosystems, 

for example, by mediating rates of decomposition, nutrient recycling, and energy 

turnover [2,7]. Predation pressure can result in adaptive evolution of bacterial prey and 

therefore the adaptation to predation pressure may also protect bacteria in the 

absence of predators [8,9]  
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(CE) lines (2, 6, 7, 8), Mnt and WS in all but one line, and Vol in five out of nine. 

Evidence of pronounced parallel phenotypic evolution which we investigate further 

here. Coevolved WS and Mnt colonies demonstrated a high degree of predator 

resistance against ancestral, coevolved and separately evolved predators. The Vol 

morphotype was found to be highly resistant only against their coevolved predator and 

only when co-cultured near those predators.  

 

Herein, we first report the evolution of prey P. fluorescens SBW25 in the presence and 

absence of amoeboid predator Acanthamoeba spp. over 90 days, then investigate the 

mutations underlying these phenotypes, and make progress in understanding the 

nature of bacterial adaptation. In this coevolution system, we show coevolved prey 

lineages acquire more colony morphology changes and associated mutations than the 

evolved prey-only lineages. Our experimental results show strong parallel genomic 

evolution within both population replicates and colony morphotypes unique to the 

coevolved prey. Coevolution led to an increased number of mutations among 

coevolved bacterial populations and affects the predator preferences in the 

coevolutionary lineages. Thus, we investigated the efficiency of the bacterial genomic 

evolution associated with anti-predatory traits that had arisen and caused the colony 

morphology changes among CE bacterial replicates. This allowed us to reconstruct 

the frequently repeated mutations in the wild type background and determine their 

contributions to protozoan predation adaptation. Further, this approach enabled us to 

describe the exact molecular mechanisms of bacterial survival during predation by 

predators, including the genomic basis of defensive traits and its effect on the 

coevolutionary processes leading to reciprocal adaptation between predators and 

prey. Considering how coevolution between generalist protozoan predators and prey 
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bacteria may structure the evolution of the bacterial genomes is fundamental to 

understanding how these organisms evolve in natural habitats. 

 

Results 

Predation leads to increased adaptation  

The colony morphologies that we observed after 90 days of evolution under protozoan 

predation were reminiscent of the four main adaptive morphotypes; Wrinkly Spreader 

(WS), Mountain (Mnt), Volcano (Vol) and Like Wild Type (LWT). In order to determine 

the nature of the mutations that had arisen and caused the colony morphology 

changes among coevolved bacterial populations, we performed whole-genome 

population sequencing of Co-Evolved (CE) and Prey Only (PO) lineages to identify 

mutations above a detection threshold of %1. In addition, we sequenced 29 bacterial 

clones of various morphotypes from the end of the experiment (see materials and 

methods) in order to identify the genetic mutations that underlie these morphotypes 

and to determine their contributions to protozoan predation adaptation.  

 

The CE and PO lineages underwent population sequencing at days 16, 40, 64 and 90. 

We first analysed the population sequencing for mutations that had achieved at least 

1% frequency and observed that mutations had increased in frequency in the CE lines 

(with predation) but not in the PO (without predation) populations (Supplementary 

Table 1). In fact, we did not observe evidence of any mutations reaching fixation in the 

absence of predation (Fig. 4.1 A). Whilst the CE lines, those that had experienced 

predation, had acquired an average of eleven mutations by day 90 whilst the negative 

control populations had 2.3 (minimum detection threshold of 20%). PO lines had 
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accumulated ~3.3 mutations on average per line at day 16, but the number of 

mutations greater than 20% frequency decreased as the evolution progressed 

suggesting that mutations occurred but did not provide sufficient advantages on the 

solid PM media to sweep to fixation. On the contrary, CE population lines sustained 

~4.7 mutations on average per line at day 16 but reached 11 mutations per line by the 

end of the experiment.  
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Figure 4. 1. Genotypic and phenotypic evolution in CE and PO P. fluorescens SBW25.  A) Population 

sequencing revealed a higher number of mutations (threshold %20 and above) occurred in CE bacterial 

populations than in the evolved PO experimental lineages. B) More colony morphology classes were 

present among CE prey populations than the evolved PO lines in the 90-day experiment. C. Genotype 

abundance among CE bacterial populations visualised by Muller plots. Parallel genomic evolution in 

nine bacterial lines undergoing predation. Each colour indicates specific mutation and the labels are the 
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PFLU_4287 (transporter-like membrane protein) and PFLU_3789 were detected in 

three and two out of three PO lines, respectively. These mutations almost appeared 

earlier in this experiment, and we did not observe evidence of these mutations 

reaching to fixation indicating that they were not favourable mutations in this 90-day 

experiment. The frequency of the mutation on the PFLU_4287 was between 0.26 - 

0.42 and on the PFLU_3879, 0.2 over 90 days among PO populations. Some of these 

mutations were detected in the CE lines earlier in the experiment as well, however, 

they have been observed at lower frequency and were not present by the end of the 

experiment (Fig. 4.1 C and Supplementary Table 1). The mutation on the transporter-

like membrane protein (PFLU_4287) was observed in all nine CE lines with the 

average frequency of 0.06 - 0.37, but their frequency did not increase or fixed over 90 

days. This may suggest that some cross contamination occurred, particularly early in 

the experiment, however we are unable to confirm or reject this hypothesis. 

  

Investigating the molecular basis of predator adaptation (anti-predator traits) 

Having identified the mutations responsible for the major colony morphotypes, we 

turned our attention to determining the degree to which the various mutations allowed 

bacteria to survive predation by ancestral, co-evolved or foreign evolved predators in 

the Performance Assay (PA) (Chapter 3). The PA allows us to simultaneously evaluate 

the survival of both a specific prey isolate and a predator population from a specific 

time point in an environment which closely replicates growth conditions during the 90-

day experiment. Briefly, bacteria and amoebae grow in proximity to one another on 

solid media plates for four days after which we plate them as appropriate to estimate 

their respective fold population change relative to a naive WT prey with naive 

predators in identical conditions. We used the PA to test 15 representative CE isolates 
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in the presence of various protozoan populations from the CE and the ancestral 

predators. This approach has previously allowed us to choose predators that were 

either familiar (CE) or unfamiliar with the prey. In this instance, we used ancestral and 

evolved predators in order to determine how various genetic reconstructions of the Vol 

and Mnt morphotype mutations performed under predation. We chose WS, Mnt and 

Vol isolates along with subsets of the causal mutations outlined above (Supplementary 

Table 1 & 2). 

 

WS and Mnt CE isolates from distinct lines demonstrated a highly positive 

performance in the face of CE predators relative to the performance of WT prey with 

the same predators.  

 

It was found that WS isolates have an increased survival rate against familiar 

predators by 3-fold to 35-fold when CE predators are present. Mnt isolates increased 

in their fold survival over WT from 1.5-fold to as much as 27-fold in the presence of 

CE predators. Vol isolates demonstrate growth between 3.2-fold better up to a 

maximum of 170-fold better survival than the WT in the case of CE L1 predator 

(Chapter 3). 

Investigating the nature of bacterial adaptation under predation 

Whilst understanding the nature of the WS morphotypes confer high resistance is 

straightforward and has been discussed at length by ourselves and others [13,41], the 

explanation for predator resistance in both the Vol and Mnt morphotypes intrigued us. 

In order to investigate the nature of predation resistance in Vol we first analysed the 

fadD genes in P. fluorescens SBW25. The function of a FadD is to activate Long Chain 

Fatty Acids after they have been transported into the cell by FadL (Fig. 4.4 C). 

https://paperpile.com/c/XWMmCT/QMPE+aqq1


https://paperpile.com/c/XWMmCT/VrCRU+3p6E+dt9b


https://paperpile.com/c/XWMmCT/VrCRU+6p9w
https://paperpile.com/c/XWMmCT/dt9b
https://paperpile.com/c/XWMmCT/6p9w+dt9b


https://paperpile.com/c/XWMmCT/3p6E


162 
  

 

Figure 4. 5. E. coli E2011 complementation with P. fluorescens SBW25 fadD homologs. A) A diagram 

showing the different cloning steps; Genes of interest were cloned into the high copy expression plasmid 

Ptrc99A and the resulting plasmid introduced into E2011 double mutants (see materials and methods). 

B) A table showing the growth of E. coli K12 as a positive, E. coli E2011 as negative controls and E2011 

harbouring an empty plasmid and fadD constructs on M9 media supplemented with different long chain 

fatty acids or Glucose as the sole carbon source. +1 denotes very poor growth, +3 denotes mild growth 

and +6 indicates heavy growth. 

 
The previously reported effect of Acanthamoebae proximity on predation resistance 

(Chapter 3) led us to investigate the phenotypic changes induced in these 

reconstructed mutants by the presence or absence of predators. We therefore turned 
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FadD mutants and their effect in resisting predation 

We previously reported that Vol morphotypes persisted in five out of nine lines by the 

end of a 90-day co-evolution experiment and these Vol isolates had improved survival 

when grown with their coevolved but not ancestral predators (average fold change, 63 

times greater than WT in the presence of coevolved than ancestral - chapter 3). We 

can now evaluate this adaptation in the context of its molecular cause; a deletion that 

produces a fadD2-D1 fusion which effectively decreases the degradation of 

exogenous LCFAs by P. fluorescens SBW25. In order to investigate the effect of 

disrupted fadD2 and fadD1 on predation we carried out a 4-day-performance assay 

(PA), under the same conditions as in the 90-day experiment with these reconstructed 

mutants, the 90-day coevolved and ancestral WT bacteria (Table 4.2). The ancestral 

and 90 day evolved predators were used in addition to no predator controls.  

 

The 90-day evolved Vol-L1 isolate performed poorly against the ancestral 

Acanthamoeba and was consumed 197-fold. This was reversed in the more 

experienced CE Acanthamoeba from Line 1 which only decreased the Vol-L1 by 17-
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morphotypes that were common across the co-evolved lineages suggesting highly 

parallel phenotypic evolution under an amoeboid predation regime. We found on 

average ~3.2 colony morphology changes in the CE prey populations whereas the PO 

lines maintained the ancestral colony morphology (Fig. 4.1 B).  

 

We observed the emergence of frequently repeated novel (Mountain and Volcano) 

and not so novel (Wrinkly Spreader) colony morphologies in the CE population 

lineages, but the molecular nature of the morphotypes had not been investigated. The 

Wrinkly Spreader and Mountain morphotypes were found in eight and nine of the CE 

replicates lines, respectively and, Vol was observed in four lines. Such observation 

predicted that predation pressure strongly tends to drive the evolution of defensive 

traits that can be beneficial in the face of other microorganisms (Chapter 2). These 

results and other empirical coevolution studies between bacterial predator and prey 

accomplished in liquid environments [21,24] strongly suggest that predator 

interactions are responsible for adaptation in CE prey that leads to positive selection 

for mutations. 

 

In this study, we investigated the mutations that underpin the phenotypic diversity 

observed in the CE lines. Through a population sequencing, we observed nearly 3.7-

fold more mutations overall among CE prey lines during the 90-day experiment and 

4.7-fold more mutations per line at the end of the coevolution experiment compared to 

the PO lines. From the profile of mutations among PO lines, the substitution mutations 

on the PFLU_3879 and PFLU_4287 were found in two and three out of three PO lines, 

respectively. The latter was also observed in all nine CE replicate plates at lower 
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likely primary in converting exogenous LCFA into acyl-CoA for in P. fluorescens 

SBW25.   

 

We further investigated the role of the fadD genes in contribution to the development 

of Volcano morphology. We created multiple fadD deletions in the WT P. fluorescens 

SBW25 background using two-steps allelic exchange and tested the resulting strains 

in the presence and absence of predators in the same condition as in the 90-day 

experiment. Our CFU mediated observation of reconstructed mutants confirmed that 

either the complete deletion of fadD1 or the partial deletion of fadD1 (as in the fusion) 

leads to the formation of Volcano morphotype in the presence of ancestral or evolved 

amoebae (Table 4.2). The deletion of fadD2 did not produce the same effect. We also 

noted that the Vol colony morphology was more pronounced in the presence of the 

ancestral and evolved predators and was less pronounced in the absence of these 

predators. These findings indicate that the Vol phenotype is the product of the loss of 

fadD1 function. This is significant in that fadD1 is implicated in being the primary FadD 

in exogenous LCFA conversion to acyl CoA. This implies that the P. fluorescens 

SBW25 cells with this fusion mutation may be accumulating exogenous LCFA in their 

membranes.    

 

We previously showed that the P. fluorescens Vol cells became predation resistant 

only in the presence of the evolved Acanthamoebae and that if they were grown in the 

absence of the Acanthamoebae they were not subsequently resistant to predation. 

This suggested a molecular or gene regulation change that is taking place in the 

presence of the predators. This would appear to indicate a molecular or chemical 

change in the bacteria that is precipitated by the presence of the Acanthamoeba 
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directly. The PA test measures predator and prey success simultaneously and in the 

case of the fadD2-D1 deletion mutant this test revealed that loss of these genes 

increases their survival during predation by coevolved Acanthamoebae. Consistent 

with expectations, Ev. Vol-L1 (fadD2-D1 deletion & LuxR mutation) exhibits a high 

degree of resistance to their coevolved L1 predator. However, the latter demonstrated 

poor survival during predation by ancestral WT Acanthamoebae (197-fold reduction). 

The clean fadD2-D1 deletion in WT P. fluorescens SBW25 background results in 

similar levels of resistance to that of the Ev. Vol-L1 in the presence of the coevolved 

predator.  

 

Fatty acids are the main part of the membrane structure and have a pivotal role in 

membrane function [63]. FadD is an acetyl-CoA synthesis protein and plays a major 

role in degrading exogenous LCFA [64].  

 

Increasing the concentration of host associated LCFA in the membrane may mask 

prey cells in some way. This could involve making the Acanthamoebae less likely to 

consume them because the bacteria are recognised as self, rather than as prey. 

Acanthamoebae have LCFA incorporated into their own membranes. The primary 

LCFA in Acanthamoebae are oleic acids (40-50%), and longer polyunsaturated fatty 

acids (20-30%) and this might be the reason that Acanthamoebae cells are less rapidly 

consuming Vol cells [65]. On the other hand, phagocytosis is inescapably a membrane 

mediated activity. It is therefore possible that the bacteria are affecting the flow of 

LFCA in the Vol mutants in order to decrease the membrane fluidity in their 

Acanthamoebae predators, by increasing the abundance of saturated LCFAs. This 

would decrease the speed and therefore the rate of prey consumption on the part of 
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The observation that this phenotype is advantageous during predation by 

Acanthamoebae may support the previous hypotheses that this is a direct adaptation 

in some bacteria to protect against amoeboid predation [14]. This also opens the door 

for this adaptation to being relevant in the more medically important parallel bacterial 

defence against phagocytic immune cells. The notion that traits that are common in 

bacterial pathogens might be entrained or evolved in response to predation pressure 

by amoeboid predators was first proposed by [83] and quickly embraced [10,84]. The 

evidence of traits that are found in pathogens being selected through predation 

pressure has however been lacking.  

 

Volcano and Mountain were also major phenotypes evolved from WT strains after 

exposure to generalist protozoan predators. Vol was caused by a reduction in the 

effective FadDs, CoA ligase synthases that operate on LCFA and are present in many 

organisms such as E. coli and pathogenic bacteria P. aeruginosa [85,86].  In P. 

aeruginosa, fadD genes are considered virulence factors that are crucial for bacterial 

survival during lung infection in CF patients via degradation of lipids, specifically FAs 

that allow bacteria to proliferate and colonise within CF lungs [87]. Further work on 

why amoeboid predation brings about a decrease in the number of functional FadDs 

and the relationship between amoeboid LCFAs and resistance to predation in this 

study may lead to new insights into why pathogens take up exogenous host LCFAs in 

these closely related systems.  

 

Formation or production of polysaccharide capsule (PLS), a common virulence factor 

of some bacterial pathogens has been observed in our experiment in Mnt phenotypes 

as a response to predation as well. Capsule formation is a common virulence trait that 
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Acanthamoebae and the abundance of mutations found in FadD genes, led to our 

hypothesis that the evolved bacteria might be altering transporters to counter 

increased exposure to LC fatty acids from the Acanthamoeba by increased oxidative 

stress from LC fatty acid degradation, masking, etc. Furthermore, we found 

upregulation of an efflux RND transporter downstream of the deletion (PFLU_4976) 

and a unique enrichment (5 genes) in the cyclophilin-like domain (immunophilin) in 

Mnt-L2. Among all DEGs, 72 upregulated and 66 downregulated genes were shared 

between the Vol-L1 and Mnt-L2 conditions. A heatmap of the top 100 most 

differentially expressed genes in the evolved strains illustrates the similarities and 

differences between the two resistant strains of interest (Fig. 4.9). 

 

Consistent with our findings, prey responses such as surface masking and biofilm 

formation were found in pathogenic V. cholerae as defence mechanisms against 

protozoan grazing. These are also considered as important virulence factors for 

exploiting and infecting higher eukaryotic hosts [93].  

 

These observations predict that predation pressure strongly tends to drive the 

evolution of general defensive traits that can be beneficial in the face of predators. 

Evolutionary responses such as biofilm formation, o-antigen variation (LPS), altered 

transporters, masking and other alteration of gene functions can provide protection 

from an array of invading microorganisms in ecological communities. We suggest 

these traits associated with virulence make bacteria less available to predators and 

limit the strength of the predators in rapid prey hunting [48,91]. For example, the 

decreased growth observed in the presence of adapted bacterial isolates such as WS 

suggested that the Acanthamoeba revert to their encysted state in response to food 
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deprivation and that this, in turn, reduces their exposure to bacterial defences [13], 

reducing mortality [94].  

 

Co-evolution of prey and predators on a solid environment drives genomic parallelism 

and colony morphology divergence. The mutations that underlie the prevailing colony 

types are a mix of some of the best studied adaptations to AL interfaces and a pair of 

completely new mutations that have not previously been studied. Herein we have 

observed striking parallelism, driven by previously undescribed tandem repeats that 

led to identical mutations in independent lineages underlying the Vol and Mnt 

morphotypes. Once again, the study of adaptive evolution in P. fluorescens SBW25 

populations is shown to bear fruit. Consistent predation by a single predator can select 

for constitutive expression of previously regulated traits (like WS and Mnt). It also 

selects for traits that are altered by the presence of the predator as in the case of the 

Vol resistance phenotype.  

 

Amoebae and their phagocytic predation are a normal part of bacterial life on surfaces 

from soil or submerged particles and leaves to animal tissues. In this experiment we 

aimed to understand the genetic underpinnings of bacterial adaptation to predation 

over 90 days. In doing so, we can begin to investigate the traits that bacteria deploy 

when faced with this pressure. In addition, this can provide a framework to consider 

how long-term predation pressure may affect the suite of parallel defensive traits that 

a bacterial lineage might evolve over much longer time scales when faced with a 

consistent predator in the environment. The result of this work forms a foundation for 

a new line of enquiry into the evolution of bacterial stability, the function of ecological 

interactions, predation resistance, and the evolution of pathogens.  
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Muller plots. Muller plots were generated with EvoFreq [97]. A list of known mutations 

from endpoint clones was used as search criteria for variants in whole genome 

population samples and the frequency of each mutation was determined using Free 

Bayes (arXiv:1207.3907). Large deletions (4974-4975 and fadD1-D2) that could not 

be identified with Free Bayes were estimated by dividing the average read depth in 

deletion loci by the average read depth of the surrounding locus. Sequencing of 

endpoint clones, together with relative abundance of mutations at each timepoint from 

population sequencing, was used to determine mutation linkage and lineage. 

Mutations identified at the same time point and frequency were grouped when their 

lineage could not be determined. Unique mutations were assigned unique colours so 

that parallelism can be observed across experimental lines.  

 

Bacterial strains and growth media for complementation assay. To determine 

whether genes (long chain fatty acid CoA ligase) that have been partially deleted after 

90-day predation experiment in Volcano strains perform the function that has been 

deleted in the E. coli fadD- fadR- Kmr mutant (E2011), we introduced fadD1, fadD2 and 

fadD1/2 as well as in frame fusion deletion from evolved Line7-Volcano into E2011, 

respectively. We tested their growth individually on M9 medium as described 

previously [43]. For the complementation study, E2011 double mutant strains 

harbouring P. fluorescens SBW25 fadD genes were first grown overnight in LB from 

frozen stock at 37°C with a shaking speed of 180 rpm. 100 µl of the overnight culture 

was subjected to centrifugation (6000g for 5 min) LB media discharged and the 

bacterial pellet was treated with M9 media (200 mL M9 salt, 2 mL 1M MgSo4, and 100 

µl 1M CaCl2, adjusted to 1 L with H2O) in order to obtain pure bacterial cells. Bacterial 
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Molecular techniques. Complementation of the E. coli fadD-/fadR- Kmr mutant 

(E2011) with P. fluorescens SBW25 fadD1 and fadD2 genes; E. coli strain E2011 used 

in this study was kindly provided by Professor Tung T. Hoang, University of Hawaii 

[67]. In order to introduce P. fluorescens SBW25 fadD genes into E2011, fadD1, 

fadD2, fadD1/2 and fusion genes were individually amplified by PCR. PCR products 

were first cloned into pCR8/GW/TOPO (Life Technologies) easy vector. The resulting 

colon harbouring the gene of interest was validated by whole plasmid sequencing 

(www.migscenter.com). The obtained vector was digested as XbaI and KpnI restriction 

fragments, ligated with expression plasmid Ptrc99A, downstream of the lacI promoter, 

yielding Ptrc99A+fadD1, Ptrc99A+fadD2, Ptrc99A+fad1/2 and Ptrc99A+fusion gene. 

The resulting colons, and an empty vector as a control were proceeded to the final 

transformation with E. coli strain E2011 for the expression of each of the FadD genes. 

To test whether the final transformation worked, PCR was performed to amplify the 

insertion from the grown cultures. 

 

Constructions of mutants; splicing by overhang extension polymerase chain reaction 

(SOE PCR) [98] was used to generate the fadD1, fadD2, fadD1/2 and fusion deletion 

in ancestral P. fluorescens SBW25. To generate deletion mutants, two sets of primers 

designed, and two PCR reactions were performed to amplify ~550 bp upstream 

(fragment A) and ~550 bp downstream (fragment B) of the fadD1, fadD2 and fadD1/2 

from P. fluorescens SBW25. The yield primary fragments were mixed in equal 

concentration (v/v) and a third PCR was performed to obtain the final product (flanking 

region). This was to SOE-en the primary PCR products to generate the full-length 

product containing fadD1, fadD2, fadD1/2 flanking region. Final construct was first 

cloned into the pCR8/GW/TOPO easy vector, and their fidelity was validated by whole 
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Chapter 5 
 

Concluding Remarks 
 
Overall, experimental evolution has provided an extraordinary approach to 

understanding the ecological [1,2] and evolutionary process [3,4]. We use an 

experimental system to address the evolutionary changes in bacteria as an adaptive 

response to protozoan predation and the effect of this on predator evolution. Herein, 

we conducted a pilot 20-day and extended 90-day predator-prey coevolution 

experiment on solid surfaces to first evaluate bacterial adaptations that increase 

resistance to amoeboid predation and second to evaluate the phenotypic and 

genotypic evolution in P. fluorescens SBW25 prey population in response to predation 

and finally the effect of this coevolution on Acanthamoeba spp., a generalist amoeboid 

predator.  

 

We overall observed stable populations of both prey and predator during the 

evolutionary experiment that do not appear to show waves of predominance predicted 

mathematically [5]. One possible reason for this is, we were not sampling often enough 

(every transfer) but these dynamics could be at play. However, we observed the 

maintenance of both populations in our 20 [6] and 90-day experiments (Fig. 3.1). The 

population sizes of predators remained relatively stable throughout and predation did 

not lead to extinction events in either the bacterial or amoebal populations. This is 

consistent with previous experimental studies that result in the coexistence of both E. 

coli and S. cerevisiae [7] suggesting coadaptation of both prey and predator over 

evolutionary time scale representative of early stages of Red Queen Coevolution.  

 

https://paperpile.com/c/DBKrUO/DZdWk+FUl7d
https://paperpile.com/c/DBKrUO/21g2G+P0RXA
https://paperpile.com/c/DBKrUO/utUlJ
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https://paperpile.com/c/DBKrUO/V1h7X
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Importantly, in our short and long-term solid surface propagation, prey-only lines did 

not develop recognisable colony variants. However, in bacterial lines undergoing 

predation, a set of bacterial colony morphologies were observed. From the 20-day 

experiment, two of the novel types were similar to WS types observed in air-liquid (A-

L) experiments reported previously in the same organism, while the other two, WFE 

and FE, were not previously reported (Fig. 2.1). In the extended 90-day experiment 

we observed other colony variants such as Volcano (Vol) and Mountain (Mnt) as well 

(Fig. 3.1). This strongly suggests that predation pressure drives higher prey diversity 

in the solid surface and that WSs, WFE, FE, Mnt and Vol morphotypes are anti-

predator adaptations that evolved with a high degree of parallelism in the bacterial 

lines undergoing predation.  

 

In the 20-day experiment, from the profile of the mutation, WS isolates had mutations 

in the phosphorylation and FE colony in the demethylase domain of the well 

characterised WspF repressor. The WFE colony variant was found in the AmrZ gene, 

known as the negative regulator of Wsp (Table 2.1).  

 

All four evolved colony variants from the 20-day experiment demonstrated increased 

grazing resistance and had substantially increased prey fitness relative to the WT. We 

observed trade-offs in the fitness of the majority of bacterial mutants that had acquired 

resistance to amoeboid predation. This was particularly striking in the WS mutants 

(23.8% less generational growth compared to WT). The relative fitness of WS 

morphotypes measured in mixed colony fitness assays was 0.33 of WT over 100 

generations [8]. In our hands, WT cells achieved an average of 9 generations over the 

https://paperpile.com/c/DBKrUO/7H9bW
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96-hr experiment. A loss of 23.8% over a short time represents a notable trade-off 

(Fig. 2.3).  

 

In the AL interface strength assay, we observed the formation of robust biofilms in WS 

isolates (holding a weight of ~1.33 grams), whilst this was much less pronounced in 

the WFE and FE isolates, as visualised by calcofluor staining. The WS phenotypes 

also had a strong cellulose production compared to other evolved morphotypes, but, 

to some extent, all adopted isolates were able to resist predation.  

 

Furthermore, predators also demonstrated significantly reduced growth (9-14 

generations) in the presence of all evolved isolates than they did on the WT isolates 

(19 generations) (Fig. 2.2). We interpret that the adapted bacterial isolates decreased 

predator growth, suggesting that Acanthamoeba may revert to their encysted state in 

response to food deprivation and that this, in turn, decreases their exposure to 

bacterial defences. 

 

In the extended 90-day coevolution study, we found strong parallel phenotypic and 

genotypic evolution across coevolved lines under a predation regime on solid surfaces 

(Fig. 3.2 and Fig. 4.1). It is plausible to see the evolution of similar traits in the 

replicates of multiple populations among microorganisms [9] when exposed to 

identical environmental selections [10,11]. Although this has been previously reported 

in empirical studies of bacterial predator and prey in unstructured environments [12], 

such evolution of high parallel phenotypic and genotypic evolution within prey 

populations while under predation from amoeboid predators in a structured 

environment have not been detected.  

https://paperpile.com/c/DBKrUO/2pbKk
https://paperpile.com/c/DBKrUO/r1Q5I+217Ac
https://paperpile.com/c/DBKrUO/gC2vY


https://paperpile.com/c/DBKrUO/hMHnZ


https://paperpile.com/c/DBKrUO/Jab6T+iIb77
https://paperpile.com/c/DBKrUO/nbXQS+wU1xF
https://paperpile.com/c/DBKrUO/ZVL9x
https://paperpile.com/c/DBKrUO/FELG1+Cljn2
https://paperpile.com/c/DBKrUO/j3BrJ+lXq7y+6da4d
https://paperpile.com/c/DBKrUO/mhRjc+lIpSM+GBFb


https://paperpile.com/c/DBKrUO/M3WUV
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(as in the fusion) leads to the formation of Volcano morphotype in the presence or 

absence of predators (Figs. 4.4, 4.5 and Table 4.1).  

 

We measured the success of the fadD2-D1 deletion mutant in the PA test and found 

that loss of these genes increases their survival during predation by coevolved 

Acanthamoebae. Consistent with this, Ev. Vol-L1 that carries fadD2-D1 deletion and 

an additional mutation on LuxR gene showed a high degree of resistance to their 

coevolved L1 predator (Fig. 4.6). 

 

We hypothesise that increasing the concentration of host-associated LCFA in the 

membrane may mask prey cells in the way that this could involve making the 

Acanthamoebae less likely to uptake them because the bacteria are recognised as 

self, rather than as prey. Furthermore, it is a possibility that the degradation of LCFA 

by beta-oxidation produces reactive oxygen species [27]. It is formally possible that 

the reduced activity of FadD function that is accomplished by fusing the FadD proteins 

in Vol variants is beneficial because it decreases cell death due to mutagenesis in the 

presence of exogenous LCFA provided by the Acanthamoebae. From the RNA 

sequencing results, the Vol-L1 had significant downregulation of seven efflux genes, 

most significantly PFLU_3263 (an efflux transporter), as well as a fatty acid transporter 

(PFLU_4903). These results, taken with the finding of increased survivability of Vol 

strains only when grown with their evolved Acanthamoebae and the abundance of 

mutations identified in fadD genes, led to our hypothesis that the evolved bacteria 

might be altering transporters to counter increased exposure to LCFA from the 

Acanthamoeba by increased oxidative stress from LCFA degradation. However, 

further work is required in determining the LCFA present in the Acanthamoebae and 

https://paperpile.com/c/DBKrUO/xjdvm
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http://dx.doi.org/10.1101/2021.07.12.452127
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http://paperpile.com/b/DBKrUO/2pbKk
http://paperpile.com/b/DBKrUO/2pbKk
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http://dx.doi.org/10.1146/annurev-ecolsys-110617-062240
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Future Directions 

The present thesis provides new insight into how protozoan predation leads to the 

evolution of parallel defensive traits in non-pathogenic bacteria. In this project, we 

established a 20- and 90-day experiment to investigate the evolution of a soil 

bacterium, P. fluorescens SBW25 in the presence and absence of a wild 

protozoa Acanthamoeba sp. This model system presents an opportunity to measure 

the degree to which the prey-predator interaction may stimulate the evolution of 

adaptive traits in both predator and prey populations. As a result of heavy predation 

pressure, we found a number of parallel mutations in amrZ, wspF, fadD1, 

fadD2 and putative hypothetical protein specific to the predation group. We reported 

the evolution of novel colony morphologies such as WFE, FE, Mnt and Volcano along 

with WS in bacterial lines undergoing predation. The evolved bacterial isolates 

demonstrated anti-predatory defensive traits that resulted in reduced replication of the 

protozoan populations. We investigated that these traits associated with virulence 

arise in response to our protozoan predation. However, the direct testing of the isolates 

for increased virulence has not been addressed in this work. Additional research is 

needed to determine whether the evolved isolates are capable of causing death in 

multicellular model organisms. In order to test the accuracy of the virulence 

hypothesis, isolates could be tested for increased virulence against a common lab 

model, Caenorhabditis elegans. Testing virulence factors using multicellular models 

has long been an area of interest in pathogens such as P. aeruginosa and V. cholera. 

Demonstration of increased virulence requires an additional plate assay where 5-10 

synchronous young adult hermaphrodite N2 worms can be transferred on a plate to 

initiate their exposure to bacterial strains of interest. A WT P.  fluorescens SBW25 
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reduce their consumption by the Acanthamoebae. To explore this further, we are 

interested in investigating the composition of fatty acids in Vol isolates and their 

coevolved predators while growing together and by itself. This is to find out if Vol 

demonstrates a similar FA structure as their coevolved protozoa. The FA acid profile 

of the bacteria and amoebae could be obtained by using the Bligh and Dyer method 

following the methylation method. After the lipids are extracted the amount of fatty 

acids in the oil can be quantified by capillary gas chromatography (GC).  It is hoped 

that this investigation will deepen our understanding of why Vol cells have been 

stablish a special relationship by their coevolved predators. 
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Chapter 2 Supplementary 
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Supplementary Figure 1. Results of flow cytometry showing Acanthamoeba populations distinguished 

by morphology and viability using PE-A and FSC-A channels. Active amoeba, cyst and dead 

populations are shown in green, blue and red, respectively. 
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Supplementary Table 2. Genes with differential expression (>2 log2 FC) in WS1 or WFE when 

interacting with Acanthamoeba, compared to interaction with WT SBW25. 

Gene ID 

Log2 Fold 

Change 
Gene Name Product Description 

WS1 

+ Ac 
WFE 

+ Ac 

PFLU0020 -

2.289 
-

2.463 
hypothetical protein hypothetical protein 

PFLU0030 -

3.038 
-

2.753 
putative 2-dehydro-3-deoxygalactonokinase putative 2-dehydro-3-deoxygalactonokinase 

PFLU0058 -

2.023 
-

2.220 
putative cytochrome C oxidase subunit II putative cytochrome C oxidase subunit II 

PFLU0071 -

2.408 
-

2.474 
hydroperoxidase II hydroperoxidase II 

PFLU0089 -

2.798 
-

4.584 
hypothetical protein NA 

PFLU0091 -

4.855 
-

5.285 
hypothetical protein hypothetical protein 

PFLU0108 3.023 2.279 hypothetical protein NA 

PFLU0109 4.231 3.950 hypothetical protein NA 

PFLU0143 3.973 5.235 outer membrane protein PgaA outer membrane protein PgaA 

PFLU0144 3.084 4.237 outer membrane N-deacetylase outer membrane N-deacetylase 

PFLU0145 2.685 3.620 N-glycosyltransferase N-glycosyltransferase 

PFLU0148A 2.198 2.424 putative transposase putative transposase 

PFLU0150 2.379 2.867 hypothetical protein NA 

PFLU0161 2.033 2.033 putative lipoprotein NA 

PFLU0163 2.177 2.550 putative lipoprotein NA 

PFLU0172 4.662 3.374 hypothetical protein NA 

PFLU0173 2.281 3.216 hypothetical protein NA 

PFLU0187 2.181 2.064 sulfate ABC transporter sulfate-binding protein sulfate ABC transporter sulfate-binding protein 
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PFLU0191 -

2.840 
-

2.218 
hypothetical protein NA 

PFLU0192 -

2.130 
-

2.134 
putative regulatory protein putative regulatory protein 

PFLU0196 -

2.495 
-

2.590 
AraC family transcriptional regulator AraC family transcriptional regulator 

PFLU0210 -

2.283 
-

2.261 
putative transporter-like membrane protein NA 

PFLU0215 2.077 2.062 hypothetical protein NA 

PFLU0218 -

3.899 
-

3.341 
hypothetical protein NA 

PFLU0244 2.132 2.232 amino acid ABC transporter ATP-binding 

protein 
amino acid ABC transporter ATP-binding 

protein 

PFLU0292 -

2.727 
-

2.067 
hypothetical protein hypothetical protein 

PFLU0300 2.119 2.787 putative cell morphology-like protein NA 

PFLU0305 3.367 4.114 cell morphology-like protein NA 

PFLU0307 3.340 3.074 cell morphology-like protein cell morphology-like protein 

PFLU0308 2.352 2.131 cell morphology-like protein NA 

PFLU0313 2.909 3.177 putative amino acid ABC transporter 

membrane protein 
NA 

PFLU0322 2.363 2.088 hypothetical protein hypothetical protein 

PFLU0340 3.062 3.020 preprotein translocase subunit SecB preprotein translocase subunit SecB 

PFLU0345 2.338 3.013 putative lipoprotein NA 

PFLU0347 2.652 2.332 hypothetical protein NA 

PFLU0348 2.613 3.228 glutamine synthetase glutamine synthetase 

PFLU0351 3.154 3.468 hypothetical protein NA 

PFLU0364 -

2.713 
-

3.464 
putative histidine ABC transporter membrane 

protein 
putative histidine ABC transporter membrane 

protein 

PFLU0376 2.471 2.676 putative ABC transporter exported protein putative ABC transporter exported protein 
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PFLU0398 3.661 3.956 ATP-dependent protease ATP-binding subunit 

HslU 
ATP-dependent protease ATP-binding subunit 

HslU 

PFLU0399 3.036 3.398 ATP-dependent protease peptidase subunit ATP-dependent protease peptidase subunit 

PFLU0403 4.994 3.419 50S ribosomal protein L31 50S ribosomal protein L31 

PFLU0440 2.767 3.300 hypothetical protein NA 

PFLU0497 -

2.536 
-

2.038 
putative phosphoesterase putative phosphoesterase 

PFLU0533 2.485 3.281 30S ribosomal protein S6 30S ribosomal protein S6 

PFLU0534 3.052 3.810 30S ribosomal protein S18 30S ribosomal protein S18 

PFLU0536 2.480 3.324 50S ribosomal protein L9 50S ribosomal protein L9 

PFLU0549 -

2.426 
-

2.584 
putative dehydrogenase putative dehydrogenase 

PFLU0575 2.883 2.810 curved DNA-binding protein curved DNA-binding protein 

PFLU0612 2.159 2.140 bifunctional 

phosphoribosylaminoimidazolecarboxamide 

formyltransferase/IMP cyclohydrolase 

bifunctional 

phosphoribosylaminoimidazolecarboxamide 

formyltransferase/IMP cyclohydrolase 

PFLU0613 3.054 2.537 DNA-binding protein Fis DNA-binding protein Fis 

PFLU0625 2.298 2.398 translation initiation factor Sui1 translation initiation factor Sui1 

PFLU0640 -

2.331 
-

3.573 
putative two-component system response 

regulator 
putative two-component system response 

regulator 

PFLU0641 -

3.423 
-

3.205 
hypothetical protein NA 

PFLU0652 -

2.302 
-

2.500 
putative lipoprotein NA 

PFLU0662 2.455 3.070 hypothetical protein NA 

PFLU0672 2.474 2.457 TetR family transcriptional regulator TetR family transcriptional regulator 

PFLU0673 -

3.746 
-

3.619 
putative purine transporter-like permease putative purine transporter-like permease 

PFLU0729 2.114 2.296 GTP-dependent nucleic acid-binding protein 

EngD 
GTP-dependent nucleic acid-binding protein 

EngD 

PFLU0731 3.877 4.562 50S ribosomal protein L25/general stress 

protein Ctc 
50S ribosomal protein L25/general stress 

protein Ctc 
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PFLU0733 4.017 2.600 4-diphosphocytidyl-2-C-methyl-D-erythritol 

kinase 
4-diphosphocytidyl-2-C-methyl-D-erythritol 

kinase 

PFLU0752 -

2.484 
-

2.340 
hypothetical protein NA 

PFLU0755 -

3.432 
-

3.565 
hypothetical protein hypothetical protein 

PFLU0765 5.924 4.467 30S ribosomal protein S20 30S ribosomal protein S20 

PFLU0795 2.180 2.176 hypothetical protein NA 

PFLU0824 2.631 2.681 putative outer membrane porin putative outer membrane porin 

PFLU0826 2.011 2.014 dipeptide ABC transporter substrate-binding 

protein 
dipeptide ABC transporter substrate-binding 

protein 

PFLU0828 2.486 3.392 hypothetical protein NA 

PFLU0840 3.565 2.589 30S ribosomal protein S9 30S ribosomal protein S9 

PFLU0848 2.109 3.353 phosphatidylcholine-hydrolyzing 

phospholipase C 
NA 

PFLU0852 -

2.712 
-

2.397 
D-galactarate dehydratase D-galactarate dehydratase 

PFLU0855 3.011 2.113 hypothetical protein hypothetical protein 

PFLU0856 -

2.045 
-

2.071 
hypothetical protein hypothetical protein 

PFLU0859 2.005 2.110 putative lipoprotein A-like protein putative lipoprotein A-like protein 

PFLU0869 -

2.948 
-

3.438 
putative hydrolase putative hydrolase 

PFLU0882 -

2.049 
-

2.014 
RNA polymerase factor sigma-54 RNA polymerase factor sigma-54 

PFLU0893 2.227 2.129 hypothetical protein NA 

PFLU0907 -

2.458 
-

2.284 
hypothetical protein NA 

PFLU0918 5.486 4.960 hypothetical protein NA 

PFLU0932 2.495 2.682 putative phospholipid-binding lipoprotein NA 

PFLU0934 4.632 4.302 hypothetical protein NA 
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PFLU0957 -

2.435 
-

2.036 
hypothetical protein hypothetical protein 

PFLU0979 4.239 4.629 alginate biosynthesis protein alginate biosynthesis protein 

PFLU0980 5.272 5.470 alginate biosynthesis protein alginate biosynthesis protein 

PFLU0981 3.598 3.892 alginate biosynthesis protein alginate biosynthesis protein 

PFLU0982 4.029 4.184 poly(beta-D-mannuronate) O-acetylase poly(beta-D-mannuronate) O-acetylase 

PFLU0983 3.199 3.532 poly(beta-D-mannuronate) lyase poly(beta-D-mannuronate) lyase 

PFLU0985 2.653 3.100 poly(beta-D-mannuronate) C5 epimerase NA 

PFLU0988 2.930 2.995 putative alginate biosynthesis-like protein putative alginate biosynthesis-like protein 

PFLU0990 3.765 3.841 GDP-mannose 6-dehydrogenase GDP-mannose 6-dehydrogenase 

PFLU1004 -

3.034 
-

2.702 
hypothetical protein hypothetical protein 

PFLU1010 -

2.159 
-

2.339 
putative outer membrane usher protein putative outer membrane usher protein 

PFLU1017 -

3.176 
-

3.465 
putative response regulator receiver domain-

containing protein 
putative response regulator receiver domain-

containing protein 

PFLU1018 -

2.272 
-

2.272 
putative response regulator receiver domain-

containing protein 
putative response regulator receiver domain-

containing protein 

PFLU1026 2.447 3.189 putative fumarylacetoacetase putative fumarylacetoacetase 

PFLU1031 2.829 2.579 hypothetical protein NA 

PFLU1035 2.480 2.066 L-serine dehydratase 1 L-serine dehydratase 1 

PFLU1039 -

2.227 
-

2.490 
LysR family transcriptional regulator LysR family transcriptional regulator 

PFLU1070 2.010 2.436 ATP-dependent protease ATP-dependent protease 

PFLU1074 -

2.900 
-

2.979 
putative sugar transporter-like, membrane 

protein 
putative sugar transporter-like, membrane 

protein 

PFLU1075 -

3.617 
-

4.065 
putative dehydrogenase putative dehydrogenase 

PFLU1103 2.287 2.253 putative amino acid transporter-like membrane 

protein 
putative amino acid transporter-like membrane 

protein 
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PFLU1139 2.129 2.323 glutamate/aspartate ABC transporter 

periplasmic binding protein 
NA 

PFLU1148 -

2.734 
-

3.201 
putative formate dehydrogenase putative formate dehydrogenase 

PFLU1155 -

3.107 
-

3.569 
putative exported flagellar protein NA 

PFLU1163 2.077 2.242 ferredoxin I ferredoxin I 

PFLU1170 2.926 3.318 hypothetical protein NA 

PFLU1171 2.726 3.181 putative phage assembly-like protein NA 

PFLU1172 2.606 2.977 hypothetical protein NA 

PFLU1177 2.773 3.504 hypothetical protein NA 

PFLU1178 3.204 3.666 putative phage tail-like protein NA 

PFLU1180 2.537 2.881 phage protein NA 

PFLU1182 2.462 2.830 hypothetical protein NA 

PFLU1228 2.053 2.181 lysyl-tRNA synthetase lysyl-tRNA synthetase 

PFLU1265 2.595 2.405 hypothetical protein NA 

PFLU1271 2.110 2.938 elongation factor Ts elongation factor Ts 

PFLU1279 3.117 2.758 hypothetical protein hypothetical protein 

PFLU1302A 6.648 5.109 cold shock protein cold shock protein 

PFLU1335 -

4.336 
-

4.079 
putative lipoprotein NA 

PFLU1341 3.308 3.930 hypothetical protein NA 

PFLU1357 3.331 2.236 hypothetical protein NA 

PFLU1358 7.120 2.719 hypothetical protein NA 

PFLU1369 -

2.672 
-

2.568 
3-carboxy-cis,cis-muconate cycloisomerase 3-carboxy-cis,cis-muconate cycloisomerase 

PFLU1382 2.943 2.356 putative carbon compunds degradation-like 

protein 
putative carbon compunds degradation-like 

protein 

PFLU1412 3.283 3.264 alcohol dehydrogenase alcohol dehydrogenase 

PFLU1418 -

2.597 
-

2.767 
putative transporter-like membrane protein putative transporter-like membrane protein 
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PFLU1433 -

2.849 
-

3.745 
hypothetical protein NA 

PFLU1436 -

3.190 
-

3.521 
ribosomal small subunit pseudouridine 

synthase A 
ribosomal small subunit pseudouridine 

synthase A 

PFLU1439 -

2.656 
-

2.507 
putative lipoprotein NA 

PFLU1482 4.065 5.092 putative colicind-pore forming protein putative colicind-pore forming protein 

PFLU1483 -

2.185 
-

2.104 
hypothetical protein hypothetical protein 

PFLU1504 -

3.008 
-

3.163 
LysR family transcriptional regulator LysR family transcriptional regulator 

PFLU1505 -

3.133 
-

3.074 
hypothetical protein NA 

PFLU1519 2.000 2.321 putative nitroreductase putative nitroreductase 

PFLU1522 -

2.250 
-

2.827 
hypothetical protein NA 

PFLU1525 -

2.845 
-

2.937 
putative lipoprotein NA 

PFLU1532 -

2.001 
-

2.263 
hypothetical protein NA 

PFLU1533 -

2.570 
-

2.322 
LysR family transcriptional regulator LysR family transcriptional regulator 

PFLU1534 -

2.422 
-

2.229 
LamB/YcsF family protein LamB/YcsF family protein 

PFLU1542 -

2.369 
-

2.134 
aconitate hydratase NA 

PFLU1568 -

2.381 
-

2.044 
hypothetical protein hypothetical protein 

PFLU1574 -

2.002 
-

2.410 
putative lipoprotein releasing system, 

membrane protein 
putative lipoprotein releasing system, 

membrane protein 

PFLU1591A 4.042 3.222 hypothetical protein NA 

PFLU1592 -

3.317 
-

3.085 
hypothetical protein NA 
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PFLU1595 4.863 3.393 hypothetical protein NA 

PFLU1596 2.830 2.017 hypothetical protein NA 

PFLU1597 4.567 3.206 hypothetical protein hypothetical protein 

PFLU1605 -

2.813 
-

2.337 
putative two-component system sensor kinase putative two-component system sensor kinase 

PFLU1610 -

2.885 
-

2.894 
putative fimbrial usher outer membrane protein putative fimbrial usher outer membrane protein 

PFLU1631 2.241 2.310 putative proline iminopeptidase putative proline iminopeptidase 

PFLU1636 3.017 3.002 putative peptide ABC transporter substrate-

binding protein 
putative peptide ABC transporter substrate-

binding protein 

PFLU1652 3.081 2.529 hypothetical protein hypothetical protein 

PFLU1653 7.121 5.807 putative transporter-like membrane protein putative transporter-like membrane protein 

PFLU1655 7.462 5.934 hypothetical protein NA 

PFLU1656 5.250 3.891 hypothetical protein NA 

PFLU1658 2.675 2.069 NAD dependent epimerase/dehydratase NAD dependent epimerase/dehydratase 

PFLU1659 3.001 2.340 UDP-N-acetylglucosamine2-epimerase UDP-N-acetylglucosamine2-epimerase 

PFLU1662 4.052 3.083 hypothetical protein hypothetical protein 

PFLU1666 2.224 2.084 putative 3-oxoacyl-(Acyl-carrier-protein) 

synthase III 
putative 3-oxoacyl-(Acyl-carrier-protein) 

synthase III 

PFLU1669 3.780 3.999 hypothetical protein NA 

PFLU1673 -

2.723 
-

2.649 
hypothetical protein NA 

PFLU1682 -

2.291 
-

2.642 
putative lipoprotein NA 

PFLU1683 -

2.539 
-

2.120 
hypothetical protein NA 

PFLU1691 2.743 3.139 hypothetical protein NA 

PFLU1696 2.369 2.145 transcription elongation factor transcription elongation factor 

PFLU1714 4.481 4.217 elongation factor P elongation factor P 

PFLU1725 -

4.247 
-

4.048 
enoyl-CoA hydratase enoyl-CoA hydratase 
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PFLU1726 3.385 3.637 cold-shock dead-box protein A cold-shock dead-box protein A 

PFLU1728 -

2.722 
-

2.407 
thiopurine S-methyltransferase thiopurine S-methyltransferase 

PFLU1743 -

2.184 
-

2.151 
EAL domain-containing protein NA 

PFLU1749 -

5.064 
-

5.035 
hypothetical protein NA 

PFLU1758 2.609 2.219 cytochrome c biogenesis protein CcmA cytochrome c biogenesis protein CcmA 

PFLU1767 2.048 2.392 putative lipoprotein NA 

PFLU1773 2.652 4.209 hypothetical protein hypothetical protein 

PFLU1774 2.686 4.725 putative methyltransferase putative methyltransferase 

PFLU1793 -

3.774 
-

4.220 
putative metalloprotease putative metalloprotease 

PFLU1810 -

2.412 
-

2.442 
hypothetical protein NA 

PFLU1815 3.099 3.310 type II citrate synthase type II citrate synthase 

PFLU1819 2.362 2.527 succinate dehydrogenase iron-sulfur subunit succinate dehydrogenase iron-sulfur subunit 

PFLU1820 2.062 2.547 2-oxoglutarate dehydrogenase E1 component 2-oxoglutarate dehydrogenase E1 component 

PFLU1823 2.139 2.939 succinyl-CoA synthetase subunit beta succinyl-CoA synthetase subunit beta 

PFLU1830 4.105 4.840 heat shock protein 90 heat shock protein 90 

PFLU1853 -

2.024 
-

3.015 
short chain dehydrogenase short chain dehydrogenase 

PFLU1876 -

2.143 
-

2.740 
putative transporter-like membrane protein putative transporter-like membrane protein 

PFLU1886 3.606 2.197 hypothetical protein NA 

PFLU1893 -

2.089 
-

2.280 
hypothetical protein hypothetical protein 

PFLU1895 -

2.328 
-

2.076 
putative cytochrome C dehydrogenase-like 

protein 
putative cytochrome C dehydrogenase-like 

protein 

PFLU1896 -

2.307 
-

2.523 
hypothetical protein hypothetical protein 
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PFLU1898 -

4.960 
-

6.071 
putative transporter-like membrane protein putative transporter-like membrane protein 

PFLU1907 2.062 2.391 hypothetical protein NA 

PFLU1924 3.139 2.173 putative HTH-type regulatory protein putative HTH-type regulatory protein 

PFLU1983 3.948 3.689 hypothetical protein hypothetical protein 

PFLU1990 -

2.111 
-

2.126 
putative transporter-like membrane protein putative transporter-like membrane protein 

PFLU1992 -

2.724 
-

3.214 
hypothetical protein NA 

PFLU1995 -

3.226 
-

4.524 
hypothetical protein hypothetical protein 

PFLU1997 -

2.075 
-

3.317 
acetyl-CoA carboxylase biotin carboxylase 

subunit 
acetyl-CoA carboxylase biotin carboxylase 

subunit 

PFLU2009 -

3.538 
-

4.115 
threonine synthase NA 

PFLU2010 -

2.162 
-

3.100 
putative AsnC family regulatory protein putative AsnC family regulatory protein 

PFLU2012 2.012 2.067 putative dehydrogenase putative dehydrogenase 

PFLU2013 2.894 2.883 D-serine/D-alanine/glycine transporter D-serine/D-alanine/glycine transporter 

PFLU2027 2.282 3.137 FKBP-type peptidyl-prolyl cis-trans isomerase FKBP-type peptidyl-prolyl cis-trans isomerase 

PFLU2041 2.193 2.385 putative ABC transporter substrate-binding 

protein 
putative ABC transporter substrate-binding 

protein 

PFLU2054 -

5.277 
-

7.013 
hypothetical protein NA 

PFLU2102 -

2.276 
-

2.375 
putative transporter-like membrane protein putative transporter-like membrane protein 

PFLU2116 2.313 2.425 6-pyruvoyl tetrahydrobiopterin synthase NA 

PFLU2127 -

3.820 
-

2.447 
hypothetical protein NA 

PFLU2128 -

3.863 
-

3.154 
hypothetical protein hypothetical protein 
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PFLU2129 -

2.483 
-

2.801 
hypothetical protein NA 

PFLU2133 -

4.281 
-

3.726 
hypothetical protein NA 

PFLU2156 -

2.241 
-

2.113 
hypothetical protein NA 

PFLU2176 -

4.446 
-

2.232 
putative isomerase putative isomerase 

PFLU2180 -

2.518 
-

2.017 
putative LuxR family regulatory protein putative LuxR family regulatory protein 

PFLU2193 2.007 2.352 putative riboflavin biosynthesis deaminase putative riboflavin biosynthesis deaminase 

PFLU2219 -

4.025 
-

2.472 
hypothetical protein hypothetical protein 

PFLU2244 2.569 2.638 putative two-component system response 

regulator 
putative two-component system response 

regulator 

PFLU2246 3.266 3.069 hypothetical protein NA 

PFLU2248 -

2.367 
-

3.026 
putative two-component system response 

regulator 
putative two-component system response 

regulator 

PFLU2271 -

2.322 
-

2.080 
putative exported isoquinoline 1-

oxidoreductase subunit beta 
putative exported isoquinoline 1-

oxidoreductase subunit beta 

PFLU2293 4.013 5.379 pectin lyase NA 

PFLU2294 2.427 3.610 levansucrase levansucrase 

PFLU2298 -

2.059 
-

2.018 
xylose ABC transporter permease xylose ABC transporter permease 

PFLU2301 -

2.340 
-

3.079 
xylose isomerase xylose isomerase 

PFLU2308 -

5.129 
-

5.048 
hypothetical protein NA 

PFLU2310 -

3.208 
-

2.229 
putative monooxygenase putative monooxygenase 

PFLU2329 -

2.674 
-

2.140 
putative amino acid transporter-like protein putative amino acid transporter-like protein 
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PFLU2335 -

2.238 
-

3.022 
putative oxidoreductase putative oxidoreductase 

PFLU2340 -

3.173 
-

2.568 
putative polyamine ABC transporter ATP-

binding protein 
putative polyamine ABC transporter ATP-

binding protein 

PFLU2341 -

2.094 
-

2.349 
putative polyamine ABC transporter membrane 

protein 
putative polyamine ABC transporter membrane 

protein 

PFLU2342 -

2.982 
-

3.015 
putative polyamine ABC transporter membrane 

protein 
putative polyamine ABC transporter membrane 

protein 

PFLU2352 -

2.945 
-

2.078 
putative oxidoreductase putative oxidoreductase 

PFLU2353 -

3.314 
-

3.445 
hypothetical protein NA 

PFLU2368 -

3.172 
-

3.084 
putative transporter-like membrane protein putative transporter-like membrane protein 

PFLU2370 -

3.008 
-

2.957 
putative aldehyde dehydrogenase putative aldehyde dehydrogenase 

PFLU2371 -

3.992 
-

4.152 
putative calcium-binding protein NA 

PFLU2373 -

2.322 
-

2.378 
L-arabinose transporter ATP-binding protein L-arabinose transporter ATP-binding protein 

PFLU2374 -

2.034 
-

2.766 
L-arabinose transporter permease L-arabinose transporter permease 

PFLU2376 -

3.496 
-

4.057 
putative short-chain dehydrogenase/reductase putative short-chain dehydrogenase/reductase 

PFLU2381 -

3.181 
-

4.746 
hypothetical protein hypothetical protein 

PFLU2384 -

2.385 
-

2.591 
hypothetical protein NA 

PFLU2411 -

3.118 
-

3.252 
hypothetical protein NA 

PFLU2412 -

2.620 
-

2.868 
putative TonB-ferrisiderophore receptor 

protein 
putative TonB-ferrisiderophore receptor 

protein 
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PFLU2419 -

2.882 
-

2.152 
putative type II secretion pathway protein G putative type II secretion pathway protein G 

PFLU2436 -

7.397 
-

3.026 
hypothetical protein NA 

PFLU2442 -

2.768 
-

2.582 
LysR family transcriptional regulator LysR family transcriptional regulator 

PFLU2454 3.501 2.463 putative hydratase putative hydratase 

PFLU2461 -

2.303 
-

2.051 
hypothetical protein NA 

PFLU2462 -

6.235 
-

4.504 
hypothetical protein NA 

PFLU2498 2.728 2.293 putative methyl-accepting chemotaxis protein putative methyl-accepting chemotaxis protein 

PFLU2509 2.786 2.677 putative TonB-receptor protein NA 

PFLU2509A 2.948 2.648 hypothetical protein NA 

PFLU2529 -

4.060 
-

3.574 
putative IcrL family regulatory protein putative IcrL family regulatory protein 

PFLU2530 -

5.704 
-

5.264 
putative LuxR family regulatory protein putative LuxR family regulatory protein 

PFLU2532 -

3.499 
-

3.439 
GntR family transcriptional regulator GntR family transcriptional regulator 

PFLU2537 -

3.528 
-

2.811 
putative ATP-binding protein putative ATP-binding protein 

PFLU2543 2.226 3.488 peptide synthase peptide synthase 

PFLU2544 2.124 3.477 peptide synthase peptide synthase 

PFLU2545 2.655 4.148 ferripyoverdine receptor ferripyoverdine receptor 

PFLU2546 2.218 3.340 putative ABC transporter ATP-binding protein putative ABC transporter ATP-binding protein 

PFLU2547 3.586 5.048 putative pyoverdine synthetase F putative pyoverdine synthetase F 

PFLU2548 3.482 4.771 hypothetical protein NA 

PFLU2551 2.378 3.301 hypothetical protein NA 

PFLU2559 -

3.074 
-

3.702 
AsnC family regulatory protein AsnC family regulatory protein 
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PFLU2573 -

2.951 
-

3.783 
putative transmembrane protein NA 

PFLU2582 2.285 2.157 hypothetical protein NA 

PFLU2584 -

2.198 
-

2.267 
putative ABC transporter ATP-binding protein putative ABC transporter ATP-binding protein 

PFLU2586 2.819 3.126 putative DnaK suppressor protein putative DnaK suppressor protein 

PFLU2591 2.902 3.226 hypothetical protein NA 

PFLU2598 -

2.336 
-

2.078 
TonB-dependent siderophore receptor TonB-dependent siderophore receptor 

PFLU2605 2.267 2.089 hypothetical protein NA 

PFLU2612 3.592 3.371 hypothetical protein NA 

PFLU2628 -

2.401 
-

3.368 
3-hydroxybutyrate dehydrogenase 3-hydroxybutyrate dehydrogenase 

PFLU2642 3.529 2.779 3 membrane-bound lytic murein 

transglycosylase D 
3 membrane-bound lytic murein 

transglycosylase D 

PFLU2644 -

3.360 
-

3.727 
hypothetical protein hypothetical protein 

PFLU2651 2.193 2.437 hypothetical protein NA 

PFLU2659 -

2.416 
-

3.820 
hypothetical protein NA 

PFLU2664 -

3.557 
-

2.922 
hypothetical protein hypothetical protein 

PFLU2686 4.245 4.368 hypothetical protein NA 

PFLU2689 -

2.766 
-

2.524 
hypothetical protein hypothetical protein 

PFLU2694 2.897 2.963 hypothetical protein NA 

PFLU2695 -

2.102 
-

3.543 
sigma-54 interacting regulatory protein sigma-54 interacting regulatory protein 

PFLU2699 2.130 8.345 hypothetical protein NA 

PFLU2700 4.672 8.318 hypothetical protein NA 

PFLU2706 -

2.261 
-

2.749 
hypothetical protein NA 
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PFLU2711 -

3.299 
-

3.486 
putative methyl-accepting chemotaxis protein putative methyl-accepting chemotaxis protein 

PFLU2721 2.381 3.262 putative efflux system inner membrane protein putative efflux system inner membrane protein 

PFLU2739 -

3.762 
-

3.167 
fructokinase fructokinase 

PFLU2748 2.233 2.727 putative thiol peroxidase putative thiol peroxidase 

PFLU2752 -

2.264 
-

2.321 
putative outer membrane efflux protein putative outer membrane efflux protein 

PFLU2754 -

2.540 
-

2.411 
putative short chain dehydrogenase putative short chain dehydrogenase 

PFLU2761 -

2.243 
-

2.055 
putative alpha-amylase putative alpha-amylase 

PFLU2762 -

2.267 
-

2.374 
putative trehalose synthase protein putative trehalose synthase protein 

PFLU2768 -

2.631 
-

2.781 
LysR family transcriptional regulator LysR family transcriptional regulator 

PFLU2780 -

2.414 
-

2.715 
putative transmembrane phosphatidylcholine 

synthase 
putative transmembrane phosphatidylcholine 

synthase 

PFLU2787 -

3.218 
-

2.130 
heme uptake regulator heme uptake regulator 

PFLU2792 4.013 2.072 putative molybdenum-pterin binding protein II NA 

PFLU2798 -

2.281 
-

2.375 
putative alpha/beta hydrolase NA 

PFLU2802 -

2.019 
-

2.304 
isoquinoline 1-oxidoreductase subunit alpha isoquinoline 1-oxidoreductase subunit alpha 

PFLU2824A 2.707 2.303 hypothetical protein NA 

PFLU2830 2.252 2.602 hypothetical protein NA 

PFLU2832 3.905 2.752 phage protein NA 

PFLU2842 4.238 5.077 hypothetical protein NA 

PFLU2844A 2.315 2.118 hypothetical protein NA 

PFLU2857A 3.741 4.877 hypothetical protein NA 
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PFLU2858 2.757 3.838 hypothetical protein NA 

PFLU2865 6.212 6.041 hypothetical protein NA 

PFLU2871 7.233 6.271 hypothetical protein NA 

PFLU2876 -

2.904 
-

3.279 
hypothetical protein NA 

PFLU2887 3.991 3.239 hypothetical protein NA 

PFLU2888A 3.845 2.671 putative phage-like protein NA 

PFLU2890 -

2.638 
-

2.031 
hypothetical protein NA 

PFLU2891 2.016 2.884 putative phage tail assembly protein NA 

PFLU2906 -

3.154 
-

2.850 
putative ABC transporter membrane protein putative ABC transporter membrane protein 

PFLU2912 -

2.309 
-

2.121 
hypothetical protein hypothetical protein 

PFLU2916 -

4.227 
-

3.743 
TetR family transcriptional regulator TetR family transcriptional regulator 

PFLU2918 3.114 3.675 putative lipoprotein NA 

PFLU2924 3.321 2.624 hypothetical protein hypothetical protein 

PFLU2927 2.361 2.074 hypothetical protein NA 

PFLU2928 3.540 3.093 hypothetical protein NA 

PFLU2935 -

3.368 
-

2.682 
putative glycine betaine/L-proline ABC 

transporter substrate-binding periplasmic 

protein 

putative glycine betaine/L-proline ABC 

transporter substrate-binding periplasmic 

protein 

PFLU2949A 2.084 2.228 hypothetical protein NA 

PFLU2958 -

2.781 
-

2.656 
chemotactic transduction protein chemotactic transduction protein 

PFLU2959 -

2.148 
-

2.423 
AraC family transcriptional regulator AraC family transcriptional regulator 

PFLU2974 -

3.145 
-

2.198 
hypothetical protein NA 

PFLU2989 2.082 2.292 alkyl hydroperoxide reductase protein alkyl hydroperoxide reductase protein 
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PFLU2991 2.405 3.139 lactoylglutathione lyase lactoylglutathione lyase 

PFLU3000 -

3.117 
-

2.961 
LysR family transcriptional regulator LysR family transcriptional regulator 

PFLU3001 -

2.699 
-

2.260 
putative ACP reductase NA 

PFLU3004 -

2.198 
-

2.440 
glycerate kinase glycerate kinase 

PFLU3007 -

2.355 
-

2.696 
hypothetical protein NA 

PFLU3026 -

2.495 
-

2.037 
hypothetical protein NA 

PFLU3042 2.311 2.546 putative glycosyl transferase putative glycosyl transferase 

PFLU3045 -

2.269 
-

2.151 
putative oxidoreductase putative oxidoreductase 

PFLU3048 -

2.416 
-

2.565 
hypothetical protein NA 

PFLU3052 3.223 2.557 hypothetical protein NA 

PFLU3062 -

2.320 
-

2.296 
putative aerobic C4-dicarboxylate transport 

protein 
putative aerobic C4-dicarboxylate transport 

protein 

PFLU3080 -

3.994 
-

3.328 
putative 2-keto-4-pentenoate hydratase putative 2-keto-4-pentenoate hydratase 

PFLU3086 -

3.102 
-

2.538 
putative phenylacetaldehyde dehydrogenase putative phenylacetaldehyde dehydrogenase 

PFLU3091 -

2.749 
-

2.929 
putative amino acid permease putative amino acid permease 

PFLU3107 -

3.454 
-

3.841 
putative transcriptional regulator NA 

PFLU3138 -

2.437 
-

2.078 
hypothetical protein hypothetical protein 

PFLU3147 -

3.397 
-

3.358 
putative family S58 peptidase NA 

PFLU3158 -

2.703 
-

2.921 
putative aminotransferase putative aminotransferase 
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PFLU3160 -

3.055 
-

3.260 
putative quinone oxidoreductase putative quinone oxidoreductase 

PFLU3163 -

2.766 
-

2.483 
hypothetical protein NA 

PFLU3179A -

2.323 
-

2.538 
LysR family transcriptional regulator LysR family transcriptional regulator 

PFLU3198 2.172 2.315 putative acyl CoA oxidase putative acyl CoA oxidase 

PFLU3202 -

2.422 
-

3.226 
hypothetical protein hypothetical protein 

PFLU3229 3.520 3.647 putative secreted pectate lyase NA 

PFLU3236 3.074 2.634 general secretion pathway protein G/T general secretion pathway protein G/T 

PFLU3241 2.496 2.154 hypothetical protein NA 

PFLU3242 3.820 3.968 hypothetical protein NA 

PFLU3242A 3.214 3.123 hypothetical protein NA 

PFLU3243 3.643 3.315 hypothetical protein NA 

PFLU3264 -

2.468 
-

2.031 
hypothetical protein NA 

PFLU3265 -

3.296 
-

3.407 
AraC family transcriptional regulator AraC family transcriptional regulator 

PFLU3273 -

3.155 
-

3.225 
6 5-carboxymethyl-2-hydroxymuconate delta-

isomerase 
6 5-carboxymethyl-2-hydroxymuconate delta-

isomerase 

PFLU3285 -

2.161 
-

2.226 
DNA-binding transcriptional activator FeaR DNA-binding transcriptional activator FeaR 

PFLU3288 -

2.947 
-

2.725 
hypothetical protein NA 

PFLU3291 -

2.205 
-

2.319 
putative aldehyde dehydrogenase putative aldehyde dehydrogenase 

PFLU3295 -

2.503 
-

2.186 
GntR family transcriptional regulator GntR family transcriptional regulator 

PFLU3297 -

2.317 
-

2.225 
putative acetyl-CoA acetyltransferase putative acetyl-CoA acetyltransferase 
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PFLU3334 -

3.004 
-

3.093 
TetR family transcriptional regulator TetR family transcriptional regulator 

PFLU3343 2.426 2.099 hypothetical protein NA 

PFLU3344 5.641 4.929 hypothetical protein NA 

PFLU3355 2.419 2.430 hypothetical protein NA 

PFLU3374 2.481 2.145 hypothetical protein NA 

PFLU3375 -

4.408 
-

3.748 
putative D-serine/D-alanine/glycine transporter putative D-serine/D-alanine/glycine transporter 

PFLU3403 2.017 2.309 putative lipoprotein NA 

PFLU3413 3.867 3.095 hypothetical protein NA 

PFLU3460 -

2.043 
-

2.527 
GntR family transcriptional regulator GntR family transcriptional regulator 

PFLU3474 -

3.374 
-

4.023 
hypothetical protein hypothetical protein 

PFLU3497 -

3.400 
-

2.805 
putative monooxygenase NA 

PFLU3499 -

2.159 
-

2.435 
putative DNA-3-methyladenine glycosylase I putative DNA-3-methyladenine glycosylase I 

PFLU3502 -

3.016 
-

4.354 
GntR family transcriptional regulator GntR family transcriptional regulator 

PFLU3533 4.349 3.568 hypothetical protein NA 

PFLU3534 2.384 2.022 hypothetical protein NA 

PFLU3550 -

2.630 
-

2.433 
hypothetical protein NA 

PFLU3551 -

2.468 
-

2.372 
putative aldo/keto reductase putative aldo/keto reductase 

PFLU3571 -

2.206 
-

2.150 
putative GGDEF domain signaling protein putative GGDEF domain signaling protein 

PFLU3574 -

2.228 
-

2.984 
putative ABC transporter ATP-binding protein putative ABC transporter ATP-binding protein 

PFLU3580 2.711 2.629 hypothetical protein hypothetical protein 

PFLU3586 2.090 2.315 hypothetical protein NA 
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PFLU3596 -

3.253 
-

3.949 
hypothetical protein hypothetical protein 

PFLU3604 -

2.707 
-

2.498 
hypothetical protein hypothetical protein 

PFLU3615 -

2.521 
-

2.378 
putative protease NA 

PFLU3628 -

3.132 
-

2.382 
putative acetyltransferase putative acetyltransferase 

PFLU3629 2.269 2.878 hypothetical protein NA 

PFLU3630 2.438 3.648 putative acetyltransferase putative acetyltransferase 

PFLU3644 -

3.549 
-

3.417 
putative bicyclomycin resistance protein putative bicyclomycin resistance protein 

PFLU3723 -

2.256 
-

2.811 
glycerol kinase glycerol kinase 

PFLU3724 -

3.628 
-

3.637 
C-terminal region of transketolase C-terminal region of transketolase 

PFLU3726 -

2.518 
-

2.239 
putative ribose transporter permease putative ribose transporter permease 

PFLU3728 -

2.212 
-

2.211 
putative ribose ABC transporter ATP-binding 

protein 
putative ribose ABC transporter ATP-binding 

protein 

PFLU3735 -

3.648 
-

5.101 
hypothetical protein NA 

PFLU3736 -

3.499 
-

2.995 
hypothetical protein NA 

PFLU3757 -

2.726 
-

4.186 
hypothetical protein NA 

PFLU3761 2.608 2.613 hypothetical protein NA 

PFLU3763 3.764 3.009 hypothetical protein NA 

PFLU3775 -

2.387 
-

2.180 
hypothetical protein hypothetical protein 

PFLU3787 -

3.895 
-

4.418 
hypothetical protein NA 
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PFLU3805 -

2.716 
-

2.382 
ATP-dependent Clp protease ATP-binding 

subunit ClpA 
ATP-dependent Clp protease ATP-binding 

subunit ClpA 

PFLU3840 -

2.405 
-

2.653 
hypothetical protein hypothetical protein 

PFLU3841 -

8.454 
-

3.228 
hypothetical protein NA 

PFLU3851 -

3.386 
-

3.641 
hypothetical protein NA 

PFLU3873 2.568 3.093 peptidyl-prolyl cis-trans isomerase B peptidyl-prolyl cis-trans isomerase B 

PFLU3884 -

4.059 
-

3.937 
putative acyl-CoA dehydrogenase family 

protein 
putative acyl-CoA dehydrogenase family 

protein 

PFLU3894 2.610 2.425 hypothetical protein NA 

PFLU3913 -

3.537 
-

3.756 
cytochrome B561 cytochrome B561 

PFLU3926 3.149 2.661 DNA-binding protein HU-beta DNA-binding protein HU-beta 

PFLU3942 -

2.420 
-

2.206 
phenylhydantoinase phenylhydantoinase 

PFLU3946 2.324 2.060 putative copper resistance protein putative copper resistance protein 

PFLU3947 -

3.096 
-

2.892 
putative copper resistance protein D putative copper resistance protein D 

PFLU3950 -

2.260 
-

2.088 
hypothetical protein NA 

PFLU3975 3.157 4.356 putative L-ornithine 5-monooxygenase NA 

PFLU3977 3.072 4.144 putative periplasmic protein putative periplasmic protein 

PFLU3992 -

2.466 
-

2.885 
putative gluconokinase putative gluconokinase 

PFLU3993 -

2.618 
-

2.159 
putative zinc-binding dehydrogenase putative zinc-binding dehydrogenase 

PFLU3999 3.087 4.158 hypothetical protein NA 

PFLU4004 2.946 3.020 4-amino-4-deoxy-L-arabinose transferase 4-amino-4-deoxy-L-arabinose transferase 

PFLU4011 -

3.059 
-

3.148 
putative ABC transporter membrane protein NA 
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PFLU4035 -

3.385 
-

3.804 
hypothetical protein NA 

PFLU4037 -

2.459 
-

2.843 
putative 2-hydroxyacid dehydrogenase putative 2-hydroxyacid dehydrogenase 

PFLU4038 -

2.237 
-

2.086 
putative tartrate dehydrogenase putative tartrate dehydrogenase 

PFLU4040 -

2.270 
-

2.978 
acetylornithine deacetylase acetylornithine deacetylase 

PFLU4048 -

3.706 
-

3.316 
putative oxidoreductase putative oxidoreductase 

PFLU4056 -

3.463 
-

3.082 
putative betaine aldehyde dehydrogenase putative betaine aldehyde dehydrogenase 

PFLU4063 2.485 2.562 hypothetical protein hypothetical protein 

PFLU4083 -

2.021 
-

2.287 
TetR family transcriptional regulator TetR family transcriptional regulator 

PFLU4116 -

2.680 
-

2.552 
putative sensory box GGDEF transmembrane 

protein 
NA 

PFLU4128A 3.608 3.048 hypothetical protein NA 

PFLU4144 2.231 2.508 phenylalanyl-tRNA synthetase subunit alpha phenylalanyl-tRNA synthetase subunit alpha 

PFLU4161 2.139 2.276 putative L-asparaginase II putative L-asparaginase II 

PFLU4162 2.789 3.321 hypothetical protein NA 

PFLU4165 2.014 2.546 carbon storage regulator carbon storage regulator 

PFLU4170 2.178 2.317 hypothetical protein NA 

PFLU4177 2.930 2.923 putative lipoprotein NA 

PFLU4193 -

3.468 
-

3.272 
3-isopropylmalate dehydrogenase 3-isopropylmalate dehydrogenase 

PFLU4195 -

2.687 
-

2.419 
isopropylmalate isomerase small subunit isopropylmalate isomerase small subunit 

PFLU4205 -

2.825 
-

2.754 
TetR family transcriptional regulator TetR family transcriptional regulator 

PFLU4211 -

3.738 
-

3.710 
LysR family transcriptional regulator LysR family transcriptional regulator 
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PFLU4219 2.079 2.210 putative ABC transporter cobalamin-binding 

protein 
NA 

PFLU4228 -

2.890 
-

3.085 
hypothetical protein NA 

PFLU4235 2.410 2.037 putative phosphoglycolate phosphatase putative phosphoglycolate phosphatase 

PFLU4242 4.781 4.008 hypothetical protein NA 

PFLU4256 -

2.070 
-

2.808 
hypothetical protein hypothetical protein 

PFLU4265 -

2.928 
-

2.689 
acetylornithine deacetylase acetylornithine deacetylase 

PFLU4269 -

3.175 
-

2.069 
putative phosphorous compounds metabolism-

related dioxygenase 
NA 

PFLU4277 2.076 2.413 methionine sulfoxide reductase A methionine sulfoxide reductase A 

PFLU4295 2.871 3.952 putative heat shock protein A NA 

PFLU4306 -

2.404 
-

2.675 
putative GGDEF/GAF domain sensory box 

protein 
NA 

PFLU4321 -

2.497 
-

2.403 
putative cyanophycin synthetase putative cyanophycin synthetase 

PFLU4329 -

2.716 
-

3.722 
hypothetical protein NA 

PFLU4355 -

2.844 
-

3.209 
Xanthine/uracil permeases family protein Xanthine/uracil permeases family protein 

PFLU4366 2.592 3.062 hypothetical protein hypothetical protein 

PFLU4377 3.974 4.451 hypothetical protein NA 

PFLU4378 3.991 4.945 diaminobutyrate--2-oxoglutarate 

aminotransferase 
diaminobutyrate--2-oxoglutarate 

aminotransferase 

PFLU4388 2.518 3.727 putative thioesterase putative thioesterase 

PFLU4445 -

2.261 
-

2.388 
flagellar protein FliS flagellar protein FliS 

PFLU4457 -

2.462 
-

2.352 
transcriptional regulation of aroF, aroG, tyrA 

and aromatic amino acid transport 
transcriptional regulation of aroF, aroG, tyrA 

and aromatic amino acid transport 



250 
  

PFLU4464 -

4.245 
-

5.677 
hypothetical protein NA 

PFLU4465 -

2.430 
-

3.307 
hypothetical protein NA 

PFLU4473 3.495 3.526 hypothetical protein hypothetical protein 

PFLU4478 -

3.079 
-

2.800 
putative glutathione peroxidase putative glutathione peroxidase 

PFLU4479 -

3.378 
-

2.920 
putative transporter putative transporter 

PFLU4502 4.510 4.377 hypothetical protein NA 

PFLU4508 -

2.118 
-

2.659 
hypothetical protein NA 

PFLU4517 -

2.847 
-

3.315 
hypothetical protein NA 

PFLU4533 3.335 3.713 peptidyl-prolyl cis-trans isomerase A peptidyl-prolyl cis-trans isomerase A 

PFLU4549 -

2.674 
-

3.865 
hypothetical protein hypothetical protein 

PFLU4552 -

3.027 
-

2.258 
hypothetical protein hypothetical protein 

PFLU4554 3.475 2.870 cbb3-type cytochrome c oxidase subunit II cbb3-type cytochrome c oxidase subunit II 

PFLU4555 3.310 3.086 putative cytochrome C oxidase subunit NA 

PFLU4574 -

2.938 
-

2.722 
putative acyl-CoA dehydrogenase putative acyl-CoA dehydrogenase 

PFLU4598 5.392 3.713 hypothetical protein NA 

PFLU4615 2.207 2.097 hypothetical protein NA 

PFLU4622 -

2.162 
-

2.375 
GntR family transcriptional regulator GntR family transcriptional regulator 

PFLU4634 2.561 2.510 hypothetical protein NA 

PFLU4638 2.773 3.050 hypothetical protein hypothetical protein 

PFLU4649 2.850 2.747 hypothetical protein NA 

PFLU4650 3.903 3.896 hypothetical protein NA 
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PFLU4657 -

2.927 
-

2.759 
enoyl-CoA hydratase enoyl-CoA hydratase 

PFLU4658 2.047 2.270 putative acyltransferase putative acyltransferase 

PFLU4672 -

2.456 
-

2.609 
GntR family transcriptional regulator GntR family transcriptional regulator 

PFLU4679 -

2.376 
-

2.369 
AraC family transcriptional regulator AraC family transcriptional regulator 

PFLU4682 -

4.340 
-

4.361 
L-arabinose transporter permease L-arabinose transporter permease 

PFLU4683 -

3.285 
-

3.468 
L-arabinose transporter ATP-binding protein L-arabinose transporter ATP-binding protein 

PFLU4685 -

2.876 
-

3.167 
short chain dehydrogenase short chain dehydrogenase 

PFLU4686 -

2.223 
-

2.836 
putative GNAT family acetyltransferase putative GNAT family acetyltransferase 

PFLU4704 5.089 3.708 acyl carrier protein acyl carrier protein 

PFLU4708 5.977 4.813 50S ribosomal protein L32 50S ribosomal protein L32 

PFLU4709 2.587 2.511 hypothetical protein NA 

PFLU4721 3.709 4.309 hypothetical protein NA 

PFLU4741 -

4.106 
-

4.248 
hypothetical protein NA 

PFLU4765 2.403 2.770 putative histidine-binding periplasmic protein putative histidine-binding periplasmic protein 

PFLU4769 3.251 2.379 hypothetical protein NA 

PFLU4769A 2.726 2.056 putative insertion element NA 

PFLU4772 -

3.296 
-

3.665 
hypothetical protein NA 

PFLU4790 3.744 5.795 hypothetical protein NA 

PFLU4797 -

3.436 
-

4.009 
hypothetical protein hypothetical protein 

PFLU4798 -

3.289 
-

3.933 
LysR family transcriptional regulator LysR family transcriptional regulator 
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PFLU4811 3.560 3.343 putative gluconokinase putative gluconokinase 

PFLU4814 3.385 3.245 hypothetical protein NA 

PFLU4842 2.180 2.739 putative porin putative porin 

PFLU4848 2.516 2.065 hypothetical protein NA 

PFLU4859 2.524 2.892 hypothetical protein NA 

PFLU4865 2.278 2.047 hypothetical protein NA 

PFLU4880 -

2.554 
-

2.646 
hypothetical protein hypothetical protein 

PFLU4885 4.272 6.780 hypothetical protein NA 

PFLU4888 -

3.010 
-

2.582 
putative DNA-3-methyladenine glycosylase II putative DNA-3-methyladenine glycosylase II 

PFLU4891 2.690 3.363 arginine deiminase arginine deiminase 

PFLU4892 2.409 3.102 ornithine carbamoyltransferase ornithine carbamoyltransferase 

PFLU4896 4.805 4.687 glycine cleavage system protein H glycine cleavage system protein H 

PFLU4897 3.207 3.328 glycine dehydrogenase glycine dehydrogenase 

PFLU4919 -

2.074 
-

2.439 
hypothetical protein NA 

PFLU4939 2.218 2.535 putative transcriptional regulator NA 

PFLU4955 2.710 3.621 alpha-ketoglutarate permease alpha-ketoglutarate permease 

PFLU4956 -

2.389 
-

2.445 
hypothetical protein NA 

PFLU4965 2.586 2.930 glyceraldehyde 3-phosphate dehydrogenase 1 glyceraldehyde 3-phosphate dehydrogenase 1 

PFLU4968 2.791 3.457 putative exported heme receptor protein putative exported heme receptor protein 

PFLU4980 -

3.869 
-

5.116 
hypothetical protein NA 

PFLU4987 4.159 5.001 chaperonin GroEL chaperonin GroEL 

PFLU4988 3.992 4.400 co-chaperonin GroES co-chaperonin GroES 

PFLU4992 -

3.193 
-

3.286 
putative 6-O-methylguanine DNA 

methyltransferase family protein 
putative 6-O-methylguanine DNA 

methyltransferase family protein 

PFLU5012 4.139 3.375 30S ribosomal protein S16 30S ribosomal protein S16 
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PFLU5029 5.576 4.831 hypothetical protein NA 

PFLU5038 3.657 3.724 maltoporin maltoporin 

PFLU5039 2.059 2.210 trehalose-6-phosphate hydrolase trehalose-6-phosphate hydrolase 

PFLU5040 3.428 3.079 PTS system sucrose-specific transporter 

subunit IIBC 
PTS system sucrose-specific transporter 

subunit IIBC 

PFLU5061 3.028 3.323 nucleoside diphosphate kinase nucleoside diphosphate kinase 

PFLU5066 -

2.595 
-

2.737 
HesB family protein HesB family protein 

PFLU5076 2.449 2.367 preprotein translocase subunit YajC NA 

PFLU5077 2.309 2.327 queuine tRNA-ribosyltransferase queuine tRNA-ribosyltransferase 

PFLU5083 2.770 2.284 putative ATP-binding protein NA 

PFLU5083A 2.690 2.316 hypothetical protein NA 

PFLU5099 2.026 2.040 hypothetical protein NA 

PFLU5102 2.686 2.094 hypothetical protein NA 

PFLU5112 -

3.779 
-

2.201 
hypothetical protein NA 

PFLU5134 2.643 3.719 hypothetical protein NA 

PFLU5135 3.575 4.452 putative aminotransferase putative aminotransferase 

PFLU5137 2.829 3.097 cytochrome C oxidase (ubiquinol oxidase) 

subunit IV 
cytochrome C oxidase (ubiquinol oxidase) 

subunit IV 

PFLU5139 3.356 3.438 cytochrome C oxidase (ubiquinol oxidase) 

subunit I 
cytochrome C oxidase (ubiquinol oxidase) 

subunit I 

PFLU5140 3.546 3.315 cytochrome C oxidase (ubiquinol oxidase) 

subunit II 
cytochrome C oxidase (ubiquinol oxidase) 

subunit II 

PFLU5144 -

2.804 
-

3.055 
hypothetical protein hypothetical protein 

PFLU5170 3.342 2.580 50S ribosomal protein L27 50S ribosomal protein L27 

PFLU5171 2.604 3.138 50S ribosomal protein L21 50S ribosomal protein L21 

PFLU5180 -

2.113 
-

2.269 
putative gluconate permease putative gluconate permease 
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PFLU5192A -

2.719 
-

2.201 
cat operon regulatory protein cat operon regulatory protein 

PFLU5196 -

3.288 
-

2.714 
anthranilate dioxygenase reductase anthranilate dioxygenase reductase 

PFLU5202 -

2.426 
-

3.015 
3-hydroxyisobutyrate dehydrogenase 3-hydroxyisobutyrate dehydrogenase 

PFLU5208 2.424 2.134 hypothetical protein hypothetical protein 

PFLU5249 2.358 2.566 polynucleotide phosphorylase/polyadenylase polynucleotide phosphorylase/polyadenylase 

PFLU5256 5.415 4.204 preprotein translocase subunit SecG preprotein translocase subunit SecG 

PFLU5268 2.143 2.817 chaperone protein DnaJ chaperone protein DnaJ 

PFLU5269 3.595 4.525 molecular chaperone DnaK molecular chaperone DnaK 

PFLU5270 2.885 3.451 heat shock protein GrpE heat shock protein GrpE 

PFLU5298 2.302 2.391 hypothetical protein NA 

PFLU5325 -

2.977 
-

2.316 
putative transcription elongation factor putative transcription elongation factor 

PFLU5345 -

2.211 
-

2.475 
putative cytochrome oxidase subunit II putative cytochrome oxidase subunit II 

PFLU5348 -

2.577 
-

2.669 
putative dehydrogenase putative dehydrogenase 

PFLU5359 5.747 6.024 putative heme-binding protein NA 

PFLU5373 -

2.269 
-

2.263 
putative hydrolase putative hydrolase 

PFLU5380 -

2.298 
-

2.008 
putative AsnC family regulatory protein putative AsnC family regulatory protein 

PFLU5386 2.166 2.088 hypothetical protein NA 

PFLU5397 -

2.563 
-

3.069 
putative dehydrogenase putative dehydrogenase 

PFLU5432 -

2.409 
-

2.355 
hypothetical protein NA 

PFLU5436 -

5.382 
-

4.651 
hypothetical protein hypothetical protein 
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PFLU5440 -

2.210 
-

2.140 
putative regulatory protein putative regulatory protein 

PFLU5479 2.935 3.083 hypothetical protein NA 

PFLU5483 5.141 4.223 putative ABC transporter outer membrane 

exported protein 
putative ABC transporter outer membrane 

exported protein 

PFLU5487 -

2.251 
-

2.187 
putative endonuclease NA 

PFLU5493 -

2.016 
-

2.286 
putative hydrolase putative hydrolase 

PFLU5501 3.697 3.221 50S ribosomal protein L17 50S ribosomal protein L17 

PFLU5503 2.439 3.370 30S ribosomal protein S4 30S ribosomal protein S4 

PFLU5504 2.863 3.803 30S ribosomal protein S11 30S ribosomal protein S11 

PFLU5505 2.777 3.015 30S ribosomal protein S13 30S ribosomal protein S13 

PFLU5506 3.593 3.335 50S ribosomal protein L36 50S ribosomal protein L36 

PFLU5510 2.366 3.019 30S ribosomal protein S5 30S ribosomal protein S5 

PFLU5511 2.052 2.628 50S ribosomal protein L18 50S ribosomal protein L18 

PFLU5514 2.050 2.624 30S ribosomal protein S14 30S ribosomal protein S14 

PFLU5515 2.147 3.082 50S ribosomal protein L5 50S ribosomal protein L5 

PFLU5517 2.740 3.238 50S ribosomal protein L14 50S ribosomal protein L14 

PFLU5518 2.793 3.982 30S ribosomal protein S17 30S ribosomal protein S17 

PFLU5519 2.616 3.678 50S ribosomal protein L29 50S ribosomal protein L29 

PFLU5521 2.418 3.120 30S ribosomal protein S3 30S ribosomal protein S3 

PFLU5522 2.146 3.101 50S ribosomal protein L22 50S ribosomal protein L22 

PFLU5523 2.821 3.485 30S ribosomal protein S19 30S ribosomal protein S19 

PFLU5524 2.106 3.099 50S ribosomal protein L2 50S ribosomal protein L2 

PFLU5528 2.457 2.779 30S ribosomal protein S10 30S ribosomal protein S10 

PFLU5529 2.411 3.267 elongation factor Tu elongation factor Tu 

PFLU5531 2.176 3.122 30S ribosomal protein S7 30S ribosomal protein S7 

PFLU5532 2.746 2.270 30S ribosomal protein S12 30S ribosomal protein S12 

PFLU5535 3.115 3.529 50S ribosomal protein L7/L12 50S ribosomal protein L7/L12 
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PFLU5536 2.431 3.399 50S ribosomal protein L10 50S ribosomal protein L10 

PFLU5547 -

2.312 
-

2.478 
iron-sulfur cluster insertion protein ErpA iron-sulfur cluster insertion protein ErpA 

PFLU5551 2.239 2.667 hypothetical protein hypothetical protein 

PFLU5558 -

3.182 
-

2.918 
indole-3-glycerol-phosphate synthase indole-3-glycerol-phosphate synthase 

PFLU5565 -

3.215 
-

2.916 
putative ABC transporter membrane protein putative ABC transporter membrane protein 

PFLU5566 -

2.394 
-

2.467 
putative ABC transporter membrane protein putative ABC transporter membrane protein 

PFLU5572 -

2.748 
-

2.895 
putative heat shock protein NA 

PFLU5590 4.903 3.318 hypothetical protein NA 

PFLU5609 3.400 3.921 putative dehydrogenase putative dehydrogenase 

PFLU5610 -

4.769 
-

5.920 
hypothetical protein NA 

PFLU5611 -

3.962 
-

4.433 
dithiobiotin synthetase dithiobiotin synthetase 

PFLU5617 -

2.680 
-

2.088 
putative regulatory protein putative regulatory protein 

PFLU5624 -

4.706 
-

5.278 
putative response regulator putative response regulator 

PFLU5632 -

2.311 
-

2.252 
putative ornithine cyclodeaminase NA 

PFLU5636 -

4.186 
-

2.841 
putative ABC transporter ATP-binding protein putative ABC transporter ATP-binding protein 

PFLU5678 -

2.182 
-

2.067 
AraC family transcriptional regulator AraC family transcriptional regulator 

PFLU5694 -

2.672 
-

3.007 
hypothetical protein NA 

PFLU5700 3.063 2.708 hypothetical protein NA 
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PFLU5704 -

2.202 
-

2.221 
hypothetical protein NA 

PFLU5729 -

3.046 
-

2.997 
putative ABC transporter substrate-binding 

exported protein 
NA 

PFLU5730 -

2.510 
-

2.797 
putative endoribonuclease L-PSP family 

protein 
NA 

PFLU5731 -

5.398 
-

5.365 
putative D-amino acid dehydrogenase small 

subunit 
putative D-amino acid dehydrogenase small 

subunit 

PFLU5760 -

2.760 
-

2.866 
hypothetical protein NA 

PFLU5763 2.221 2.555 putative recemase putative recemase 

PFLU5788 -

2.217 
-

2.170 
putative dehydrogenase putative dehydrogenase 

PFLU5789 -

3.254 
-

2.753 
hypothetical protein NA 

PFLU5793 -

2.344 
-

2.085 
formamidopyrimidine-DNA glycosylase formamidopyrimidine-DNA glycosylase 

PFLU5822 -

2.019 
-

2.363 
hypothetical protein NA 

PFLU5841 -

2.288 
-

2.610 
putrescine ABC transporter permease putrescine ABC transporter permease 

PFLU5901 2.843 2.575 thioredoxin thioredoxin 

PFLU5918 -

3.696 
-

4.014 
hypothetical protein hypothetical protein 

PFLU5923 -

2.076 
-

2.435 
putative ABC transporter membrane protein putative ABC transporter membrane protein 

PFLU5926 -

3.627 
-

3.406 
hypothetical protein NA 

PFLU5939 2.249 2.304 hypothetical protein NA 

PFLU5953 -

2.429 
-

2.551 
nitrogen regulatory protein P-II 2 nitrogen regulatory protein P-II 2 

PFLU5956 -

3.679 
-

3.841 
putative magnesium chelatase protein putative magnesium chelatase protein 
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PFLU5959 -

2.504 
-

3.384 
multidrug efflux protein NorA multidrug efflux protein NorA 

PFLU5979 5.178 4.749 50S ribosomal protein L33 50S ribosomal protein L33 

PFLU5980 4.683 3.845 50S ribosomal protein L28 50S ribosomal protein L28 

PFLU5998 -

2.733 
-

3.106 
hypothetical protein hypothetical protein 

PFLU6004 -

2.957 
-

2.665 
hypothetical protein hypothetical protein 

PFLU6006 2.324 2.519 hypothetical protein NA 

PFLU6019 2.195 2.225 hypothetical protein NA 

PFLU6020 2.299 2.145 hypothetical protein NA 

PFLU6021 3.734 3.566 hypothetical protein NA 

PFLU6022 3.477 2.870 hypothetical protein NA 

PFLU6032 2.467 2.489 DNA-binding protein HU1 DNA-binding protein HU1 

PFLU6041 2.380 2.072 putative transporter-like membrane protein putative transporter-like membrane protein 

PFLU6076 2.876 3.062 hypothetical protein NA 

PFLU6080 2.664 2.469 putative lipoprotein NA 

PFLU6101 -

2.250 
-

2.518 
putative cation transporter ATPase putative cation transporter ATPase 

PFLU6115 2.810 2.591 glucitol operon repressor glucitol operon repressor 

PFLU6118 2.270 2.793 F0F1 ATP synthase subunit beta F0F1 ATP synthase subunit beta 

PFLU6134 2.091 2.211 putative inner membrane protein translocase 

component YidC 
putative inner membrane protein translocase 

component YidC 

PFLU6136 3.454 2.229 50S ribosomal protein L34 50S ribosomal protein L34 

PFLU6137 3.001 3.975 peptide synthase peptide synthase 
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Supplementary Table 3. Genes with differential expression (>2 log2 FC) in Acanthamoeba when 

interacting with selected evolved strains, compared to interaction with WT SBW25. 

Gene ID 

Fold Change 

(log) 
Annotation 

Ac + 

WS1 

Ac + 

WFE 

ACA1_000330 2.745 3.268 Myotubularin, putative 

ACA1_002500 -1.600 -2.188 hypothetical protein 

ACA1_007750 -1.023 -2.244 protein kinase domain containing protein 

ACA1_007760 -0.890 -2.061 PH domain containing protein 

ACA1_011810 -1.968 -2.169 AT hook motif domain containing protein 

ACA1_013670 2.699 2.493 copper chaperone Atox1, putative 

ACA1_018120 -1.767 -2.289 hypothetical protein 

ACA1_020670 1.460 3.106 hypothetical protein 

ACA1_022330 -1.840 -2.014 carbamoyl phosphate synthase L chain, ATP-binding, putative 

ACA1_022710 -2.025 -2.617 H(+)-transporting atpase family protein 

ACA1_023180 3.221 3.265 hypothetical protein 

ACA1_024960 2.693 2.695 amine oxidase, flavin containing superfamily protein 

ACA1_027500 -1.428 -2.029 hypothetical protein 

ACA1_031150 -2.244 -3.166 hypothetical protein 

ACA1_034100 2.678 2.852 hypothetical protein 

ACA1_035540 -4.674 -4.048 hypothetical protein 

ACA1_035640 -2.510 -2.649 betalactamase 

ACA1_036990 -1.469 -2.118 peptidase M20, putative 

ACA1_038270 3.069 3.024 hypothetical protein 

ACA1_038380 3.050 3.291 dlcB : dynein light chain 1, cytoplasmic, putative 

ACA1_039660 -2.131 -2.403 NAD+ dependent glutamate dehydrogenase 
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ACA1_042000 2.843 3.035 snRNP core protein SMX5d, putative 

ACA1_043170 3.010 2.976 hypothetical protein 

ACA1_050630 2.754 2.374 hypothetical protein 

ACA1_051820 2.946 2.999 ubiquitin family protein 

ACA1_052500 -0.999 -2.028 WD domain, G-beta repeat-containing protein 

ACA1_054200 -2.357 -3.020 Sadenosyl-L-homocysteine hydrolase, putative 

ACA1_054290 2.837 3.078 hypothetical protein 

ACA1_054340 -1.535 -2.261 ifdA : Eukaryotic initiation factor 4A, putative 

ACA1_057180 -1.233 -2.170 Nucleosome assembly protein (NAP), putative 

ACA1_058810 -1.615 -2.102 Inositol3-phosphate synthase 

ACA1_058850 -2.255 -2.631 chaperone protein DnaK, putative 

ACA1_061430 3.418 3.199 hypothetical protein 

ACA1_062250 3.359 3.034 C2 and SH3 domain containing protein 

ACA1_062280 3.260 2.944 hypothetical protein 

ACA1_062310 3.360 3.037 HIT zinc finger protein 

ACA1_062590 -1.931 -2.236 HEAT repeat domain containing protein 

ACA1_063550 2.662 2.953 
cytidine and deoxycytidylate deaminase zincbinding region domain 
containing protein 

ACA1_063570 -2.914 -3.740 hypothetical protein 

ACA1_064500 2.728 2.654 elongation factor SIII p15 subunit, putative 

ACA1_066010 2.722 2.984 nuclear transport factor 2, putative 

ACA1_066310 0.723 5.022 hypothetical protein 

ACA1_069310 -1.639 -2.055 CTP synthase 

ACA1_069460 -1.428 -2.136 hypothetical protein 

ACA1_071090 -1.627 -2.261 ABC transporter, putative 

ACA1_071570 -1.831 -2.301 hypothetical protein 
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ACA1_071930 3.531 3.820 hypothetical protein 

ACA1_072540 3.197 3.394 Smlike protein LSm6, putative 

ACA1_073360 -2.341 -3.619 RNA recognition motif domain containing protein 

ACA1_074620 3.648 3.560 hypothetical protein 

ACA1_074910 3.370 3.192 hypothetical protein 

ACA1_076550 2.050 3.114 hypothetical protein 

ACA1_076620 1.268 3.067 thymidylate synthase 

ACA1_077080 2.861 3.585 guanylyl cyclase 

ACA1_077150 2.703 3.276 hypothetical protein 

ACA1_077170 1.979 2.949 hypothetical protein 

ACA1_079570 2.991 3.026 hypothetical protein 

ACA1_080570 -1.660 -2.278 nuclear transport factor 2 (ntf2) domain containing protein 

ACA1_080660 -1.117 -2.168 nucleosome assembly protein family 

ACA1_082860 -2.014 -2.374 peptidase S9, prolyl oligopeptidase active site region, putative 

ACA1_083780 2.076 3.017 ankyrin repeat-containing protein 

ACA1_086860 -1.588 -2.009 Magnesium-ATPase 

ACA1_088330 2.680 1.129 hypothetical protein 

ACA1_088680 2.778 1.917 oxidoreductase, 2OGFe(II) oxygenase family protein 

ACA1_088880 2.743 1.898 opioid growth factor receptor (ogfr) region protein, putative 

ACA1_089300 -1.133 -2.205 hypothetical protein 

ACA1_091530 -1.394 -2.095 pemtA : Phospholipid methyltransferase 

ACA1_091670 -1.346 -2.152 metK : ATP:L-methionine S-Adenosyltransferase 

ACA1_091710 -1.146 -2.289 PAS domain Sbox domain containing protein 

ACA1_091820 -2.543 -2.930 peptidase family M13, putative 

ACA1_091940 -1.744 -2.125 metallopeptidase 

ACA1_092600 -2.121 -2.591 NlpC/P60 domain containing protein 
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ACA1_093690 -1.908 -2.069 hypothetical protein 

ACA1_094400 -2.013 -1.996 tetratricopeptide repeat domain containing protein 

ACA1_095900 -1.607 -2.023 hypothetical protein 

ACA1_099600 2.971 3.192 hypothetical protein 

ACA1_100780 3.998 3.965 hypothetical protein 

ACA1_101390 3.357 2.764 complex 1 protein (lyr family) protein 

ACA1_101410 4.416 4.354 hypothetical protein 

ACA1_101470 3.125 3.228 dynE : dynactin 4 isoform 2, putative 

ACA1_101480 4.033 3.850 Prokumamolisin, activation domain containing protein 

ACA1_101500 3.282 3.143 PH domain containing protein 

ACA1_101520 2.696 2.522 ankyrin repeat-containing protein 

ACA1_101540 2.643 2.166 ubiquitin carboxyl-terminal hydrolase 

ACA1_101550 2.822 2.506 WD domain, G-beta repeat-containing protein 

ACA1_101690 2.718 2.566 hypothetical protein 

ACA1_103640 -1.337 -2.111 peroxidase 

ACA1_104780 1.897 3.163 hypothetical protein 

ACA1_108830 -1.484 -2.096 cycloartenol synthase 

ACA1_112860 2.633 2.480 EF hand domain containing protein 

ACA1_114580 -1.578 -2.259 hyaluronan / mrna binding family protein 

ACA1_114650 2.988 3.214 hypothetical protein 

ACA1_116220 -1.256 -2.027 steroid isomerase 

ACA1_119150 -1.936 -2.174 Interferoninducible protein Gig2, putative 

ACA1_119250 3.500 3.499 hypothetical protein 

ACA1_119440 -1.550 -2.148 Serine carboxypeptidase S28 

ACA1_123850 3.457 3.205 LIM domain containing protein 

ACA1_127200 -1.786 -2.196 aconitate hydratase 
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ACA1_128510 -2.389 -2.821 chaperonin GroL, putative 

ACA1_128580 -1.385 -2.016 RasGEF domain containing protein 

ACA1_134130 2.239 3.095 hypothetical protein 

ACA1_137930 -2.427 -1.604 hypothetical protein 

ACA1_138040 -1.639 -2.006 elongation factor 1alpha, somatic form, putative 

ACA1_140060 -2.327 -2.545 
ATPase family associated with various cellular activities (AAA) domain 
containing protein 

ACA1_142620 -2.214 -2.594 ATPdependent RNA helicase dbp2, putative 

ACA1_143810 -1.712 -2.114 hypothetical protein 

ACA1_143920 -1.581 -2.157 nicalin, putative 

ACA1_144570 -1.342 -2.141 X7, putative 

ACA1_144920 -1.586 -2.117 IgA Peptidase M64 protein 

ACA1_152960 -1.528 -2.303 mdhB : malate dehydrogenase 

ACA1_155100 2.772 2.822 Tim10/DDP family zinc finger superfamily protein 

ACA1_155690 -2.798 -3.053 NADP oxidoreductase coenzyme F420-dependent protein 

ACA1_159790 -2.112 -2.016 hypothetical protein 

ACA1_163860 -1.748 -2.180 fthS : formate-tetrahydrofolate ligase 

ACA1_164050 -1.764 -2.298 Antiquitin, putative 

ACA1_164110 2.894 2.776 hypothetical protein 

ACA1_164970 3.029 3.026 hypothetical protein 

ACA1_167330 2.370 2.972 hypothetical protein 

ACA1_169070 -1.470 -2.062 stt3 : integral membrane protein 1 isoform 5, putative 

ACA1_170260 3.928 4.055 hypothetical protein 

ACA1_171100 -2.021 -2.798 VATPase subunit A, putative 

ACA1_174000 2.828 2.854 hypothetical protein 

ACA1_175060 -1.688 -2.078 vatM : vacuolar proton ATPase, putative 
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ACA1_175690 4.225 3.422 hypothetical protein 

ACA1_181700 1.393 3.034 hypothetical protein 

ACA1_181920 2.723 2.317 hypothetical protein 

ACA1_183270 -1.048 -2.099 tyrosine protein kinase, putative 

ACA1_183620 -1.567 -2.241 citrate synthase, mitochondrial, putative 

ACA1_183930 2.750 2.596 signal recognition particle 9 kDa protein 

ACA1_184650 -1.916 -2.139 hypothetical protein 

ACA1_185300 -2.979 -3.319 hypothetical protein 

ACA1_185330 4.150 4.636 hypothetical protein 

ACA1_189820 2.587 2.910 protein bcp1, putative 

ACA1_195290 -1.380 -2.083 hypothetical protein 

ACA1_199970 -2.001 -2.467 glycoside hydrolase family protein 

ACA1_199990 -1.459 -2.326 guanine nucleotide-binding protein beta subunit, putative 

ACA1_200430 -1.635 -2.133 elongation factor 1-alpha, putative 

ACA1_201100 2.219 3.155 hypothetical protein 

ACA1_201140 2.817 3.739 hypothetical protein 

ACA1_201190 2.023 2.967 endonuclease/exonuclease/phosphatase family protein 

ACA1_201370 -1.864 -2.190 allantoicase repeat domain containing protein 

ACA1_206510 -1.519 -2.188 hypothetical protein 

ACA1_207970 -1.872 -2.248 Myb-like DNA-binding domain containing protein 

ACA1_208090 -1.716 -2.160 DnaJ domain containing protein 

ACA1_214330 -1.662 -2.120 hypothetical protein 

ACA1_218640 -1.507 -2.221 nucleoside diphosphate kinase 1, putative 

ACA1_220140 -2.280 -3.033 eukaryotic translation elongation factor 2, putative 

ACA1_220200 -1.557 -2.120 hypothetical protein 
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ACA1_225890 -2.219 -2.254 
nramp1 : solute carrier family 11 member 1 [Source: Projected from 
Dictyostelium discoideum (DDB_G0276973)] 

ACA1_227830 -1.714 -2.278 PhoPQactivated pathogenicity-related protein-like protein, putative 

ACA1_230570 2.257 2.979 hypothetical protein 

ACA1_231400 3.177 3.675 hypothetical protein 

ACA1_231410 2.445 3.543 pol polyprotein 

ACA1_234620 -1.547 -2.099 polyadenylate-binding protein family protein 

ACA1_237560 2.787 2.924 R3H domain containing protein 

ACA1_239920 2.671 2.797 hypothetical protein 

ACA1_240370 1.932 2.992 hypothetical protein 

ACA1_244340 2.025 2.964 hypothetical protein 

ACA1_245470 3.231 3.094 4F5 protein family 

ACA1_245660 -1.362 -2.264 hypothetical protein 

ACA1_247220 -1.315 -2.056 isoprenylcysteine carboxyl methyltransferase (icmt) family protein 

ACA1_247490 -1.756 -2.075 hypothetical protein 

ACA1_248210 -1.676 -2.172 xylosidase 

ACA1_248540 2.829 2.935 dynein light chain tctextype, putative 

ACA1_249280 2.750 3.067 hypothetical protein 

ACA1_251170 0.355 -2.043 serine/threonineprotein phosphatase 

ACA1_252500 2.663 2.993 commd6 : COMM domain containing protein 6, putative 

ACA1_253340 3.309 4.090 hypothetical protein 

ACA1_253460 3.978 3.647 protein kinase 

ACA1_257300 2.970 3.021 Nicotinamide-nucleotide adenylyltransferase 

ACA1_257430 2.795 2.729 pyridoxamine 5'phosphate oxidase family superfamily protein 

ACA1_264110 -1.231 -2.004 ribosomal protein L3, putative 

ACA1_266040 0.825 2.980 hypothetical protein 
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ACA1_266970 3.320 3.272 DnaK family superfamily protein 

ACA1_267070 3.303 2.946 hypothetical protein 

ACA1_267220 3.109 3.208 hypothetical protein 

ACA1_270690 -1.635 -2.183 lysine-tRNA ligase 

ACA1_271380 -1.366 -2.058 ribosomal protein L10, putative 

ACA1_271560 -1.763 -2.181 hypothetical protein 

ACA1_277790 -1.360 -2.016 protease, serine, 16 (thymus), putative 

ACA1_277830 -1.579 -2.069 LIM domain containing protein 

ACA1_278780 -1.814 -2.188 hypothetical protein 

ACA1_280720 2.667 2.571 calmodulin, putative 

ACA1_282890 -1.501 -2.115 prmt1 : arginine nmethyltransferase, putative 

ACA1_283480 4.162 4.110 LIM domain containing protein 

ACA1_286170 -1.700 -2.067 alanyl dipeptidyl peptidase 

ACA1_287820 -1.581 -2.219 transketolase 

ACA1_289060 -1.357 -2.018 hypothetical protein 

ACA1_295770 2.592 2.984 Protein yippeelike 1, putative 

ACA1_295880 -1.799 -2.224 NAD-dependent malic enzyme, putative 

ACA1_296040 2.459 3.128 hypothetical protein 

ACA1_296070 -0.625 -2.129 hypothetical protein 

ACA1_300720 -1.911 -2.032 WD repeat domain 43 isoform 5, putative 

ACA1_312480 -1.594 -2.001 hypothetical protein 

ACA1_313730 -1.581 -2.202 glycosyltransferase, group 2 domain containing protein 

ACA1_315750 3.333 3.506 hypothetical protein 

ACA1_318090 -1.812 -2.285 glycosyl hydrolase family 20, catalytic domain containing protein 

ACA1_319220 -1.847 -2.262 cellular apoptosis susceptibility protein 

ACA1_320100 2.632 2.017 hypothetical protein 
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ACA1_320310 1.874 2.967 hypothetical protein 

ACA1_320830 -1.607 -2.136 hypothetical protein 

ACA1_321730 -1.537 -2.047 gabT : 4aminobutyrate aminotransferase 

ACA1_322580 2.629 2.967 calmodulin, putative 

ACA1_323450 -1.464 -2.130 hypothetical protein 

ACA1_324680 2.378 3.616 hypothetical protein 

ACA1_324790 1.801 3.443 DNA repair family protein 

ACA1_324810 3.583 4.397 hypothetical protein 

ACA1_324840 2.227 3.049 hypothetical protein 

ACA1_324900 2.985 3.411 hypothetical protein 

ACA1_325260 -1.640 -2.024 
peptidylprolyl cis-trans isomerase, FKBP-type domain containing 
protein 

ACA1_327940 2.725 2.933 hypothetical protein 

ACA1_330530 3.275 3.782 CsbD family protein 

ACA1_330770 3.250 3.759 CsbD family protein 

ACA1_333710 -2.355 -2.770 hypothetical protein 

ACA1_336910 2.940 3.679 actin subfamily protein 

ACA1_338010 2.486 2.991 raslike protein 

ACA1_353190 2.652 1.891 cytochrome p450 superfamily protein 

ACA1_353220 3.064 2.320 hypothetical protein 

ACA1_356170 -1.295 -2.245 hypothetical protein 

ACA1_356420 -1.519 -2.048 hypothetical protein 

ACA1_356920 2.913 3.300 hydrolase, NUDIX domain containing protein 

ACA1_357160 3.367 3.722 actin subfamily protein 

ACA1_357480 3.338 3.742 F-box domain containing protein 

ACA1_357610 2.822 3.192 RasGEF domain containing protein 
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ACA1_358070 2.790 2.973 hypothetical protein 

ACA1_359750 -1.676 -2.167 succinyl coenzyme A synthetase alpha subunit 

ACA1_360490 3.935 6.838 hypothetical protein 

ACA1_360910 -2.322 -3.223 hypothetical protein 

ACA1_360920 -2.071 -2.479 La domain containing protein 

ACA1_367310 -1.782 -2.205 zinc knuckle domain containing protein 

ACA1_367940 -2.042 -2.543 atp5b : ATP synthase, putative 

ACA1_369110 2.641 2.499 small nuclear ribonucleoprotein G, putative 

ACA1_369520 -1.318 -2.077 ribosomal protein L6e, putative 

ACA1_370160 2.987 2.960 hypothetical protein 

ACA1_371310 -1.298 -2.233 3,4dihydroxy-2-butanone-4-phosphate synthase 

ACA1_373620 3.531 3.460 amino acidbinding ACT domain containing protein 

ACA1_373630 3.573 3.048 RNA recognition motif domain containing protein 

ACA1_373680 3.081 2.759 hypothetical protein 

ACA1_373690 2.843 2.877 ADPribosylglycohydrolase superfamily protein 

ACA1_373720 3.181 3.305 exonuclease 

ACA1_373760 3.284 3.424 bifunctional GlmU protein 

ACA1_373780 3.505 3.641 hypothetical protein 

ACA1_376780 2.767 3.208 hypothetical protein 

ACA1_379630 0.707 3.048 Fbox domain containing protein 

ACA1_380340 0.470 3.328 leucine rich repeat-containing protein 

ACA1_381510 -2.021 -2.003 NADH dehydrogenase, putative 

ACA1_382630 -1.863 -2.144 LBP / BPI / CETP family, Cterminal domain containing protein 

ACA1_384020 2.856 2.968 hypothetical protein 

ACA1_384080 2.688 2.085 PLAC8 family protein 

ACA1_385240 2.865 3.158 hypothetical protein 
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ACA1_385410 -1.729 -2.078 transketolase, putative 

ACA1_390170 -1.859 -2.275 laminin egflike (domains iii and v) domain containing protein 

ACA1_393040 2.607 3.052 hypothetical protein 

ACA1_396930 -1.426 -2.165 hypothetical protein 

ACA1_400260 2.730 3.772 ranlike small GTPase 
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Chapter 3 Supplementary 
 

Supplementary Figure 1. Estimates of the abundance of population size at every second transfer for 

each organism in nine coevolution and three evolved prey-only lines over 90-days of evolution. (CFU, 

PFU per experimental plate). 
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Supplementary Figure 2. Performance test assay results; A) showing the fold change in the number 

of the bacterial population (CFU) after four days of predation by ancestral and evolved Acanthamoebae 

sp. relative to WT prey while growing with ancestral predators (dashed lines). B) Fold change in the 

number of ancestral and evolved Acanthamoeba cells (PFU) while predating upon evolved isolates 

relative to the ancestral predator with WT prey (dashed lines). Error bars represent standard division 

(n=6). 
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