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Abstract 

Development of novel therapeutic strategies is urgently required to counter the growing 

public health threat of antimicrobial resistance (AMR). While antibiotics/antimicrobials 

target essential processes, antivirulence is an emerging concept aiming to disrupt 

virulence, potentially reducing the selective pressure for AMR development. Pathogen-

associated genes (PAGs), whose conservation only in bacterial pathogens indicates 

potential role in virulence, may be suitable candidates for antivirulence drug targets. In this 

thesis, I developed a computational workflow, with select experimental validation, for 1) 

characterizing and prioritizing PAGs as potential antivirulence drug targets, 2) analyzing 

the structure-activity relationship of the approved drug raloxifene as an antivirulence 

agent, and 3) assessing the application of PAGs towards metagenomics-based pathogen 

surveillance. First, I refined a previously developed PAG prediction algorithm to generate 

an updated PAG dataset. In addition, a genus-specific PAG analysis was performed, 

focusing on the antibiotic-resistant, priority pathogen Pseudomonas aeruginosa and the 

related Pseudomonas species. Seventeen PAGs identified from P. aeruginosa PA14 were 

subsequently analyzed in silico (predicting gene mobility, evolutionary selection, and 
protein subcellular localization using a newly expanded database), and in vivo (virulence 

assay), identifying novel targets, including two within a genomic island found in several 

multi-drug resistant P. aeruginosa isolates. Expanding a previous drug-repurposing study 

of raloxifene as an anti-pseudomonal antivirulence agent, I compared the properties of 

raloxifene analogs in a quantitative pyocyanin assay, a growth curve assay and a 

standardized C. elegans infection model, which revealed that at least one hydroxyl group 

of raloxifene likely contributed to its antivirulence activity. Lastly, to evaluate the potential 

application of PAGs in pathogen surveillance, I examined the prevalence of PAGs in lung 

microbiomes and watershed microbiomes. Cystic fibrosis lungs, relative to healthy lungs, 
were disproportionately enriched in PAGs, but interpretation of watershed analyses was 

affected by the abundance of uncharacterized bacterial species in freshwater. The 

analyses suggested that the application of PAGs in pathogen surveillance warrants further 

study but may be limited to well characterized microbial environments. Collectively, this 

work expands knowledge of PAGs and an associated proposed antivirulence drug, 

revealing new avenues for PAG research in surveillance and expanding potential drug 

targets for antivirulence therapies. 
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Chapter 1.  
 
Introduction 

1.1. The global antimicrobial resistance (AMR) crisis 

The discovery of penicillin by Alexander Fleming in 1928 (Fleming, 2001) gave 
rise to the golden era of antibiotic discovery between 1940s and 1960s, during which 

most modern antibiotic classes were discovered in natural compounds produced by 

microorganisms, mainly soil actinomycetes (Valiquette & Laupland, 2015). Although this 

breakthrough has revolutionized modern medicine in the treatment and prevention of 

bacterial infections, the surge of antibiotic use was immediately followed by the clinical 

emergence of resistance to nearly all antibiotics within one or two decades after 

development (Ventola, 2015). AMR exists in nature before the antibiotic era. It is a 

protective mechanism deployed by bacteria to endure the selective pressure for survival 

imposed by their diverse environments including intra-population competition with other 

microorganisms or exposure to antibiotics in clinical medicine. For example, metallo-β-
lactamase resistance dates back to over 2 billion years ago based on phylogenetic 

evidence, illustrating the ancient history of AMR (Aminov, 2010). In recent decades, the 

the emergence and the growing spread of multidrug resistant bacterial pathogens at an 

accelerated rate is mainly attributed to the frequent and indiscriminate antibiotic use in 

clinical, agricultural and veterinary settings.  

Effective antibiotics are required not only for controlling infectious disease 

transmission but also to prevent healthcare associated infections pertinent to common 

surgical procedures or high-risk patient groups, such as those with a compromised 

immune system. Failure to treat bacterial infections leads to prolonged illness and 

hospital stays, imposing a significant healthcare and economic burden to societies. The 

World Health Organization (WHO) published a list of highly antibiotic resistant, priority 

pathogens in urgent need of novel therapeutics in 2017 and also declared AMR as one 

of the top 10 global public health threats in 2019 (World Health Organization, 2017b). 

While the WHO previously estimated 700,000 AMR-related deaths annually, a more 

recent and comprehensive assessment of the global burden of AMR predicted 4.95 

million AMR-associated deaths in 2019 (Antimicrobial Resistance, 2022; World Health 
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Organization, 2019a). The WHO also projected that AMR-related diseases will cause 10 

million annual deaths by 2050 if the current AMR trajectory is not curbed with effective 

antimicrobial stewardship programs and novel therapeutics for bacterial infections 

(World Health Organization, 2019b). 

The global AMR concern is further challenged by the global shortage of 
innovative antibacterial treatments that can minimize the risk of AMR development in 

bacterial. The continual rise in AMR pathogens is outpacing the clinical development of 

novel antibiotics, of which 82% are derivatives of known drug classes that are already 

associated with AMR (World Health Organization, 2021). Only 27 non-traditional 

antibacterial agents are under clinical development as of 2020 (Theuretzbacher et al., 

2020). The public health urgency for novel and effective bacterial infection treatment 

strategies engendered the WHO’s innovation criteria for novel antibacterial drugs, which 

must 1) be absent of cross-resistance to existing antibiotics, 2) have a new bacterial 

target, 3) confer a new mode of action and 4) belong to a novel drug class. These 

criteria help to identify truly innovative drugs with potentially more sustained 
effectiveness and reduced risk for rapid AMR development. 

1.2. Alternative therapeutics for bacterial infections 

1.2.1. Non-antibiotic strategies 

The AMR challenge faced by current available antibiotics prompted the 

development of innovative strategies for bacterial infection management, such as 

restoring antibiotic sensitivity with potentiators, preventing antibiotic-induced dysbiosis 

and minimizing the risk of drug resistance development. There is a growing interest in 

applying the concept of precision medicine, commonly used in oncology, to infectious 

diseases. Narrowing the spectrum of antibacterial agent to precise targets associated 

with the disease-causing bacteria may reduce the disruption to the gut microbiota and 

the global selective pressure that drives AMR in all susceptible, pathogen and non-

pathogenic, bacteria (Paharik et al., 2017; Spaulding et al., 2018).  

With more attention being brought to the importance of microbiome in human 

health and diseases, microbiome-modulating agents are a holistic treatment approach 

that restore the healthy balance of a disrupted gut microbial community caused by 
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diseases or prolonged antibiotic use. Antibiotic exposure creates a competitive microbial 

environment for survival and has been shown to increase the prevalence of AMR genes 

within host-associated microbial communities. (Pilmis et al., 2020). A classic example of 

microbiome-modulating treatment is fecal microbiota transplantation, a highly effective 

Clostridioides difficile treatment in which the gut microbiota of a healthy donor is 
transferred to the colon of a patient. Other gut microbiome modulators include prebiotics 

and probiotics that can be consumed to enhance the health of gut microbiome. 

Prebiotics are food components (e.g. human milk oligosaccharide in breast milk) that 

promote the proliferation of commensal gut bacteria, while probiotics are living 

commensal bacteria (e.g. Lactobacillus spp.) derived from fermented food or cultured 

milk.  

Another therapeutic strategy against bacterial infections is to improve pathogen 

clearance by infected host through immunomodulation. Immunomodulators can 

stimulate host immune response to potentiate pathogen killing by bactericidal drugs or 

immune-mediated pathogen clearance by bacteriostatic drugs. Instead of direct 
pathogen targeting, immunomodulators increase or rescue the efficacy of existing 

antibiotics to which AMR mechanisms may have already been developed. For example, 

the antioxidant N-acetylcysteine augments the clearance of Mycobacterium tuberculosis 

(Mtb) by reducing host production of reactive oxidative species, as a result of host 

inflammatory response, that drive the formation of drug-tolerant Mtb persister cells 

(Beam et al., 2021). 

Phage therapy is also an emerging approach to target bacterial pathogens by 

employing the natural and highly specific interaction between bacteriophages (viruses 

that infect bacteria) and their bacterial hosts. The specificity of bacterial host receptors 
enables the use of lytic (virulent) phages to target, infect and lyse the bacterial pathogen 

of interest. Common phages associated with clinically important human pathogens 

belong to the viral orders Caudovirales (double-stranded DNA tailed phages) and 

Microviridae (single-stranded DNA tailless phages) (Lin et al., 2017). Use of phage-

derived lytic proteins is a similar strategy to eliminate bacterial pathogens without the 

use of intact bacteriophages (Sao-Jose, 2018). Trade-off between phage resistance and 

antibiotic sensitivity in bacteria has been experimentally observed, warranting phage or 

phage-derived therapeutics as promising solution to restoring antibiotic sensitivity in 

resistant bacteria. This phenomenon is hypothesized to be an antagonistic pleiotropic 
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effect in which the bacterial component to which phage interacts is also responsible for 

AMR. Bacterial outer membrane proteins, often recognized by phages, are known to 

confer drug resistance so any mutations selecting for phage resistance may conversely 

restore drug sensitivity. For example, phage U136B infects Escherichia coli through the 

recognition of the antibiotic efflux protein TolC, so any mutation of this protein would 
simultaneously enable phage resistance and antimicrobial susceptibility due the loss of 

efflux function (Burmeister et al., 2020; Gurney et al., 2020). 

Antivirulence, which targets bacterial virulence instead of essential biological 

processes, is the antibiotic alternative upon which this thesis work is based. More details 

are in the next section (Chapter 1.2.2).  

1.2.2. Antivirulence 

Antivirulence drugs control bacterial infections by attenuating bacterial virulence 

responsible for host damage without significant impact on bacterial survival. Contrary to 

antibiotics which target essential bacterial functions and impose strong selective 
pressure for drug resistance, antivirulence drugs aim to disarm pathogens and allow the 

natural pathogen clearance in immunocompetent hosts. As virulence factor production is 

often associated with a metabolic cost, targeting virulence factors with minimal 

evolutionary benefit to the pathogen at the site of infection likely reduces the risk of drug 

resistance development (Figure 1.1). By targeting virulence factors (VFs) unique to 

pathogens, antivirulence drugs may narrow the spectrum of activity to only organisms of 

concern while minimizing the drug perturbation of commensal bacteria at the site of drug 

action. Antivirulence drug targets are often involved in disease-causing processes such 

as toxin production and secretion, host adhesion/colonization and virulence regulation 
(e.g., quorum sensing). The monoclonal antibody Raxibacumab is one of the earliest 

Food and Drug Administration (FDA)- approved antivirulence drugs targeting the 

protective antigen component of the Bacillus anthracis anthrax toxin (Corey et al., 2013; 

Skoura et al., 2020). Many antivirulence agents have since been under clinical 

development. These include Shigamab against shiga toxin in Escherichia coli (Dickey et 

al., 2017), the repurposing antifungal drugs clotrimazole and miconazole against the 

quorum-sensing regulator PqsR in Pseudomonas aeruginosa (D'Angelo et al., 2018) and 

the natural product Baicalin (a Chinese herbal medicine) against the cell-surface sortase 

B in Staphylococcus aureus (Wang et al., 2018) 
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Figure 1.1 Comparison of antibiotics and antivirulence drugs.  
The site of infection within a host is often populated by a combination of drug-sensitive 
pathogens, drug-sensitive non-pathogens (commensals) and drug-resistant pathogens. While 
conventional antimicrobials/antibiotics target essential bacterial processes and kill any 
susceptible pathogens and non-pathogens, antivirulence therapeutics targets only the bacterial 
pathogen-specific components (VFs) involved in host pathogenesis, while minimizing disruption 
to the host microbiota and potentially reducing the evolutionary selection for drug resistance. 

While antivirulence drugs can potentially minimize the risk of AMR development, 

resistance towards antivirulence drugs, such as the anti-P. aeruginosa quorum-sensing 

inhibitor C-30 (resistance shown in C. elegans infection model), can still develop 

depending on factors such as drug target choice, bacterial population structure and site 

of action (Allen et al., 2014; Maeda et al., 2012). The cellular impact of the targeted VF 

must be evaluated with caution to ensure that an antivirulence drug truly satisfies the 

“disarm-don’t kill” criterion without imposing any indirect consequence on the survival of 

the pathogen population. The development of resistance to antivirulence drugs has been 

speculated to be more complex than to antibiotics due to the range of impact of VFs on 

pathogen fitness in different ecological niches (Totsika, 2016). A review paper regarding 

the evolution of antivirulence drug resistance suggested that antivirulence drugs will 
likely select against resistance (i.e., favour drug-sensitive over drug-resistant bacteria) if 

the antivirulence drugs target VFs conferring no benefits but metabolic cost to the 

pathogen at the site of colonization or damage (Allen et al., 2014). Likely produced by 

opportunistic pathogens, these non-beneficial VFs likely confer alternative benefits in 

distinct, free-living environments but coincidentally have damaging effect on host cells 

while not necessarily required for host adaptation. For example, the adhesin P pili and 

the iron acquisition factor yersiniabactin, implicated in commensal niche colonization, are 

also associated with virulence in extraintestinal pathogenic E. coli during extraintestinal 

infections in the brain or urinary tract (Allen et al., 2014).  
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The development of effective antivirulence drugs that are less prone to 

resistance by bacteria therefore requires in-depth research on the evolutionary cost and 

benefit of the targeted VFs in different host environments. While data on the 

effectiveness of antivirulence drugs in immunocompetent versus immunocompromised 

hosts are currently unavailable, antivirulence drugs which rely on active host clearance 
of the pathogenic bacteria are speculated to be problematic for individuals with a 

compromised immune system (Hotinger et al., 2021). However, combination therapies of 

traditional antibiotics and antivirulence drugs may be useful in clearing bacterial 

infections in different hosts, as they compliment each other and can potentially 

overcome the limitations of an individual therapeutic agent.  

Vaccines are a type of prophylactic antivirulence strategy, since many vaccine 

components are virulence factors (Bliven & Maurelli, 2012). However, this prophylactic 

approach necessitates the drug being given weeks before any exposure to the 

pathogen, to generate an immune response (Barie, 2000; Fleitas Martinez et al., 2019). 

The focus of this thesis is on antivirulence therapeutics, not prophylactics, to be used 
after exposure to the pathogen. This treatment approach may be most beneficial for 

targeting a specific bacterial pathogen(s) responsible for a diagnosed infection. 

Therefore, the high need for improved diagnostics is still important for this strategy, just 

as noted for antimicrobial resistance.   

1.3. Bacterial virulence 

1.3.1. Definition of pathogen, pathogenicity and virulence 

Within the diverse realm of bacteria, many have the pathogenic potential to 

cause diseases in any host organisms. Published in 1890, Koch’s postulates were a set 

of four criteria for establishing a causative relationship between a microbe (pathogen) 

and a disease (Figure 1.2): 1) the microorganism must be found in all diseased 

individuals and absent in healthy individuals, 2) the microorganism must be isolated from 

the diseased organism and grown in culture, 3) inoculation of the isolated microorganism 

into a healthy individual must inflict the same disease and 4) the microorganism must be 

reisolated from the inoculated host and confirmed to be the same as the original 

causative agent (Segre, 2013). Although historically used as a gold standard for 

establishing microbial etiology of infectious diseases, Koch’s postulates were soon found 
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to be inadequately applicable to the diverse range of bacterial pathogens, including 

those that are unculturable or cause asymptomatic infections. In recent years, there has 

been a shift from a pathogen-centric view of pathogenesis a more encompassing 

definition which emphasizes on the interplay between a pathogenic bacterium, its host 

and the environment. A damage-response framework was more recently introduced to 
describe microbial pathogenesis as an integrated outcome of the interaction between a 

host and a microbe (Casadevall & Pirofski, 2003). Under this framework, pathogenicity is 

defined as an organism’s ability to inflict physiological damage to a host while a 

pathogen is defined as a microorganism with such functional potential. A pathogen is 

thus a function of not only its inherent virulent capability but also host susceptibility, as 

evident in opportunistic pathogens which are normally harmless but can cause infections 

under specific host conditions such as weakened immune system or dysbiosis (Shapiro-

Ilan et al., 2005).  

 
Figure 1.2 Koch’s postulates for establishing a causative relationship between 

a microbe and a disease. 
A set of four criteria to determine if a microbe causes an observed disease: 1) the microorganism 
must be found in all diseased individuals and absent in healthy individuals, 2) the microorganism 
must be isolated from the diseased organism and grown in culture, 3) inoculation of the isolated 
microorganism into a healthy individual must inflict the same disease and 4) the microorganism 
must be reisolated from the inoculated host and confirmed to be the same as the original 
causative agent. Figure from Microbiology: An Introduction (13th ed.) (Tortora, 2018). 

While pathogenicity is the quality of being pathogenic, virulence is a measure of 

the disease-causing power (i.e., pathogenicity) of an organism and is variable based on 

the specific host-pathogen interaction, genetic property of a bacterial strain and the 
environmental condition at the infection site (Shapiro-Ilan et al., 2005). Virulence can be 
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assessed by the disease severity towards host organisms with measures like the lethal 

dose required to kill 50% of infected host (LD50) (Casadevall, 2017). Bacterial virulence 

is attributed to VFs, molecules produced by bacterial pathogens to directly cause 

diseases or trigger host-mediated pathogenesis in which the host is damaged by its own 

inflammatory responses. While some VFs may be widely conserved or species-specific, 
VFs are crucial for the process of bacterial infection and host adaptation (Peterson, 

1996).  

The molecular Koch’s postulates were subsequently introduced in 1988 by 

Stanley Falkow to determine if a gene in a pathogenic organism encodes a disease-

causing protein (i.e., VF) using the following criteria: 1) the gene of interest is found in all 

pathogenic strains and absent in all non-pathogenic strains of a genus/species, 2) the 

inactivation of the putative virulence gene should result in a loss of pathogenicity of the 

microorganism, and 3) the reintroduction of the gene should restore virulence (Falkow, 

1988). More recently, Fredricks and Relman proposed an updated set of postulates for 

nucleic acid sequence-based detection of pathogens/VFs to incorporate the increasing 
use of microbial genomic data for infectious disease research (Fredricks & Relman, 

1996). Regardless of the existing variations of the Koch’s postulates, establishing 

disease causality is only the initial step in the discovery of novel VFs, whose functions 

are to be subsequently validated with extensive computational and experimental 

phenotypic studies. 

Common VFs include microbial adherence and invasion factors (pili, fimbriae, 

adhesins), capsules (protection against phagocytosis and desiccation), exotoxins 

(secreted toxins such as cytotoxins, neurotoxins and enterotoxins) and endotoxins (cell-

wall components like lipopolysaccharide that can induce bacteremia). Toxin-trafficking 
systems and membrane transporters also play a key role in host interaction by delivering 

effector molecules to the extracellular space or directly into host cells. The iron-binding 

siderophores are another class of VFs important for nutritional uptake by scavenging 

and chelating iron in competition with host cells. Recent attention has been brought to 

the complexity of bacterial pathogenesis that often involves other bacterial processes 

such as cell-to-cell communication, regulatory and metabolic pathways that are directly 

or indirectly implicated in virulence. Quorum sensing is a bacterial cell-cell 

communication strategy that regulates the expression of genes that are collectively 

beneficial to the bacterial population through responding to density-activated signalling 
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molecules (autoinducers). The contribution of quorum sensing to virulence has been 

documented in the bacterial pathogens S. aureus, Bacillus cereus, Vibrio cholerae and 

especially P. aeruginosa whose quorum sensing-induced VF production and biofilm 

formation have been well studied (Rutherford & Bassler, 2012). Similarly, metabolic 

genes are recently being explored for their functional roles in virulence and potential use 
as drug targets. For example, more than 16.5% of the P. aeruginosa PA14 core 

metabolic genes are involved in virulence regulation, particularly those related to beta-

oxidation and biosynthesis of amino acids, succinate, citramalate and chorismate 

(Panayidou et al., 2020; Richardson, 2019). 

Ultimately, host susceptibility and disease progression upon infection depend on 

both the virulence of the infecting pathogen and the immunologic response by the host. 

Within human hosts, neutrophils and macrophages act as the first line of non-specific, 

innate immune response in an attempt of pathogen clearance. The normal bacterial flora 

residing on or within the human host is another layer of host protection against the 

colonization and the uncontrolled proliferation of foreign or opportunistic pathogens 
within the host. Host factors such as age and health status may impact the effective host 

response to bacterial infections, with commonly infants, elderly or immunocompromised 

individuals being more susceptible to bacterial infections (Simon et al., 2015). 

1.3.2. Evolution of bacterial pathogens 

Bacterial pathogens often face a harsh and competitive host environment upon 

infection. They must overcome a multitude of physical challenges including nutrient 

acquisition, immune evasion, antibiotic killing and niche competition with other within-

host organisms. There is a constant evolutionary arms race between the bacterial 
pathogen and its host, in the presence of multifactorial forces like mutations, genetic 

drift, transmission bottleneck and natural selection (Gatt & Margalit, 2021). Mutations 

beneficial for host adaptation and pathogen survival are often selected for and 

subsequently increase in frequency within the pathogen population. Whole genome 

sequencing of bacterial isolates can now reveal the underlying genetic factors 

responsible for host adaptive strategies, including resistance mechanisms against 

antibiotic exposure and virulence mechanisms for invasion and proliferation in host cells.  
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Hypermutations and rapid diversifying selection of genes in pathogens, 

especially those that are normally free-living, are imperative for their adaptation to a non-

native niche (i.e., infection site within a host organism). The ability to disseminate 

beneficial genes among bacterial organisms through horizontal gene transfer further 

enables and accelerates the within-host diversification of pathogens.  For example, P. 

aeruginosa, whose genome encodes many regulatory genes for environmental sensing, 

bacterial cell communication, virulence and resistance, readily adapts to different 

environments such as the human cystic fibrosis (CF) lungs during chronic infection (Gatt 

& Margalit, 2021; Hart & Winstanley, 2002; Moradali et al., 2017; Winstanley et al., 

2016). Patterns of convergent evolution for AMR and niche specialization have also 

been observed among human pathogens (Fajardo-Lubian et al., 2019). Two aspects 

concerning AMR are the emergence of AMR genes which are ubiquitous by nature (in 

the natural environment or within host) and the dissemination of AMR genes to high 

frequency within the pathogen population under positive selection. Predicting the 

effectiveness of antibacterial drug candidates thus requires a deep understanding of not 

only the bacterial virulence but also the host-pathogen interaction, gene mobility and the 

within-host evolutionary dynamics that may increase the selective pressure for genes 

advantageous for host adaptation. 

1.4. Identification of novel VFs 

1.4.1. Existing tools and resources 

Identifying novel VFs is necessary for the discovery of novel bacterial targets for 

antivirulence therapeutics. Genomics have revolutionized the drug discovery landscape 

by leveraging the wealth of publicly available genomic sequences and gene/protein 

functional data to enable rapid, high-throughput computational screening of appropriate 
drug targets. Initial development of antivirulence drugs focused on targeting VFs with 

direct involvement in host interaction. The Virulence Factor Database (VFDB) contains a 

curated set of VFs from clinically important pathogens (B. Liu et al., 2019). Similarly, 

Pathosystems Resource Integration Centre (PATRIC) is a comprehensive database of 

VFs as well as their functional annotation, protein-protein interaction, and transcriptomic 

data (Davis et al., 2020). MvirDB is also a centralized VF database that integrates VF 

and AMR sequences collected from multiple sources such as the VFDB, TVFac (toxin 



11 

and virulence database), Islander (genomic island predictor) and ARGO (AMR 

database) (C. E. Zhou et al., 2007). In addition to VF databases, novel VFs can now be 

predicted from genomic sequences using tools like VirulentPred (Garg & Gupta, 2008), 

VFanalyzer for  bacterial draft/complete genomes (part of VFDB) (B. Liu et al., 2019) and 

PathoFact for metagenomics data (de Nies et al., 2021). Although existing VF resources 
have accelerated the progression of antivirulence drug research, up-to-date literature 

curation and experimental validation of novel VFs are essential for the continual 

expansion of current VF databases. Likewise, machine-learning based VF predictors rely 

heavily on curated VFs as training data; therefore, novel VFs that are highly divergent 

likely will be missed in VF predictions if they are not routinely incorporated into the 

updates of these bioinformatics tools.  

1.4.2. Pathogen-associated genes (PAGs) as a novel avenue for VFs 

Any bacterial gene involved in pathogenicity is defined as a VF regardless of its 

role in the virulence process (Wassenaar & Gaastra, 2001). Expanding the definition of 
VFs to not only virulence lifestyle genes (genes involved in host entry, colonization, 

immune evasion and proliferation upon infection) but also virulence-associated genes 

(genes involved in cellular metabolism, or the expression and the regulation of VFs) can 

help identify additional genes involved in virulence processes and can thus be used as 

therapeutic targets. Based on the PAGs analysis algorithm developed by the Brinkman 

Lab, PAGs are defined as genes predicted to be conserved only in bacterial pathogens 

through a comparative genome analysis of all curated bacterial pathogens and non-

pathogens from the National Center for Biotechnology Information (NCBI) Reference 

Sequence (RefSeq) database (S. J. Ho Sui, Fedynak, A., Hsiao, W.W.L, Langille, M.G.I 
& Brinkman, F.S.L., 2009). PAGs likely play a role in specialized functions important for 

the pathogenic lifestyle of bacteria under appropriate environmental conditions within a 

host. Development of pathogen-specific therapeutics to target specific proteins related to 

bacterial pathogens may reduce the likelihood of AMR development as often seen with 

broad-spectrum antibiotics that target all susceptible bacteria regardless of their 

pathogenicity (Simonson et al., 2021). For example, narrow-spectrum, pathogen-specific 

monoclonal antibodies have been shown to preserve intestinal microbiome while 

targeting specific disease-causing microorganisms in a mouse metagenomics study 

(Jones-Nelson et al., 2020) 



12 

The initial PAGs analysis in 2009 showed that PAGs are disproportionately 

enriched in “offensive functions” related to host invasion, Type III/IV secretion systems 

and toxins (S. J. Ho Sui et al., 2009). The potential application of PAGs towards 

antivirulence drug development was later demonstrated for an FDA-approved 

osteoporosis drug, raloxifene, with promising repurposing potential as an antivirulence 
agent. Raloxifene was computationally predicted, with preliminary experimental 

validation, to attenuate the virulence of P. aeruginosa by potentially interacting and 

interfering with the pathogen-associated PhzB2 protein involved in the biosynthesis of 

the major P. aeruginosa virulence factor, pyocyanin (i.e., exotoxin) (S. J. Ho Sui et al., 

2012). 

1.5. Functional characterization of PAGs 

As more bacterial genomes are sequenced, many novel genes, including those 

that are pathogen-associated, have been predicted in silico by the presence of an open 

reading frame but are annotated as “hypothetical proteins” as their functions have yet to 

be determined. An estimated 30% of genes in bacteria do not have a well-defined 

function (Shahbaaz et al., 2016). To further highlight the lack of functional information for 
bacterial genes, a study by Antczak et al. showed that less than 1% of proteins in the 

minimal genome, the smallest set of genes required for survival, of Mycoplasma 

mycoides has been characterized (Antczak et al., 2019). Functional annotation of novel 

genes is often challenged by the high sequence divergence of these genes to genes 

with a defined function. A diverse combination of computational and laboratory efforts is 

thus necessary for the accurate functional annotation of uncharacterized genes, some of 

which may confer novel functions. 

The PAGs analysis is a high-throughput and scalable genomics-based method 

for screening for putative pathogen-specific VFs from large bacterial genomic dataset. 

Different computational methods may help to infer the functional role of PAGs, especially 

those that are currently uncharacterized. A direct approach for functional annotation is 

the sequence similarity search against existing databases such as VFDB (VFs) (B. Liu et 

al., 2019), Pfam (protein families) (Mistry et al., 2021) and the NCBI Conserved Domain 

Database (protein domains) (M. Yang et al., 2020). Ortholog detection methods such as 

Ortholuge (Fulton et al., 2006), OrthoMCL (Fischer et al., 2011) and OrthoFinder (Emms 

& Kelly, 2019) can infer function of the genes of interest based on the annotation of their 
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orthologs which likely confer similar functions. PAGs whose sequences are too divergent 

to genes functionally annotated to date require alternative characterization strategies not 

dependent on sequence similarity. 

Evolutionary selection inference of functionally unknown genes, in the context of 

pathogen evolution, may suggest important role in virulence-related processes. A 
common approach for detecting evolutionary selection in microbial genomes is the 

estimation of the dN/dS ratio (ω), which reflects the ratio of the number of non-

synonymous substitutions per non-synonymous site (dN) to the number of synonymous 

substitutions per synonymous site (dS) (Kryazhimskiy & Plotkin, 2008). Synonymous 

substitutions are silent mutations that do not alter the corresponding amino acids in the 

protein. On the contrary, non-synonymous substitutions are nucleotide changes that 

alter the resultant amino acids. Synonymous site and non-synonymous site then refer to 

position of the nucleotide at which a mutation would result in a preservation or a change 

in the corresponding amino acid, respectively. A dN/dS ratio of one (ω=1) implies a 

neutral selection under which the variations in a gene of interest are likely due to random 
mutations or genetic drift. A dN/dS ratio greater than one (ω>1) suggests positive 

selection under which beneficial mutations are selected for. Lastly, a dN/dS ratio less 

than one (ω<1) suggests purifying selection under which deleterious mutations are being 

purged from a population. dN and dS values form the basis of many widely used codon 

substitution models such as the Jukes and Cantor model (the first and simplest model 

assuming a constant rate of change among all nucleotides), K80 model (assumes rate of 

change differs between transitions and transversions) and the general time-reversible 

model (incorporates different rate for all nucleotide changes and frequencies) (Arenas, 

2015) Other models also consider codon bias and physiochemical properties of the 
encoded amino acids.  

Gene mobility may also provide insight into the functional nature of a gene. 

Horizontal gene transfer is a major contributor to bacterial pathogen evolution and 

versatility by enabling bacterial organisms to acquire genetic components important for 

niche adaptation and survival. Genomic islands (GIs) are clusters of bacterial or 

archaeal genes of probable horizontal origin (Bertelli et al., 2019; Langille et al., 2008). 

They can be transferred among bacterial cells to maintain gene flow and genome 

diversity within the bacterial population. There are many types of GIs with designated 

functions, including pathogenicity islands (containing virulence-related genes), metabolic 
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islands (containing metabolic genes), symbiotic islands (containing genes that facilitate 

the interaction with eukaryotic hosts) and resistance islands (containing AMR genes) 

(Dobrindt et al., 2004). However, some GIs may have a mosaic structure due to the 

physical association of gene clusters from different sources through independent 

horizontal transfer events (Jani & Azad, 2021). A high proportion of functionally 
uncharacterized genes resides in GIs, where VFs are also disproportionately enriched 

(S. J. Ho Sui et al., 2009; Hsiao et al., 2005). Assessing the mobility and co-localization 

of genes on GIs may provide some insight into the functions of unknown genes, given 

that genes conserved on the same non-mosaic GIs may be involved in similar cellular 

processes. 

Likewise, other genomic contexts of a gene such as its genomic location and 

expression pattern in relation to other genes may also be useful in deducing its 

functional role within the organism. Bacterial genes are often arranged into operons, 

coregulated clusters of genes whose expression is upregulated or downregulated 

together (Assaf et al., 2021). Similarly, synteny, the physical co-localization of genes in 
the same order across taxa, may suggest functional context of an unknown gene. 

Colinear syntenic blocks that can span multiple operons and over long evolutionary 

distance across taxa may imply evolutionary selection against genomic rearrangement 

to maintain the complete functional unit of the syntenic region (Yelton et al., 2011). 

Physical interactions likely occur among proteins encoded by genes within a syntenic 

block, such as direct regulation of one another or interaction within a protein complex or 

cellular pathway. Functional association between an uncharacterized gene and a 

functionally annotated gene can thus be inferred by the co-evolution profile of their gene 

clusters based on conserved chromosomal proximity or co-occurrence in different taxa. 
(Sivashankari & Shanmughavel, 2006). In addition to genomic localization, the 

subcellular location where proteins (gene products) optimally operate within a bacterial 

cell may therefore provide insight into their functional roles. Typical gram-negative 

bacteria have 5 major subcellular localization (SCL) sites - cytoplasm, inner membrane, 

periplasm, outer membrane and extracellular space (secreted proteins), whereas typical 

gram-positive bacteria have 4 SCLs- cytoplasm, cytoplasmic membrane, cell wall and 

extracellular space (Yu et al., 2010).  

Computational prediction of the properties of a gene requires validation by 

laboratory methods. To determine the virulence role of a bacterial gene, knockout 
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experiments are usually performed to study its loss-of-function impact in animal infection 

model organisms such as Caenorhabditis elegans (worm), Arabidopsis thaliana (plant) 

and mouse (mammal). Transposon insertion mutagenesis is a biological process in 

which genes are transferred and integrated into specific or random sites within an 

organism’s chromosome, therefore interrupting the function of the gene at the site of 
insertion. In the context of VF discovery and antivirulence therapeutic development, only 

non-essential genes, whose deletion does not impact bacterial viability, are considered 

for downstream virulence screening as ideal, druggable targets. (Cain et al., 2020). 

While transposon insertions are often random, more precise in-frame knockouts can be 

achieved using a 2-step allelic exchange by homologous recombination, a method has is 

optimized for generating clean knockouts of P. aeruginosa genes. The gene deletion is 

generated by cloning upstream and downstream sequence of a target sequence into a 

suicide vector that is subsequently inserted into bacterial chromosome via homologous 

recombination. Bacterial cells with the precise gene deletion of interest are then selected 

for (Hmelo et al., 2015). 

1.6. P. aeruginosa - a WHO priority pathogen 

P. aeruginosa is a gram-negative, aerobic, motile and non-spore-forming bacteria 

that commonly reside in soil and water but is also a major opportunistic pathogen 

affecting immunocompromised patients, and the leading cause of mortality in CF 

patients. Due to its intrinsic antimicrobial resistance, and the rise of multi drug resistance 

isolates, P. aeruginosa has been designated as one of top 3 WHO high priority 

pathogens that is in urgent need for novel therapeutics (Tacconelli et al., 2018; World 

Health Organization, 2017b). A 2017 WHO report estimated that multi-drug or pan-drug 

resistant P. aeruginosa infections attributed to 32,600 nosocomial infections and 2,700 

deaths in United States alone (CDC, 2019). Ubiquitous in the environment, P. 

aeruginosa spreads not only through contaminated soil and water, but also by person-to-

person transmission through contaminated hands, equipment (catheters and ventilators) 

and surfaces. This pathogen typically infects the human respiratory tract, urinary tract, 

burn wounds and blood (Bassetti et al., 2018). P. aeruginosa is equipped with an arsenal 

of intrinsic AMR mechanisms including the lack of non-specific porins for drug uptake 

(low outer membrane permeability), overexpressed efflux systems (Housseini et al., 

2018) and the production of antibiotic-inactivating enzymes like the β-lactamase AmpC 
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(Moradali et al., 2017). The limited sensitivity to antibiotics is complicated by the 

acquisition of extrinsic AMR mechanisms via horizontal gene transfer. Particularly in 

chronic infection of P. aeruginosa, antibiotic failure is often caused by biofilm formation 

characterized by an overproduction of extracellular polysaccharide (alginate, Pel and 

Psl), leading to the formation of persister cells that are dormant and insensitive to 
antibiotics (Colvin et al., 2012). 

1.6.1. Current drug therapies for P. aeruginosa infections 

When possible, a culture is taken to identify the P. aeruginosa resistance profile 

and determine the best antimicrobial treatment that is also appropriate for the site of 

infection (i.e., skin, lungs, urinary tract, bloodstream). The empirical treatment of 

nosocomial P. aeruginosa infection that may have multi drug resistance is a combination 

of a β-lactam (e.g., penicillin, cephalosporin or carbapenem) and a fluoroquinolone (e.g., 

ciprofloxacin or levofloxacin) or an aminoglycoside (e.g., amikacin, gentamicin, 

tobramycin) (C. S. Curran et al., 2018). β-lactams mimic the terminal D-Ala-D-Ala moiety 
of the peptidoglycan pentapeptide, interfere with the cross-linking activity of penicillin-

binding proteins and thus inhibit peptidoglycan synthesis (Pandey & Cascella, 2022). A 

common resistance mechanism against β-lactam is the expression of β-lactamases, 

such as the chromosomally encoded AmpC in P. aeruginosa, to inactivate β-lactams 

(Pandey & Cascella, 2022). Fluoroquinolones target DNA gyrase that is important for the 

relaxation of the supercoiled DNA strands and introduce DNA breaks during DNA 

replication (Fabrega et al., 2009). The predominant fluoroquinolone resistance 

mechanism in P. aeruginosa strains from cystic fibrosis is the overexpression of the 

MexCD-OprJ efflux pump (Fabrega et al., 2009). Aminoglycosides inhibit protein 
synthesis by binding to the 16S ribosomal RNA of the 30S ribosome (Krause et al., 

2016). Resistance to aminoglycosides is commonly due to the methylation of the 16S 

rRNA which prevents effective target binding and the overexpression of efflux pumps 

(Krause et al., 2016). 

Last-resort antibiotics include polymyxins (e.g., colistin and polymyxin B) that are 

used for extensively drug resistant P. aeruginosa infections (McEwen & Collignon, 2018; 

Vidaillac et al., 2012; Zavascki et al., 2007). Polymyxins interact with lipopolysaccharide 

(LPS) of the outer membrane of gram-negative bacteria and disrupt the bacterial 

membrane in a detergent-like manner (Zavascki et al., 2007). P. aeruginosa may 
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develop resistance to polymyxins by modifying the LPS to reduce its net negative charge 

for proper electrostatic interaction with the drugs. Other clinical strategies for treating 

multidrug P. aeruginosa infections include the combination therapy of a β-lactam and a 

β-lactamase such as ceftolozane-tazobactam and ceftazidime-avibactam treatments 

(Tummler, 2019). The difficulty in treating infections is a major reason why the World 
Health Organization prioritized the development of new therapies for this pathogen. 

1.6.2. Genomic structure of P. aeruginosa 

P. aeruginosa is noted for its high genomic diversity, with a large repertoire of 

genes that enables the species to colonize a wide variety of environments. With a 

genome size of 5.5 to 7Mbp, up to 20% of the total genome is comprised of accessory 

genomic elements such as GIs that are often associated with virulence and AMR 

(Subedi et al., 2018). P. aeruginosa also possesses a broad metabolic capacity and high 

proportion of regulatory genes for adapting to diverse environments and persisting in 

harsh clinical settings (Stover et al., 2000). P. aeruginosa is also equipped with a 
plethora of VFs (Figure 1.3). The signature blue-green phenazine pigment, pyocyanin, is 

secreted extracellularly by the type II secretion system to induce the formation reactive 

oxygen species which leads to cellular damage and cell death in hosts (Hall et al., 2016). 

Non-mucoid P. aeruginosa produces the proteolytic elastase capable of degrading 

plasma proteins like immunoglobulins, complement factors and cytokines and inflicting 

tissue damage in host (Kamath et al., 1998). The Type III secretion system (T3SS) is 

responsible for the direct delivery of the major exotoxins, exoenzyme S (ExoS), 

exoenzyme T (ExoT), exoenzyme U (ExoU) and exoenzyme Y (ExoY) into the host 

cytoplasm (Morrow et al., 2016; Newman et al., 2017; Wood et al., 2015). ExoS is a 
bifunctional enzyme with Rho GTPase-activating and ADP-ribosylating activities that are 

associated with increased invasiveness. ExoU is a cytotoxin with phospholipase activity 

that is associated with increased cytotoxicity, more severe infections and higher mortality 

in acute infections. Last but not least, ExoT induces host cell apoptosis while ExoY 

induces cytoskeletal disruption.  

 Most P. aeruginosa strains can be phylogenetically classified into one of the two 

major groups represented by the PAO1 clade (characterized by exoS expression) and 

the PA14 clade (characterized by exoU expression). The remaining strains often cluster 

into a third and more phylogenetically distant clade consisting of the taxonomic outlier 
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PA7 strain (Ozer et al., 2019). The exoU and exoS genes are typically mutually 

exclusive in P. aeruginosa isolates, which rarely carries both or none of these genes. 

PA14 is a hypervirulent strain characterized by the presence of two pathogenicity islands 

absent in PAO1 and the acquired mutation of ladS leading to a deleterious impact on 

biofilm formation, elevated T3SS activity and increased cytotoxicity towards mammalian 
cells in humans, mice or C. elegans (Mikkelsen et al., 2011).  

 
Figure 1.3 Pathogenesis of P. aeruginosa during acute and chronic infections. 
(A) Acute infection by P. aeruginosa is characterized by enhanced VF production and antibiotic 
sensitivity. (B) Chronic infection corresponds to a decrease in VF production and sensitivity to 
antibiotics due to biofilm formation. Figure from (Vilaplana & Marco, 2020).  

1.6.3. Caenorhabditis elegans – an invertebrate infection model for P. 
aeruginosa pathogenesis 

While mammalian model organisms such as mice or rats are useful for studying 
the complex pathogenesis of P. aeruginosa in mammalian chronic lung or acute burn 

wound infections (Bayes et al., 2016; Brandenburg et al., 2019), the nematode C. 

elegans is a simple yet powerful and cost-effective invertebrate model extensively used 

for the preliminary study of virulence in P. aeruginosa. Although lacking adaptive 

immunity, C. elegans employs an innate immune response, similar to plants and 
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mammals, to initial microbial infections through a conserved NF-kB signal transduction 

pathway, mediated by IL-1 and TOLL receptors to activate a defensive response with 

membrane-active small cationic peptides, defensins and other effector molecules 

(Ewbank & Zugasti, 2011). In addition, C. elegans lacks pattern recognition receptors 

(PRR) in its innate immune system to recognize pathogen-derived molecules. Notably, 
recent studies have also highlighted the importance of the C. elegans nervous system in 

pathogen sensing and immune regulation (Y. Liu & Sun, 2021). PA14 is the most virulent 

strain of P. aeruginosa (relative to PAO1, PA27, PO37, PAK) that can induce killing of C. 

elegans by a toxin-mediated fast killing or a slow infection-like killing process (Tan, 

Mahajan-Miklos, et al., 1999). During fast killing on high osmolarity peptone-glucose-

sorbitol (PGS) agar, the presence of phenazine toxins, namely 1-hydroxyphenazine, 

phenazine-1-carboxylic acid, and pyocyanin, released by P. aeruginosa are sufficiently 

lethal to C. elegans, regardless of the viability of the pathogen (Cezairliyan et al., 2013). 

Slow killing over the course of a few days requires the infection and proliferation of live 

bacteria in the intestinal tract of worms grown on low osmolarity nematode growth 

medium (NGM) agar.  

1.7. Metagenomics and One Health for pathogen detection 
in public health 

One Health is a multisectoral and holistic approach in studying the intricate 

relationship among and maintaining the wellbeing of the biotic and abiotic components of 

an ecosystem. Life cycle and population dynamics of bacterial pathogens are often 

linked to the emergence, transmission and re-emergence of infectious diseases 

(Destoumieux-Garzon et al., 2018). In a constantly transforming ecosystem, habitat 

changes and physiological stress on microbial populations can drive evolutionary 

processes in pathogen such as the emergence of AMR genes and VFs as an adaptive 

response to the environmental changes. Habitat destruction, environmental pollution and 

climate change have profound impacts on the evolutionary selection and the geographic 

distribution of well-adapted organisms and their clinically important genes. 

Metagenomics, the study of the collective microbial genomic content from environmental 

samples, enables the assessment of functional potential and the risk of horizontal 

transmission of AMR and virulence-related genes within a microbial community. 

Metagenomic studies have shown that livestock is a major environmental reservoir for 
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AMR genes due to the frequent use of antimicrobials in animal feeding (Pilmis et al., 

2020). AMR dissemination from animals to humans is enabled through biowaste, meat, 

milk, or direct contact. Surveillance of microbial communities across natural, agricultural, 

and urban settings is thus crucial for the rapid detection of pathogen emergence that 

could impose a public health threat and effective control of infectious disease 
transmission. 

1.8. Goals of present research 

1.8.1. Overall objective and hypothesis 

While previous PAG analyses mainly focused on the functional assessment of 

known pathogen-associated VFs (Dhillon et al., 2015; S. J. Ho Sui et al., 2009; S. J. Ho 

Sui et al., 2012), I scaled up the analysis with a massively expanded bacterial genome 

dataset, and refined the predicted PAGs with additional analyses of taxonomic 

distribution and orthology inference. This thesis work also provided a more in-depth in 

silico functional characterization, with experimental lab-based validation, of a prioritized 

set of PAGs, some with undefined function at the start of the study, in P. aeruginosa 

PA14. Furthermore, I gained new structure-function insight into a candidate antivirulence 

drug initially identified through a PAG-based analysis. Lastly, I initiated the first study of 

PAGs in metagenomics datasets. 

The overall objective of my research is to identify and prioritize potential 

pathogen-associated drug targets in priority pathogens, and characterize PAGs and 

initial antivirulence drug candidates, as a part of the antivirulence drug discovery efforts. 

My main hypothesis is that coupling large scale bioinformatics analyses with in-

depth functional analyses of select PAGs and antivirulence drug candidates will provide 

novel insight in themes in bacterial virulence and help identify and prioritize currently 
uncharacterized genes that may be suitable antivirulence drug targets. The discovery of 

novel virulence factors from pathogen-associated genes will also better our 

understanding of the bacterial mechanisms important for host-pathogen interactions. 
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1.8.2. Research aims 

1. Identify widely conserved PAGs, incorporating large-scale taxonomic and 
orthology analysis. 

The first aim of the thesis, addressed in Chapter 2, was to identify widely 
conserved PAGs from an expanded set of over 8000 bacterial genomes. The 

hypothesis was that bacterial genes with important virulence-related functions 

are likely distributed in pathogens across multiple divergent taxa and are likely to 

be under positive selection. Taxonomic assessment of homologous gene groups 

revealed that PAGs are often conserved in only one or two closely related 

bacterial genera. For this reason, subsequent prioritization and characterization 

analyses were focused on PAGs that are conserved in pathogenic strains and 

absent in non-pathogenic strains within the chosen genus, Pseudomonas, under 

defined criteria. 

2. Characterize PAGs under positive selection. 

The second thesis aim, also addressed in Chapter 2, was to characterize PAGs 

under positive selection with the hypothesis that PAGs under such selection are 

likely associated with adaptive functions in bacterial pathogens. This aim helps to 
identify and potentially prioritize PAGs that are likely functionally important for 

virulence for downstream computational and laboratory characterization in the 

third thesis aim.  

3. Further prioritize, including with laboratory-based validation, pathogen- 
associated genes as candidate antivirulence drug targets.  

The third aim was to prioritize, including laboratory-based functional 

characterization, select PAGs as candidate antivirulence drug targets. Chapter 3 

begins with a global protein SCL analysis of all bacterial genes analyzed in 

Chapter 2 to gain insight into the trends of SCL sites of PAGs in comparison to 
non-PAGs and common genes (found in both pathogens and non-pathogens). 

This analysis helped to prioritize PAGs as antivirulence drug targets based on 

drug accessibility, which is hypothesized to be higher in cell-surfaced or secreted 

pathogen-associated proteins. Chapter 3 then covers the first part of the third aim 
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by screening for virulence activity in the transposon insertion mutants of select 

PAGs in a worm infection model. This was followed by a gene/presence absence 

analysis of an interesting P. aeruginosa GI containing two prioritized PAGs, one 

with a virulence repressive activity and the other with evidence of positive 

selection. Chapter 4 addresses the second part of this third aim which involves 
the investigation of the structure-activity relationship of the FDA-approved 

osteoporosis drug, raloxifene, as a potential antivirulence agent against P. 

aeruginosa.  

4. Develop computational methods for metagenomics-based pathogen-
associated gene characterization. 

The fourth thesis aim in Chapter 5 was to detect and characterize PAGs from 

metagenomics data, which has never been done prior to this study. The 

hypothesis was that read-based analysis using metagenomic data will 

complement existing genome-based methods in the characterization of PAGs 

and provide initial insight into the prevalence of such genes for surveillance 
purposes. Specifically, the prevalence of PAGs identified in Chapter 2 was 

assessed across lung microbiomes from individuals of different health status as 

well as freshwater microbiomes from upstream, downstream and at agriculturally 

affected (fecally polluted) watersheds. 
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Chapter 2.  
 
Identification of PAGs, including those under 
positive selection 

This chapter presents an updated version of the PAGs analysis, developed by 

the Brinkman Lab in 2009, with improvements to the algorithm to accommodate the 

massively expanded NCBI RefSeq bacterial genome dataset. To further explore the 

functional importance of PAGs in bacterial pathogens, I incorporated an orthology 

inference analysis to cluster PAGs into orthologous groups (i.e. groups of orthologs 

conserved only in bacterial pathogens) whose conservation across bacterial genera was 

then assessed. Using a subset of PAGs prioritized from the P. aeruginosa PA14 

genome, I performed an evolutionary selection inference analysis to identify those with 

evidence of positive selection.  

I completed all work presented in this chapter except for the initial development 

of the PAGs analysis algorithm (Dhillon et al., 2015; Fedynak, 2007; S. J. Ho Sui et al., 

2009; S. J. Ho Sui et al., 2012), which I refined and built upon. 
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2.1. Abstract 

As bacterial genomes become more abundantly available, large-scale 

comparative genome analyses are now possible to discover and better understand novel 

biological processes that help bacteria thrive in diverse environments. I improved the 

PAGs analysis algorithm, developed by the Brinkman Lab in 2009, with an updated 

dataset of over 8000 bacterial genomes and refined the results with an additional 

orthology analysis to identify genes with orthologs only in bacterial pathogens. Relative 

to genes present in both pathogens and non-pathogens, PAGs are disproportionately 

uncharacterized and taxonomically restricted to one or two bacterial genera. Those 

associated with known VFs were also more enriched in genes related to secretion 

systems, secreted proteins and toxins. In more focused analysis of the Pseudomonas 

genus, 17 PAGs from P. aeruginosa PA14 were prioritized for downstream analyses, 

including three genes evident of positive selection. These analyses altogether provide a 

preliminary prioritization strategy for bacterial genes that may be involved in important 

functions pertaining to the pathogenic lifestyle, as suggested from their unique 

conservation in pathogens and the evidence of positive selection in some of these 
genes. 

2.2. Introduction 

Bacterial pathogens deploy a plethora of virulence mechanisms to cause 

diseases in their host organisms (i.e., humans, animals and plants). Many bacterial VFs 

identified to date are directly involved in host colonization, infection, and immune 

evasion. In recent years, more research attention has been brought to other virulence-

related genes such as regulatory and metabolic genes that control the expression and 

the production of VFs (Rutherford & Bassler, 2012; Suresh et al., 2021). Improved 

sequencing and bioinformatic tools enabled large-scale comparative genomic analyses 

to understand the underlying virulence determinants of disease-causing bacteria. Based 
on the first Molecular Koch’s postulate, genes exclusively conserved in pathogenic 

bacteria and absent in non-pathogenic bacteria, referred to as PAGs in this thesis work, 

are likely contribute to bacterial pathogenicity (Falkow, 1988). A comparative genome 

analysis algorithm for identifying PAGs from comprehensive bacterial genome datasets 

has previously been developed by the Brinkman Lab in 2009 to analyze 613 genomes 
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and later updated in 2014 with 2794 genomes (Dhillon et al., 2015; S. J. Ho Sui, 

Fedynak, A., Hsiao, W.W.L, Langille, M.G.I & Brinkman, F.S.L., 2009). As newly 

sequenced bacterial genomes continue to increase, periodic updates of this PAGs 

analysis are needed to include and to refine the PAGs prediction using the ever-

expanding bacterial genome datasets that are publicly available.  

Understanding the functional role of PAGs in bacterial pathogens is crucial for 

identifying novel VFs for the development of novel antimicrobial alternatives, particularly 

antivirulence drugs, against bacterial infections. Homology detection of PAGs to known 

VFs, protein families and conserved protein domains may provide functional information, 

given that a significant sequence similarity exists between the PAGs of interest and their 

curated orthologs in the chosen databases. However, many genes remain 

uncharacterized owing to their sequence divergence from well annotated genes. The 

lack of functional characterization of some PAGs may be attributed to the rapid evolution 

and the selection of important and potentially virulence-related functions. As such, some 

PAGs may require alternative approaches such as non-sequence similarity-based 
computational methods to predict and infer their biological functions and features. 

Taxonomic distribution of PAGs among bacterial genomes may provide insight into the 

prevalence and nature of gene function as virulence genes with more specialized 

functions have been shown to be more taxon-specific than genes with more general 

functions that are often conserved among more bacterial taxa (Brambila-Tapia et al., 

2014).  

Positive selection plays an influential role in driving the evolution of virulence-

related genes that are beneficial to a pathogen’s adaptation and survival in the host 

environment. Particularly, novel genes that increase an organism’s fitness in its 
pathogenic lifestyle are likely selected for and increased in prevalence within the 

bacterial population over time. For instance, VFs that are pathogen-associated have 

previously been shown to be disproportionately related to more offensive functions such 

as host invasion and T3SS (S. J. Ho Sui et al., 2009). Inferring positive selection in 

PAGs may reveal those with functional importance in pathogens and may facilitate the 

prioritization of pathogen-associated and positively selected genes for a more 

comprehensive characterization as candidate antivirulence drug targets. 
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Figure 2.1 Components of the bacterial T3SS in the universal Sct 

nomenclature. 
The T3SS apparatus delivers effector molecules from the bacterial cytoplasm directly into host 
cell. The basal body spanning the inner and outer membrane includes SctC (PscC), SctD (PscD), 
SctJ (PscJ), SctF (PscF), SctI (PscI) and is connected to the cytoplasmic C-ring SctQ (PscQ). 
The export apparatus consists of SctR (PscR), SctS (PscS), SctT (PscT), SctU (PscU) and SctV 
(PscV). The ATPase complex which provides energy for effector transport includes SctK (PscK), 
SctL (PscL), SctN (PscN) and SctO (PscO). T3SS is regulated by the needle length regulator 
SctP (PscP) and the export regulator SctW (PopN). Figure from (Dey et al., 2019). The 
translocator complex is formed by SctA (PcrV), SctB (PopD) and SctE (PopB). Text within the 
parentheses represents the species-specific nomenclature in P. aeruginosa. 
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Bacterial T3SSs are needle-like, protein transport machineries, found in many 

notorious gram-negative pathogens, that deliver VFs and effectors directly across the 

bacterial envelope and into the host cell (Deng et al., 2017). The structural components 

of the T3SS consist of approximately 20 highly conserved proteins (Figure 2.1). These 

T3SS proteins conserved across multiple bacterial species follow the unified secretion 
and translocation (Sct) nomenclature, initially proposed in 1998 and later expanded in 

2016 (Hueck, 1998; Portaliou et al., 2016). The T3SS injectisome includes the basal 

body (SctC, SctD, SctJ, SctF and SctI), export apparatus (SctR, SctS, SctT, SctU and 

SctV), cytoplasmic ring (SctQ), ATPase complex (SctK, SctL, SctN and SctO), regulators 

(SctP and SctW) and translocators (SctA, SctB and SctE) (Deng et al., 2017). T3SS 

components that are found in bacterial pathogens and are more important for host 

interactions are hypothesized to be more likely to be pathogen-associated and under 

evolutionary pressure for positive selection. 

Here, I updated and improved the scalability of the PAGs analysis in 2018 with 

8646 bacterial genomes, triple in size relative to the genome dataset from the 2014 
PAGs analysis. While the original algorithm identifies PAGs based solely on a single-

way sequence similarity search, this 2018 update features an additional orthology 

analysis using OrthoFinder (Emms & Kelly, 2019) to infer orthologs of all genes from 

reciprocal best hits whose BLAST scores are normalized by gene length. This 

normalization step in the OrthoFinder algorithm improves both the recall of protein-

coding genes with short sequences that are sometimes missed due to their inability to 

produce high bit scores or low e-values to pass the statistically significant threshold, as 

well as the precision of genes with long sequences that are sometimes falsely predicted 

as homologs due to the increased probability of producing high bit scores and low e-
values. As the sequencing of novel bacterial genomes outpaces the characterization of 

their genomic and taxonomic features, I also assessed the potential implementation of a 

modified criterion in the PAGs detection to accommodate for any potential inaccurate 

taxonomic classification and pathogen status assignment in future analyses. 

Furthermore, I included the functional characterization and taxonomic conservation 

assessment of not only PAGs, but also non-PAGs (genes conserved only in non-

pathogenic bacteria) that were not included in the 2009 and 2014 PAGs analyses. 

Moreover, with a focus on the WHO priority pathogen, P. aeruginosa, positive selection 
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inference was performed on a subset of PAGs in the hypervirulent P. aeruginosa PA14 

strain as well as a set of T3SS structural and accessory genes.  

The main goals of my research in this chapter are to 1) identify PAGs from the 

updated and expanded bacterial genome dataset, 2) compare trends in taxonomic 

conservation and biological functions among PAGs, non-PAGs and common genes 
(found in both pathogens and non-pathogens), and 3) infer positive selection in select 

PAGs as well as a set of T3SS genes to prioritize those with putative functional 

importance in pathogens for further downstream characterization. 

2.3. Methods 

2.3.1. Identification and preliminary characterization of PAGs from the 
complete NCBI RefSeq bacterial genome dataset 

An updated set of 8646 Reference Sequence (RefSeq) bacterial genomes from 

the National Center for Biotechnology Information (NCBI) was retrieved from the 

MicrobeDB database v97 (Langille et al., 2012) on April 26th, 2018. Since The Institute 
For Genomic Research’s Microbial Genome Properties Table, which provided the 

pathogen status of bacterial genomes (whether they are pathogens to humans, animals 

or plants) to the 2009 PAGs analysis, was no longer accessible at the time of my 2018 

PAGs analysis update, I manually assigned each novel genome a pathogen status of 

“pathogen” or “non-pathogen” based on a manual curation of documented pathogenicity 

at the species level (Fedynak, 2007; Haft et al., 2005). Specifically, genomes were 

classified as a “pathogen” if their corresponding species had published evidence of 

infection in any host organism (most commonly in humans, animals or plants). On the 

contrary, genomes were classified as “non-pathogens” if their corresponding species 
have been documented in publications as environmental (non-host-associated) 

organisms or as host-associated organisms with no current evidence of pathogenicity. 

Genomes that were not reported or characterized in any publications at the time of the 

curation were assigned an “unknown” pathogen status and were excluded from the 

analysis. Due to the massive expansion of sequenced genomes since the previous 

analysis update in 2014 (Dhillon et al., 2015), the pathogen status of genomes was no 

longer curated individually at the strain level. All genomes/strains within a species were 

collectively assigned as a “pathogen” if at least one strain within the species shows 
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evidence of pathogenicity in at least one host organism, or as a “non-pathogen” if none 

of the strains within the species is reportedly pathogenic towards any host organisms. 

This species level curation of pathogen status mainly affects species like E. coli and 

Listeria monocytogenes that encompass both pathogenic and non-pathogenic strains 

(Chen et al., 2011; Lorenz et al., 2020). 

The protein sequences of genes from a total of 5,196 pathogenic and 3,523 non-

pathogenic RefSeq genomes were searched for sequence similarity against all genes 

from all other genomes, excluding the genome of origin, using DIAMOND (Buchfink et 

al., 2021; Buchfink et al., 2015). An e-value cut-off of 10-7 was used to exclude 

potentially distant homologs. A gene was considered pathogen-associated, non-

pathogen-associated, or common if its protein sequence had significant sequence 

similarity (below the 10-7 e-value threshold) to genes found in the genomes of only 

bacterial pathogens, only non-pathogens, or both pathogens and non-pathogens, 

respectively. With the original intent of finding functional genes widely conserved among 

the diverse bacterial pathogens or non-pathogens, the unique genes were subdivided 
into “high quality” and “low quality” PAGs or non-PAGs based on three criteria: 1) broad 

phyletic distribution (conserved in three or more bacterial genera), 2) non-genus 

specificity (at least one genus in which the PAGs or non-PAGs were detected must 

containing both pathogenic and non-pathogenic species), and 3) proteins with probable 

function (more than 100 amino acids). PAGs and non-PAGs that satisfied all three 

criteria are considered “high quality” while the others are considered “low quality.” 

The prevalence of functionally unknown and defined PAGs, non-PAGs and 

common genes was estimated from their NCBI gene annotations. Genes whose 

annotation containing “hypothetical protein” or “DUF” (domain of unknown function) were 
considered functionally unknown while the remaining genes were considered functionally 

defined. VF and protein family associations of these genes were also determined 

through a DIAMOND-based sequence similarity search against all known VFs in the 

Virulence Factor Database (B. Liu et al., 2019) as of January 10th, 2019 and all protein 

families within the Pfam database v33.0 (Mistry et al., 2021). An e-value cut-off of 10-7 

and a sequence identity threshold of 90% were used. Genes associated with known VFs 

were further classified by the categories of bacterial VFs defined in VFDB. Statistical 

analysis of the over-presentation or under-representation of PAGs or non-PAGs, relative 

to common genes was performed by tabulating the number of genes, within each 
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pathogen association, that are or are not associated with functionally defined genes, 

known VFs or protein families, running a Chi-square test of association, followed by 

pairwise post-hoc tests with multiple testing correction using the Benjamini-Hochberg 

Procedure. Statistics were computed in R with the R package “rcompanion” v2.3.26. 

To refine the results from the PAGs analysis, OrthoFinder v2.3.12 (Emms & 
Kelly, 2019) was used to infer orthologous relationship among all bacterial genes and 

cluster orthologs into “orthogroups.” In contrast to the original PAGs analysis algorithm 

which uses a single sequence similarity search of a gene against genes in other 

genomes, OrthoFinder implements a reciprocal best hit search, with bit scores 

normalized by gene length and phylogenetic distance, to identify orthogroups. A species 

tree and gene trees of each orthogroup are then constructed for gene tree-species tree 

reconciliation to identify gene duplication/loss and to infer probable paralogs within each 

orthogroup. Due to filesystem and runtime limitations on the Compute Canada’s Cedar 

high-performance computing cluster, the NCBI RefSeq bacterial genome dataset was 

reduced to 501 reference and representative genomes prior to the orthology inference 
by OrthoFinder. Pathogen-associated and non-pathogen-associated orthogroups were 

identified if all orthologs within the orthogroups belonged to genomes of only pathogenic 

or non-pathogenic bacteria, respectively. All orthologs within the pathogen-associated or 

non-pathogen-associated orthogroups are therefore identified as PAGs or non-PAGs, 

respectively. Taxonomic conservation of pathogen-associated and non-pathogen-

associated orthogroups were assessed by counting the number of unique bacterial 

genera in which their orthologs were detected. Pairwise association of bacteria genera 

among all pathogen-associated or non-pathogen-associated orthogroups were 

visualized on circus plots created by the R package “circlize” v0.4.10. Specifically, an 
input file with the following fields was prepared: 1) the primary bacterial genus, 2) the 

paired bacterial genus and 3) number of pathogen-associated or non-pathogen-

associated orthogroups shared among the genus pairs. The chordDiagram() function in 

“circlize” then mapped the data in a circos plot with the primary bacterial genera 

organized by alphabetical order in the clock wise direction, followed by the paired 

bacterial genera. The thickness of the links of the genus pairs is proportional to the 

number of orthogroups shared among each genus pair.  
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2.3.2. Genus-specific analysis of the NCBI RefSeq Pseudomonas 
genome dataset 

A complete set of Pseudomonas genomes from the NCBI RefSeq Database was 
retrieved through MicrobeDB v102 on October 12, 2020. Each genome was assigned a 

“pathogen” or “non-pathogen” status based on manual literature search for evidence of 

pathogenicity in its respective strain. From a total of 605 Pseudomonas RefSeq 

genomes, a total of 306 pathogenic and 243 non-pathogenic Pseudomonas genomes 

were identified. With a focus on the hypervirulent P. aeruginosa UCBPP-PA14 strain 

(NCBI RefSeq genome assembly accession GCF_000014625.1), pathogen associated 

genes were identified by DIAMOND-based sequence similarity search (e-value cut-off of 

10-7) of the protein sequences of all genes in the P. aeruginosa PA14 genome against 

genes from other Pseudomonas genomes. Within this genus-specific PAGs analysis, a 

gene is considered pathogen-associated if found (i.e., had significant sequence similarity 
with genes) only in pathogenic Pseudomonas strains. 

Orthology inference using OrthoFinder v2.3.12 required genome reduction to a 

smaller dataset that was manageable by Compute Canada’s server. Phylogenetic 

distances among the 605 Pseudomonas genomes were estimated by MASH v2.3 using 

10000 sketches of the default  21-mers, as employed and specifically tested on 

Pseudomonas genomes in IslandViewer4 for the selection of representation genomes 

(Bertelli et al., 2017). To address the over-representation of certain species like P. 

aeruginosa, with many sequenced clinical isolates, within the original genome dataset, 

pairwise MASH distances were used to determine a genomic distance cut-off for 

clustering highly similar genomes together and to select a single representative genome 

from each cluster. Specifically, the MASH distance matrix was used for hierarchical 

clustering and dendrogram visualization of all Pseudomonas genomes, using the R 

“stats” package v4.0.2. Upon the examination of a few tested MASH distance cut-offs of 

0.21, 0.1, 0.08, 0.06 and 0.04 which generated 133, 206, 237, 295, and 380 genome 

clusters, respectively, the 0.1 cut-off was chosen as it was the highest MASH distance 

that resolved the three main P. aeruginosa lineages, PAO1, PA14 and PA7 into separate 

clusters while effectively reducing the original dataset to approximately a third in size. 

Within each cluster under the 0.1 MASH distance cut-off, an NCBI reference or 

representative genome was prioritized for selection. If no reference or representative 
genome was present in the cluster, one genome was randomly selected. The PAGs 
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analysis followed by orthology inference was performed on the reduced set of 206 

Pseudomonas genomes. The PAGs analysis was done on both the complete and the 

reduced Pseudomonas genome dataset for comparison of results using the different 

genome dataset sizes. Results between the PAGs analysis and the OrthoFinder-based 

orthology inference were also compared using the reduced genome dataset. P. 

aeruginosa PA14 genes, whose pathogen association was supported by the PAGs 

analyses using both the complete and reduced Pseudomonas dataset, as well as the 

orthology analysis using the reduced dataset, were selected for more in-depth 

downstream characterization. 

2.3.3. Evaluation of a more flexible criterion for PAGs detection  

Re-assignment of pathogen association to genes 

The pathogen association assignment step in the Pseudomonas-specific PAGs 

analysis, using the complete Pseudomonas genome dataset, in Chapter 2.3.2 was re-

run with a new criterion allowing 1 to 10% of a pathogen-associated gene’s significant 

sequence similarity search hits (probable homologs) to be of non-pathogen origin. A 

presence-absence matrix of PAGs and their probable homologs defined under each 

percentage in this criterion was mapped to a species tree constructed from the full 

Pseudomonas dataset (see section below). The identity of the non-pathogen genomes 

containing the probable homologs of the PAGs was compared among the different level 

of stringency (the percentage of non-pathogen genomes included) under this novel 

criterion.   

Phylogenetic analysis of the Pseudomonas genus 

The full RefSeq dataset of Pseudomonas genomes obtained from MicrobeDB 

v102 was used to construct a species tree using concatenated nucleotide sequences of 

four housekeeping genes, 16S ribosomal RNA (16s rRNA), DNA gyrase B (gyrB), RNA 

polymerase beta subunit (rpoB) and RNA polymerase sigma factor (rpoD), that have 

been shown to be effective in resolving the Pseudomonas phylogeny and identifying 

novel strains (Siehnel et al., 2010). Between the time at which the Pseudomonas-

specific PAGs analysis (Chapter 2.3.2) was performed and the time at which this 
analysis (Chapter 2.3.3) was performed, a few RefSeq genomes were suppressed in the 

NCBI RefSeq Database due to reasons such as “missing strain identifier” or “containing 
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many frameshifted proteins”, thus were excluded from this Pseudomonas species tree 

construction (Table 2.1). Multiple sequence alignment was done using MUSCLE v3.8.31 

(Edgar, 2004), followed by phylogenetic tree construction using IQtree v2.0.3, which is 

reportedly ideal for concatenation-based species tree inference (Minh et al., 2020; X. 

Zhou et al., 2018). E. coli str. K-12 substr. MG1655 (GCF_000005845.2) was chosen as 
the outgroup. 

Table 2.1 Supressed NCBI RefSeq Pseudomonas genome assemblies as of 
May 2021. 

RefSeq genome 
assembly 
accession 

Species Strain Pathogen 
status 

Reason for suppression  

GCF_000953455 P. oleovorans Ppseudo_Pac Non-pathogen Missing strain identifier 

GCF_002688705 P. fulva SB1 Pathogen Many frameshifted proteins 

GCF_002843285 P. sp. AK6U AK6U Non-pathogen Many frameshifted proteins 

GCF_901472545 P. aeruginosa NCTC13359 Pathogen Many frameshifted proteins 

GCF_901472565 P. aeruginosa NCTC13620 Pathogen Many frameshifted proteins 

GCF_901472595 P. aeruginosa NCTC13618 Pathogen Many frameshifted proteins 

2.3.4. Evolutionary selection analysis of PAGs and T3SS genes 

Dataset 

The 17 PAGs from the P. aeruginosa PA14 genome identified from the genus-

specific PAGs analysis in Chapter 2.3.2 were selected for positive selection inference. 

T3SS structural genes and a variety of T3SS regulators, chaperones and effectors were 

retrieved through manual curation of published papers (Portaliou et al., 2016). NCBI 

protein accessions, locus tags, and nucleotide sequences were curated through cross-

referencing NCBI gene/protein annotations. Orthologs of all PAGs and T3SS genes 

selected for this analysis were retrieved from the OrthoFinder-predicted orthogroups in 

Chapter 2.3.3. 

Evolutionary selection inference 

A more extensive evolutionary analysis of PAGs and T3SS-related genes in 14 

P. aeruginosa representative genomes (retrieved from the reduced 206 Pseudomonas 

genome dataset) was performed using the HYpothesis testing using the PHYlogenies 

(HyPhy) v2.5 package (Kosakovsky Pond et al., 2020). HyPhy was the preferred tool for 

evolutionary analysis since it allows for synonymous rate (dS) variation to minimize 
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misidentification of positively selected sites in genes (Wisotsky et al., 2020). For each 

gene set, a codon-based multiple nucleotide sequence alignment, with masked internal 

and external stop codons, was generated from coding sequences for all P. aeruginosa 

genes within the orthogroup using MACSE v2.04 (Ranwez et al., 2018).  

Multiple sequence alignments of the gene sets of interest were preprocessed and 
screened for recombination, which may affect phylogenetic tree construction, by HyPhy’s 

Genetic Algorithm for Recombination Detection (GARD) method (Kosakovsky Pond et 

al., 2006). Alignments with detected recombination are partitioned into fragments based 

on the predicted location of recombination breakpoint. Selection inference by 

downstream HyPhy methods was done separately on the phylogeny of each alignment 

partition. GARD output is directly compatible with other HyPhy tools. 

Genes were analyzed for positive selection by multiple HyPhy methods, with 

each method testing a slightly different hypothesis for codon evolution. Positive selection 

can be episodic (specific to some but not all lineages within a gene phylogeny) or 

pervasive evident across all phylogenetic lineages). Mixed Effects Model of Evolution 
(MEME) was chosen as the primary method for detecting site-specific episodic positive 

selection as it is better able to identify individual sites with evidence of positive selection 

under a proportion of the lineages in a phylogeny (Murrell et al., 2012). However, the 

predicted sites under positive selection were not analyzed in detail due to the limited 

data supporting the accuracy of such predictions. This is particularly important for 

capturing signatures of positive selection in genes relevant for pathogenesis and 

virulence as adaptive evolution of genes is usually attributed to a few amino acids, rather 

than the entire protein-coding sequence, undergoing episodic positive selection. 

(Guindon et al., 2004; Murrell et al., 2012). 

 The gene datasets were also analyzed by other complementary HyPhy methods 

that may provide additional information.  Adaptive Branch Site Random Effects 

Likelihood (aBSREL) is a complementary test to MEME for identifying specific lineages 

on a phylogeny on which positive selection is evident (M. D. Smith et al., 2015). Contrary 

to the MEME and aBSREL which infer episodic selection, the Fixed Effects Likelihood 

(FEL) method tests for pervasive positive selection in small (less than 100 sequences) 

gene sets such as the PAGs and T3SS-related genes dataset used in this chapter 

(Kosakovsky Pond & Frost, 2005; Murrell et al., 2013). FEL assumes a constant 
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selective pressure at each site within a gene across the entire phylogeny (i.e., no 

phylogenetic lineages are under higher selection than others). The Branch-Site 

Unrestricted Statistical Test for Episodic Diversification (BUSTED) method, on the other 

hand, identifies gene-wide instead of site-specific episodic positive selection of genes 

(Murrell et al., 2015). 

Controls 

 Bacterial genes known to be under purifying or positive selection are chosen as 

negative and positive controls, respectively, to ensure the interpretation of the HyPhy 
selection inference results was appropriate. Seven multilocus sequence typing genes 

(acsA, aroE, guaA, mutL, nuoD, ppsA and trpE) in P. aeruginosa were initially selected 

as negative controls (data not shown) (B. Curran et al., 2004). However, due to the lack 

of published dN/dS ratios or selection inference analyses on these genes, the RNA 

polymerase sigma factor (rpoD), DNA gyrase subunit B (gyrB), and DNA-directed RNA 

polymerase beta chain (rpoB) were used as negative controls for this analysis as 

purifying selection for these three genes have been supported by published data (Mulet 

et al., 2010). Likewise, the pyoverdine outer membrane receptor (fpvA) and the 

pyoverdine inner membrane protein (fpvG), with published evidence of positive selection 
(Tummler & Cornelis, 2005), were used as positive controls in this analysis. 

2.4. Results 

2.4.1. PAGs are disproportionately enriched in T3SS and toxin-related 
VFs, located on GIs, and functionally undefined 

The third update of the PAGs analysis was done in 2018 to incorporate the 

expanded bacterial genome dataset since the previous analysis from 2014 (Table 2.2). 

From 8449 bacterial RefSeq genomes, 328,750 (5.8%) PAGs, 837,103 (14.8%) non-

PAGs and 4,490,387 (79.4%) common genes (found in both pathogens and non-

pathogens) were identified (Figure 2.2A). “High quality” PAGs and non-PAGs that 
satisfied all three criteria - broad taxonomic conservation, non-genus-specificity, and 

gene length of over 300 base pairs - only represented 0.2% and 0.4% of the total 

bacterial genes, respectively, suggesting at least one of the three criteria (broad 

taxonomic conservation – see Chapter 2.4.2) may be under-represented. A preliminary 

functional trend analysis of bacterial genes by pathogen association revealed that PAGs 
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relative to common genes are disproportionately enriched in genes currently with an 

unknown function but are associated with known VFs (Figure 2.2). On the contrary, no 

known VFs were detected in the non-PAGs, in support of the original hypothesis that 

PAGs are more likely to confer virulence-related functions and to be unique to 

pathogens while non-PAGs are not. A closer examination of all genes with VF 
association showed that, relative to common genes, PAGs are more enriched in VF-

associated genes encoding T3SS components, secreted proteins and toxins (p-value = 

5.0-4) (Figure 2.3). All bacterial genes were also searched against the Pfam database for 

significant sequence similarity to known protein families curated to date. In agreement 

with previous assessment of functional annotation of genes within each pathogen 

association, PAGs as well as non-PAGs, relative to common genes, are significantly 

enriched in genes with uncharacterized protein families, suggesting that some genes 

unique and perhaps important for the pathogenic or non-pathogenic lifestyle may have 

been overlooked in the past (Figure 2.4). This set of preliminary functional analyses 

highlighted the lack of characterization of genes that are uniquely conserved in non-

pathogens or pathogens, especially drawing attention to PAGs that may represent novel 

VF classes.  

Table 2.2 Summary of the PAGs analysis performed in 2009, 2014 and 2018. 

 2009 2014 2018 

Total genomes 631 2,794 8,449 

Total pathogen genomes 298 1,277 5,196 

Total non-pathogen genomes 333 1,517 3,253 

Pathogen status curation Strain level Strain level Species level 

Protein sequence similarity search BLASTp BLASTp DIAMOND* 

*DIAMOND is faster and more scalable than BLASTp (Buchfink et al., 2015) 
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Figure 2.2 Classification of bacterial genes by pathogen-association revealed 
that relative to common genes, PAGs are disproportionately 
associated genes without a characterized function but are 
associated with known VFs. 

(A) Distribution of bacterial genes in each of the five pathogen-association categories: “low-
quality” PAGs (PAGLQ), “high-quality” PAGs (PAGHQ), “low-quality” non-PAGs (NONPAGLQ), 
“high-quality” non-PAGs (NONPAGHQ) and common genes (COMMON). Numbers with or 
without parentheses above each bar denote the total number or percent, respectively, of bacterial 
genes in each pathogen association. (B) Proportions of genes within each pathogen association 
with a defined function (DF) or unknown function (UF) and that are VF- or non-VF (nVF)-
associated. Chi-squared test was first performed to show a significant, general association 
between the number of genes by pathogen association and their functional annotation (VF-
association and functional annotation status) (p= 0.0005). (C) Post-hoc pairwise Chi-squared test 
were subsequently performed to compare the gene count in common genes and the 4 other 
pathogen association groups across the 4 functional annotation statuses (DF_VF, DF_nVF, 
UF_VF and UF_nVF). Relative to common genes, PAGs and non-PAGs showed a significant 
difference in gene count in majority of the functional annotation groups. “NA” indicates that the 
Chi-squared test could not be performed due to the absence of VF-associated genes in the non-
PAGs. Associations are statistically significant if p-value is less than 0.05. In the post-hoc tests, p-
values were adjusted for multiple testing by the Benjamini–Hochberg false discovery rate method. 
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Figure 2.3 Classification of VF-associated bacterial genes by VF classes 

showed that relative to common genes, PAGs are more enriched in 
genes encoding bacterial secretion components, secreted proteins 
and toxins. 

VF classes were defined by the Virulence Factor Database used in this analysis. Pathogen-
association types include “low-quality” PAGs (PAGLQ), “high-quality” PAGs (PAHGQ), “low-
quality” non-PAGs (NONPAGLQ), “high-quality” non-PAGs (NONPAGHQ) and common genes 
(COMMON). Number above each bar represents the number of genes categorized by pathogen 
association. 
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Figure 2.4 Classification of bacterial genes by Pfam annotations showed that 

PAGs disproportionately lack association to known protein families. 
(A) Proportion of bacterial genes with or without Pfam protein family annotation in each pathogen 
association category. Pathogen association types: “low-quality” PAGs (PAGLQ), “high-quality” 
PAGs (PAHGQ), “low-quality” non-PAGs (NONPAGLQ), “high-quality” non-PAGs (NONPAGHQ) 
and common genes (COMMON). Numbers within the bar represent gene count. Chi-squared test 
was first performed to show a significant, general association between the number of genes by 
pathogen association and their Pfam protein family association (p= 0.0005). (B) Post-hoc 
pairwise Chi-squared test were subsequently performed to compare the gene counts in each pair 
of pathogen association groups and their protein family association. Relative to common genes, 
PAGs and non-PAGs showed significantly higher prevalence of genes without a detected 
association to known protein families within the Pfam database v33. Associations are statistically 
significant if p-value is less than 0.05. In the post-hoc tests, p-values were adjusted for multiple 
testing by the Benjamini–Hochberg false discovery rate method. 
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2.4.2. PAGs are mostly conserved within one or two bacterial genera 

PAGs and non-PAGs identified in the 2018 PAGs analysis (Chapter 2.4.1) were 

further refined and clustered into orthologous groups called orthogroups using 

OrthoFinder (Emms & Kelly, 2019). Contrary to the PAGs analysis algorithm which relies 
on a single sequence similarity search to identify sequence similarity hits (putative 

homologs) of a query gene, OrthoFinder is a more sophisticated ortholog inference 

approach that includes a reciprocal best BLAST, ortholog clustering and gene tree-

species tree reconciliation to distinguish orthologs from paralogs. From a subset of 501 

representative or reference RefSeq bacterial genomes, 106 pathogen-associated 

orthogroups (Figure 2.5) and 169 non-pathogen-associated orthogroups (Figure 2.6) 

were identified. Only 11 pathogen-associated orthogroups and 4 non-pathogen-

associated orthogroups were conserved across 3 or more bacterial genera. Moreover, 

only 2 pathogen-associated orthogroups and 1 non-pathogen-associated orthogroups 

are detected across 4 bacterial genera. The majority of genes that are only found in 

either pathogens or non-pathogens are conserved among two phylogenetically or 

ecologically related genera, suggesting that PAGs and non-PAGs may confer niche-

specific functions shared among bacteria inhabiting a similar environment. For example, 

pathogen-associated orthogroups are commonly shared between Borrelia and Borreliella 

(many vector-borne pathogens), Escherichia and Shigella (many foodborne pathogens) 

and Vibrio and Alivirio (aquatic bacteria with some pathogenic species). Similarly, non-

pathogen-associated orthogroups are found in genus pairs such as Clostridium and 

Bacillus (endospore-forming organisms), Bacteroides and Prevotella (gut microbes), and 

Rhodococcus and Gordonia (environmental organisms). The limited taxonomic 
conservation of PAGs and non-PAGs showed that selecting “high-quality” PAGs found in 

3 or more genera in the PAGs analysis (Chapter 2.3.1) is not a suitable criterion for 

prioritizing PAGs for downstream functional analyses. Instead, focusing on PAGs 

conserved in pathogenic species within a genus maybe be useful in identifying novel 

VFs that may be used as precise, pathogen-specific antivirulence drug targets. 
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Figure 2.5 Pairwise genus association of pathogen-associated orthologs 

among the 501 RefSeq reference/ representative bacterial genomes 
showed that majority of the 106 detected pathogen-associated 
orthogroups are conserved in two ecologically similar genera. 

Number on scale represents the number of PAGs, identified from 501 RefSeq reference/ 
representative bacterial genomes, shared between each pair of bacterial genera. For orthogroups 
conserved in more than two genera, all genus pairs are illustrated individually (e.g., an orthogroup 
conserved in 3 genera, A, B and C, will show the pairwise association between A-B, B-C and A-
C). Orthogroups conserved only in one genus were excluded. 
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Figure 2.6 Pairwise genus association of non-pathogen-associated orthologs 
among the 501 RefSeq reference/ representative bacterial genomes 
showed that majority of the 169 detected non-pathogen-associated 
orthogroups are also conserved in two ecologically similar genera. 

Number on scale represents the number of non-PAGs, shared between each pair of bacterial 
genera. For orthogroups conserved in more than two genera, all genus pairs are illustrated 
individually (e.g., an orthogroup conserved in 3 genera, A, B and C, will show the pairwise 
association between A-B, B-C and A-C). Orthogroups conserved only in one genus were 
excluded. 

2.4.3. 17 Pseudomonas-specific PAGs identified in P. aeruginosa 
PA14 were prioritized for downstream functional analyses 

Since PAGs are most likely found among one or two bacterial genera based on 

the results from the previous section (Chapter 2.4.2), a genus-specific approach to 
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P. aeruginosa PA14 genome were identified using the full Pseudomonas genome 

dataset. In this genus-specific analysis where the pathogen status of genomes was 

curated at the strain level, a pathogen-associated gene is defined as a gene predicted to 

be found only in the pathogenic Pseudomonas strains within the genome dataset used. 

The genus-specific PAGs analysis was repeated on a reduced Pseudomonas genome 
dataset (Table 2.3) created for the purpose of performing the downstream OrthoFinder-

based orthology analysis within the filesystem limits of the Compute Canada’s Cedar 

server. However, it is important to note that reducing the genome dataset may also 

reduce the precision of PAGs prediction as genes may be falsely predicted as pathogen 

associated if some non-pathogen genomes containing those genes are missing from the 

analysis. Differences between PAGs analysis with or without the subsequent orthology 

inference as well as between the usage of the full and the reduced Pseudomonas 

genome dataset were assessed (Figure 2.7). Within the P. aeruginosa PA14 genome, 

330 (77.6%) of 425 PAGs identified by the PAGs analysis were also supported by the 

orthology analysis using the reduced genome dataset. The higher number of PAGs 

identified from the reduced dataset may contain genes that are falsely identified as 

pathogen-associated due to the potential absence of ortholog-encoding genomes from 

non-pathogenic bacteria that were originally present in the complete genome dataset but 

excluded in the reduced dataset. For this reason, the 55 PAGs detected by both the 

PAGs with the complete and reduced genome datasets, as well as the orthology 

analysis using the reduced genome dataset, were of interest. Seventeen of these genes 

(Table 2.4) were found in more than 3 genomes within the reduced Pseudomonas 

genome dataset and were selected for more in-depth characterization. 
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Table 2.3 Genome count of the complete and reduced Pseudomonas RefSeq 
genome dataset. 

 Complete dataset Reduced dataset 

Total genomes 605 206 

Pathogen genomes 306 61 

Non-pathogen genomes 243 145 

Species 

P. aeruginosa 220 14 

P. chloraraphis 45 9 

P. fluorescens 23 18 

P. putida 35 21 

P. syringae 27 9 

P. stutzeri 18 14 

Only the top Pseudomonas species are shown.  

 
Figure 2.7 Venn diagram of PAGs identified 55 PAGs by the PAGs analysis 

using the full and reduced Pseudomonas genome dataset, as well as 
the follow-up orthology inference using the reduced dataset. 

Numbers without and with parentheses represent the count and percentage of PAGs that were 
detected by one or more methods and datasets. 
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Table 2.4 17 PAGs identified in P. aeruginosa PA14 and at least two other 
genomes within the reduced Pseudomonas genome dataset.  

RefSeq protein 
accession Protein name 

Protein 
length (aa) 

Ortholog-
containing 
species 

Number of 
genomes in 
orthogroup 

PSORTb 
SCL 

WP_003139757.1a 
Pentapeptide repeat-
containing protein  215 P. aeruginosa 14 Extracellular 

WP_003141470.1 a 
DUF3218 domain-
containing protein  221 P. aeruginosa 10 Unknown 

WP_003095466.1 Hypothetical protein  248 P. aeruginosa 8 Unknown 

WP_003116317.1 
Class I SAM-dependent 
methyltransferase  253 

P. aeruginosa; 
P. mendocina; P. 
oryzihabitans 8 Cytoplasmic 

WP_003111331.1 b Hypothetical protein  128 P. aeruginosa 7 Unknown 

WP_003140882.1 a Hypothetical protein  212 P. aeruginosa 7 Cytoplasmic 

WP_003118883.1 a Hypothetical protein  384 P. aeruginosa 6 
Cytoplasmic 
Membrane 

WP_025297936.1 Penicillinase repressor 132 P. aeruginosa 6 Unknown 

WP_016254216.1 
M56 family 
metallopeptidase 331 P. aeruginosa 6 

Cytoplasmic 
Membrane 

WP_003134054.1 a Hypothetical protein 137 P. aeruginosa 6 Cytoplasmic 

WP_003089506.1 a Hypothetical protein 177 P. aeruginosa 5 Unknown 

WP_003139692.1 Hypothetical protein  486 P. aeruginosa 5 Unknown 

WP_071535563.1 a Amino acid permease  55 P. aeruginosa 5 Unknown 

WP_003096896.1 Hypothetical protein  78 P. aeruginosa 4 Unknown 

WP_071534232.1 a Response regulator GacA  105 P. aeruginosa 4 Extracellular 

WP_003140763.1 a  Hypothetical protein  94 P. aeruginosa 4 Unknown 

WP_011347386.1 

Type I toxin-antitoxin 
system ptaRNA1 family 
toxin 76 P. aeruginosa 4 Unknown 

Pathogen-association was supported by the single-way BLAST analysis and OrthoFinder analysis using the full or the 
reduced Pseudomonas RefSeq genome datasets. 
PSORTb SCL: protein subcellular localization (SCL) site predicted by the PSORTb 3.0 SCL predictor. 
a PAGs (PAGs) with BLAST hits in only Pseudomonas based on the original, all bacterial PAGs analysis 
b PAG with BLAST hits in P. aeruginosa and Burkholderia multivorans based on the original, all bacterial PAG analysis. 
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2.4.4. Detection of positive selection in the PAGs identified in P. 
aeruginosa PA14 

Based on the HyPhy selection inference results of the control genes (Table 

2.5), a pathogen-associated gene is considered under positive selection if the 

positive selection is inferred by MEME and at least one other HyPhy selection 

inference methods. Combining evidence of positive selection from two or more 

methods minimizes false positive prediction by a single selection inference test. Of 

the 17 PAGs that are conserved in P. aeruginosa PA14 and at least two other 

Pseudomonas genomes, three genes show evidence of positive selection in at least one 

site in a proportion of lineages in their orthogroup phylogeny, supported by at least two 

HyPhy selection methods, namely MEME and FEL or aBSREL or BUSTED (Table 2.6).  

Table 2.5 Selection inference of negative and positive control genes. 

Gene Gene name MEME1 BUSTED2 FEL3 aBSREL4 

Negative controls 

rpoD RNA polymerase sigma factor RpoD No No No No 

gyrB DNA gyrase subunit B No No No Yes 

rpoB DNA-directed RNA polymerase beta chain No No No No 

Positive controls 

fpvA pyoverdine outer membrane receptor Yes (15) No Yes (2) Yes 

fpvG iron inner-membrane reductase Yes (1) No No Yes 
1 MEME (Mixed Effects Model of Evolution): inference method for site-specific episodic positive selection 2 BUSTED 
(Branch-Site Unrestricted Statistical Test for Episodic Diversification): inference method for gene-wide episodic positive 
selection 

3 FEL (Fixed Effects Likelihood): inference method  for site-specific pervasive positive selection 

4 aBSREL (adaptive Branch-Site Random Effects Likelihood): inference method  for branch-specific episodic positive 
selection 

Number in parentheses indicates the number of sites (codons) within a gene with evidence of positive selection, 
detected by MEME or FEL.  

The first P. aeruginosa PA14 PAG with evidence of positive selection is the class 

I S-adenosyl methionine (SAM)-dependent methyltransferase (PA14_RS20430; 

WP_003116317.1). Significant results from MEME and FEL indicate that this gene has 
at least one site under pervasive positive selection (i.e., under positive selection across 

all lineages of the gene phylogeny). With a broad spectrum of substrate specificity, class 

I SAM-dependent methyltransferases are important for SAM-dependent biochemical 

processes across all domains of life (Kozbial & Mushegian, 2005), including bacterial 

pathogenesis. Examples of virulence-related SAM-dependent methyltransferases are 
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the enteropathogenic E. coli T3SS effector Nle which blocks host host NF-κB signaling 

important for immune defense (Yao et al., 2014) and the Burkholderia glumae ToxA 

responsible for the biosynthesis of toxoflavin, a major B. glumae toxin (Kang et al., 

2019). Evidence of positive selection and pathogen-association suggests 

PA14_RS20430 may also play a functional role in the pathogenic lifestyle or host 
adaptation of P. aeruginosa. 

Another PAG in P. aeruginosa PA14 with evidence of positive selection is a 

DUF3218 family protein (PA14_RS24305; WP_003141470.1), whose positive selection 

was also supported by both MEME and FEL. As the gene annotation implies, this gene 

is yet to be functionally characterized and show minimal homology to any known protein 

families; however, the NCBI Gene Expression Omnibus suggests that this gene is 

upregulated in host airways, which may be related to respiratory infection by P. 

aeruginosa. Its pathogen-associated nature as well as the evidence of positive selection 

indicate potential functional importance in the pathogenesis of P. aeruginosa that 

warrants further investigation. 

The M56 family metallopeptidase (PA14_RS12695; PA14_31050; 

WP_016254216.1) was also predicted to be under episodic positive selection (detected 

in some but not all lineages of the gene tree) both at the site and gene-level based on 

combined results from MEME and BUSTED, respectively. The positive selection 

inference of this gene is further supported by aBSREL in which a proportion of branches 

on the gene tree were under positive selection. This metallopeptidase is predicted by 

PSORTb 3.0 (Yu et al., 2010) to localize in the cytoplasmic membrane. 

Metallopeptidases are a large family of proteolytic enzymes distributed across all 

kingdoms of life. Pertaining to microbial pathogenesis, some metallopeptidases are VFs 
associated with host defence depletion and cellular damage, implicated in infection-

associated symptoms such as inflammation and pneumonia (Cerda-Costa & Gomis-

Ruth, 2014). PA14_RS12695 in P. aeruginosa PA14 may be functionally similar to other 

M56 proteins, including BlaR1 and MecR1 in S. aureus that are involved in β-lactam 

resistance (Dalbey et al., 2012). Based on a multiple sequence alignment with other M56 

family proteases using Clustal Omega (Figure 2.8) (Sievers & Higgins, 2014) and a 

transmembrane helix prediction using TMHMM Server 2.0 (Krogh et al., 2001) 

respectively, PA14_RS12695 contains the M56 family signature HEXXH zinc-binding 

motif, between the third and fourth transmembrane domains, followed by an aspartate 
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five residues downstream of the second histidine in the motif (Figure 2.9) (Rawlings et 

al., 2018). The function of PA14_RS12695 is likely related to the downstream gene 

PA14_RS1270 (WP_025297936.1), annotated as a BlaI/MecI/CopY family 

transcriptional regulator. Both the positively selected PA14_RS12695 and its 

neighbouring transcriptional regulator PA14_RS1270 are located on a GI predicted by 
Islander and IslandPick within IslandViewer 4 (Bertelli et al., 2017).  

Additionally, at least one site in the hypothetical protein (PA14_33980; 

WP_003089506.1) and the type I toxin-antitoxin system ptaRNA1 family toxin 

(PA14_RS06215; WP_011347386.1) was detected by MEME to be under episodic 

positive selection, though the results are not confirmed by other HyPhy analyses. 

Table 2.6 Selection inference of PAGs in P. aeruginosa PA14. 

Locus tag NCBI RefSeq 
protein accession 

Gene name MEME1 BUSTED2 FEL3 aBSREL4 

PA14_RS13860 WP_003089506.1 hypothetical protein N/A6 

PA14_RS26325 WP_003095466.1 hypothetical protein Yes (5) No No No 

PA14_RS31315 WP_003096896.1 hypothetical protein N/A6 

PA14_RS18450 WP_003111331.1 hypothetical protein Yes (1) No No No 

PA14_RS20430 WP_003116317.1 class I SAM-
dependent 
methyltransferase 

Yes (1) No Yes (2) No 

PA14_RS02925 WP_003118883.1 hypothetical protein No No No No 

PA14_RS20955 WP_003134054.1 hypothetical protein N/A6 

PA14_RS15515 WP_003139692.1 hypothetical protein No No No No 

PA14_RS15795 WP_003139757.1 pentapeptide repeat-
containing protein 

No No No No 

Record removed WP_003140763.1 hypothetical protein No No No No 

PA14_RS21825 WP_003140882.1 hypothetical protein No No No No 

PA14_RS24305 WP_003141470.1 DUF3218 family 
protein 

Yes (5) No Yes (1) No 

PA14_RS06215 WP_011347386.1 type I toxin-antitoxin 
system ptaRNA1 
family toxin 

Yes (1) No No No 

PA14_RS12695 WP_016254216.1 M56 family 
metallopeptidase 

Yes (3) Yes No Yes 

PA14_RS12700 WP_025297936.1 BlaI/MecI/CopY 
family transcriptional 
regulator 

No No No No 

Record 
removed5 

WP_071534232.1 response regulator 
GacA 

No No No No 
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Locus tag NCBI RefSeq 
protein accession 

Gene name MEME1 BUSTED2 FEL3 aBSREL4 

Record 
removed5 

WP_071535563.1 amino acid 
permease 

No No No No 

1 MEME (Mixed Effects Model of Evolution): inference method for site-specific episodic positive selection 2 BUSTED 
(Branch-Site Unrestricted Statistical Test for Episodic Diversification): inference method for gene-wide episodic positive 
selection 

3 FEL (Fixed Effects Likelihood): inference method  for site-specific pervasive positive selection 

4 aBSREL (adaptive Branch-Site Random Effects Likelihood): inference method  for branch-specific episodic positive 
selection 

5 The NCBI RefSeq protein accession, previously in P. aeruginosa UCBPP-PA14 genome assembly 
(GCF_000014625.1), is no longer annotated on any genomes 
6  No selection inference performed due to the presence of less than three unique sequences in the gene orthogroup. 
Number in parentheses indicates the number of sites (codons) within a gene with evidence of positive selection, 
detected by MEME or FEL.  

 

Figure 2.8 Multiple sequence alignment of the conserved HEXXH zinc-binding 
motif followed by an aspartate (D) five residues downstream of the 
second histitine (H), found in M56 family proteins, in the the 
positively selected and pathogen-associated M56 family 
metallopeptidase. 

The metallopeptidase of interest (PA14_RS12695; WP_016254216.1) shown on top was aligned 
to six M56 family proteins. Multiple sequence alignment was performed by Clustal Omega v1.2.4 
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Figure 2.9 TMHMM transmembrane helices predictor further validated that the 
metallopeptidase of interest (PA14_RS12695; WP_016254216.1) 
contains the M56 family HEXXH zinc-binding motif between the third 
and the fourth predicted trasmembrane domains.  

TMHMM v2.0 was used for transmembrane helices prediction. 

2.4.5. Detection of positive selection in T3SS genes of clinically 
important human pathogens 

Since T3SS has been widely reported to be used for the delivery of bacterial 

VFs, twenty structural T3SS genes and a small set of T3SS transcriptional regulators, 

chaperones and effectors were analyzed for positive selection under the same 

combination of HyPhy methods described above (Table 2.7). In the set of structural 

T3SS genes, PcrD (SctV) in the T3SS inner membrane machinery showed strong 

evidence of positive selection in four HyPhy methods, MEME, BUSTED, FEL and 

aBSREL. PcrD is thought to form the entrance of the translocation channel in the inner 

membrane machinery, located above the ATPase complex and below the secretion pore 

(Deng et al., 2017; Wagner et al., 2018). PcrD/SctV is not an essential component in 

some T3SS, but may function to lift the helical SctRST complex to support the 

interaction with the inner membrane ring-forming protein PscJ/SctJ of the basal body 

that also showed evidence of gene-wide and site-specific episodic positive selection, 

according to BUSTED and MEME results (Wagner et al., 2018). Though PcrD/SctV is 

not an essential component of the T3SS, the inferred positive selection suggests that 
PcrD may be important for effector secretion. 
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Another positively selected T3SS component is the translocator PopD (SctB) 

which, together with PopB, forms the translocation pore of the T3SS injectosome and 

contains transmembrane segments that insert into the host membrane (Wagner et al., 

2018). Positive selection in PopD was supported by BUSTED, MEME as well as FEL. 

Since PopD directly interacts with host cell membrane, mutations may confer selective 
advantage in the adhesion and invasion of P. aeruginosa into host cells. 

The only non-structural T3SS gene detected for positive selection is the 

cytotoxin, exoenzyme T (ExoT) in which at least one site showed evidence of pervasive 

positive selection and a few others for episodic positive selection. ExoT, which is also 

pathogen associated, confers GTPase activating and ADP ribosyltransferase activities 

that alter host cytoskeleton, therefore blocking host phagocytosis during pathogenesis 

(Hauser, 2009). Of the four most studied P. aeruginosa effectors (ExoS, ExoT, ExoU 

and ExoY), HyPhy selection inference was only done on ExoT, ExoU and ExoY as ExoS 

is not present in the PA14 strain (Wareham et al., 2005). Notably, ExoT is the only 

known P. aeruginosa effector that is present in nearly all clinical and environmental 
isolates (Feltman et al., 2001).  
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Table 2.7 Selection inference of Type III secretion system genes. 

Gene Gene Description NCBI RefSeq 
protein accession 

MEME1 BUSTED2 FEL3 aBSREL4 

Basal body 

PscC (SctC) Secretin WP_003140040.1 No No No No 

PscD (SctD) Major IM ring 
component 

WP_003132859.1 No No No Yes 

PscJ (SctJ) Lipoprotein ring 
component 

WP_003120329.1 Yes (1) Yes No No 

Inner rod 

PscI (SctI) Inner rod WP_003120330.1 No No No No 

Needle filament 

PscF (SctF) Needle component WP_003087729.1 No No No No 

Inner membrane machinery 

PcrD (SctV) Major component, 
external to channel 

WP_003087696.1 Yes (5) Yes Yes (7) Yes 

PscR (SctR) Translocase channel WP_003087674.1 No Yes No No 

PscS (SctS) Translocase channel WP_003087672.1 No No No Yes 

PscT (SctT) Translocase channel WP_003132884.1 No Yes No No 

PscU (SctU) Minor component, 
external to channel 

WP_003087668.1 Yes (3) No No No 

Needle tip and translocon 

PopB (SctE) Translocon pore 
protein (secreted) 

WP_003087710.1 No No Yes (1) No 

PopD (SctB) Translocon pore 
protein (secreted) 

WP_003109504.1 Yes (1) Yes Yes (6) No 

PcrV (SctA) Tip/filament protein 
(secreted) 

WP_003109502.1 Yes (1) No No No 

ATPase 

PscN (SctN) Hexameric ring-
structure ATPase 

WP_003100796.1 No No No Yes 

Coiled coil linker 

PscO (SctO) Central stalk, inserting 
in ATPase ring 

WP_003140046.1 No No No No 

Sorting platform 

PscQ (SctQ) Component of 6 Pod 
assembly 

WP_003140061.1 No No Yes (1) No 

PscK (SctK) Connector of Pods with 
SctD 

WP_003087734.1 No No No No 
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Gene Gene Description NCBI RefSeq 
protein accession 

MEME1 BUSTED2 FEL3 aBSREL4 

PscL (SctL) External stator, 
connecting ATPase 
and Cytoplasmic ring 

WP_003087735.1 No No No No 

Needle length regulator 

PscP (SctP) Molecular ruler 
regulating 
needle/filament length 

WP_011666708.1 

 

No No Yes (1) No 

Export regulator 

PopN (SctW) Gatekeeper/Affinity 
switch (secreted) 

WP_003087692.1 

 

No No No No 

Effectors/toxins 

ExoU Acute cytotoxin; 
phospholipase  

WP_003134060.1 No No No No 

ExoT Toxin WP_003136948.1 Yes (6) No Yes (1) No 

ExoY adenylate cyclase WP_011666674.1 No No No Yes 

Transcriptional regulators 

ExsA activator of type III 
gene transcription 

WP_003120334.1 No No No No 

ExsD binds ExsA to inhibit 
transcription 

WP_003109509.1 No No No No 

ExsC inhibits ExsD activity WP_003109505.1 No No No No 

ExsE inhibits ExsC activity WP_003109506.1 No No No No 

Chaperones 

PscB Chaperone for PopN5 WP_003109510.1 No No No No 

PscG Chaperone for PscF WP_003140037.1 No No No No 

PscE Chaperone for PscF WP_003100751.1 No No No No 

PscH YopR family T3SS 
polymerization control 
protein 

WP_003100725.1 No No No No 

Pilotin 

ExsB Regulator of T3SS 
apparatus assembly 

WP_003117721.1 No No No No 

1 MEME (Mixed Effects Model of Evolution): inference method for site-specific episodic positive selection 2 BUSTED 
(Branch-Site Unrestricted Statistical Test for Episodic Diversification): inference method for gene-wide episodic positive 
selection 

3 FEL (Fixed Effects Likelihood): inference method  for site-specific pervasive positive selection 

4 aBSREL (adaptive Branch-Site Random Effects Likelihood): inference method  for branch-specific episodic positive 
selection 
5 Gene description is based on homolog YscB's interaction with YopB in Yersinia (H. Yang et al., 2007)  
“SctX” in parentheses in the “Gene” field indicates the Sct nomenclature (Notti & Stebbins, 2016), if available. 
Number in parentheses in the “MEME” and “FEL” fields indicates the number of sites (codons) within a gene with 
evidence of positive selection, detected by MEME or FEL, respectively. 
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2.4.6. Modifying the PAGs analysis parameter to allow PAGs be found 
in a few non-pathogen genomes may improve the identification 
of PAGs, while accommodating for the potential errors in 
taxonomic classification of novel genomes 

Within the P. aeruginosa PA14 genome (GCF_000014625.1), common genes, 

found in both pathogen and non-pathogen genomes within the Pseudomonas genus, 

were reanalyzed for their pathogen-association. Specifically, for each common gene, the 

genomes of origin were categorized as pathogen or non-pathogen and the total 

genomes within each category. Fifty seven genomes with no available information on 

pathogen status, from the literature, were ignored. Common genes with at least 90% of 

the putative homologs in pathogen genomes were selected for visualization in a 
presence/absence matrix in combination with a species tree of all Pseudomonas 

genomes (not shown due to the large figure size).  

During this re-analysis, the NCBI RefSeq assembly of the non-pathogen 

Pseudomonas sp. AK6U (GCF_002843285.1) was suppressed due to sequence quality 

issue (many frameshifted proteins). This genome was removed from this analysis, which 

updated the pathogen association of 14 genes from being a common gene to a 

pathogen-associated gene as none of their predicted homologs are now found in a non-

pathogen genome (Table 2.8). While the majority encodes hypothetical proteins, the few 

genes with functional annotations include the quorum sensing gene expression regulator 
QteE (Siehnel et al., 2010), an exo-alpha-sialidase important for sialic acid-dependent 

host invasion (Kiyohara et al., 2011), and a GNAT family N-acetyltransferase whose 

protein family is involved in a wide range of bacterial functions including antibiotic 

resistance (aminoglycoside acetyltransferases) and peptidoglycan synthesis (FemABX 

aminoacyl transferase) (Siehnel et al., 2010). 

Table 2.8 Common genes that became pathogen-associated after genome 
assembly supression in the RefSeq database. 

RefSeq protein accession Name 

WP_003088334.1 hypothetical protein 

WP_003090369.1 quorum threshold expression protein QteE 

WP_003111044.1 GNAT family N-acetyltransferase 

WP_003111314.1 hypothetical protein 

WP_003119164.1 hypothetical protein 

WP_003120198.1 methyltransferase domain-containing protein 
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WP_003136949.1 hypothetical protein 

WP_003138781.1 exo-alpha-sialidase 

WP_003139695.1 DUF1127 domain-containing protein 

WP_003139696.1 hypothetical protein 

WP_010791699.1 hypothetical protein 

WP_031632737.1 hypothetical protein 

WP_123794454.1 hypothetical protein 

WP_123903201.1 hypothetical protein 

 

Allowing up to 1% of the predicted homologs of gene to be found in non-

pathogen genomes led 272 common genes to become pathogen-associated. At most 

two non-pathogen genomes were detected under this 1% criterion. Many genes that fit 

within this criterion are known bacterial VFs, including many T3SS components and 

effectors, other transport proteins, and metallophores (for metal homeostasis in host 

environment). Fifty three of these genes are found in all P. aeruginosa isolates within the 

reduced Pseudomonas genome dataset (Table 2.9). Many of these functionally 

annotated genes are virulence related. Examples include the mucoid induction factor 

MucE (biofilm formation), phenazine-1-carboxylate N-methyltransferase PhzM 

(biosynthesis of phenazine VFs), and LasA elastase (tissue damage). Three notable 
genes, now considered as pathogen-associated, appeared in multiple P. aeruginosa and 

P. stutzeri genomes. One of them is a copper resistance (CopD) family protein 

(WP_003141586.1) which is crucial for copper tolerance in bacteria, as a defence 

mechanism against the host inflammatory response, in which serum copper is elevated 

and supplied to the phagolysosomal compartments of macrophages to eliminate 

bacterial pathogens (Ladomersky & Petris, 2015). Another bacterial gene now 

considered as pathogen-associated and conserved in multiple P. aeruginosa and P. 

stutzeri is the MotA/TolQ/ExbB proton channel family protein (WP_003088234.1) which 

belongs to a family of outer membrane receptor energizer including the TonB-dependent 

transporters for siderophore uptake (Kuehl & Crosa, 2010). A DUF2149 domain-

containing protein (WP_003088238.1) also had a similar pathogen-associated 

conservation in P. aeruginosa and P. stutzeri. As the criterion was further relaxed to 

allow for up to 2% of the predicted homologs to be found in non-pathogen genomes. An 

additional 180 genes changed from common to pathogen-associated; however, it was 

unclear whether these genes may be involved in virulence as the majority of them did 

not have a known function. 



57 

Due to the ongoing addition of novel bacterial genomes to the RefSeq database, 

some previously identified PAGs such as the PopB translocator gene of the 

Pseudomonas T3SS were no longer detected as pathogen-associated, due to their 

significant sequence similarity to genes in novel non-pathogen genomes in the more 

recent PAG analyses. In the case of PopB, it was detected in the novel P. fluorescens 
NCTC10783 strain, whose genome is more similar to the pathogenic P. aeruginosa 

group than to the non-pathogenic P. fluorescens group. PopB was also found in two 

novel environmental species, P. sp. CCOS 191 and P. soli SJ10, which shares high 

sequence similarity to the pathogenic P. putida group (Figure 2.10). Since there are no 

available data on the characteristics, particularly virulence, of these novel isolates, there 

is a possibility that these genomes were inaccurately classified into a species. In future 

PAGs analysis updates, relaxing the criteria for pathogen-associated gene detection to 

include up to 1% of BLAST hits to be found in non-pathogens may improve the 

prediction of bacterial genes that are uniquely associated with pathogens. Since the 

PAGs analysis is considered as the initial step in the prioritization strategy of potentially 

novel VFs, the virulence-related role of any identified PAGs still need to be validated with 

subsequent functional analyses. 
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Figure 2.10 A simplified dendrogram of Pseudomonas genomes, constructed 

from MASH distance matrix shows that a novel P. fluorescens 
(commonly known as a non-pathogen) strain NCTC10783 and two 
novel environmental strains P. sp. CCOS 191 and P. soli SJ10  are 
clustered, by sequence similarity, to the pathogenic P. aeruginosa 
and P. putida genomes. 

Colours on dendrogram represents the clusters of Pseudomonas defined by the 0.1 MASH 
distance cut-off. The red boxes capture the novel non-pathogen genomes that are highly similar 
to the genomes within the pathogenic P. putida and P. aeruginosa groups. 
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Table 2.9 PAGs with up to 1% of their DIAMOND BLAST hits in non-pathogen 
genomes. 

NCBI RefSeq Protein Accession Gene Name 

Novel PAGs detected due to NCBI's recent removal of low-quality non-pathogen genomes 

WP_003088334.1 hypothetical protein 

WP_003090369.1 quorum threshold expression protein QteE 

WP_003111044.1 GNAT family N-acetyltransferase 

WP_003111314.1 hypothetical protein 

WP_003119164.1 hypothetical protein 

WP_003120198.1 methyltransferase domain-containing protein 

WP_003136949.1 hypothetical protein 

WP_003138781.1 exo-alpha-sialidase 

WP_003139695.1 DUF1127 domain-containing protein 

WP_003139696.1 hypothetical protein 

WP_010791699.1 hypothetical protein 

WP_031632737.1 hypothetical protein 

WP_123794454.1 hypothetical protein 

WP_123903201.1 hypothetical protein 

Novel PAGs with up to 1% of DIAMOND blast hits in non-pathogen genomes 

WP_003082488.1 DUF1857 family protein 

WP_003082734.1 hypothetical protein 

WP_003083879.1 hypothetical protein 

WP_003084489.1 GNAT family N-acetyltransferase 

WP_003085474.1 hypothetical protein 

WP_003085997.1 hypothetical protein 

WP_003086013.1 hypothetical protein 

WP_003087555.1 DUF5086 domain-containing protein 

WP_003088027.1 type VI secretion system effector peptidoglycanhydrolase 
Tse1 

WP_003088087.1 hypothetical protein 

WP_003088145.1 hypothetical protein 

WP_003089862.1 hypothetical protein 

WP_003090022.1 hypothetical protein 

WP_003090024.1 hypothetical protein 

WP_003090566.1 hypothetical protein 

WP_003090681.1 hypothetical protein 

WP_003090686.1 hypothetical protein 

WP_003090820.1 hypothetical protein 

WP_003090821.1 hypothetical protein 

WP_003091038.1 hypothetical protein 

WP_003091768.1 hypothetical protein 

WP_003092748.1 DUF4345 domain-containing protein 

WP_003093256.1 mucoid induction factor MucE 
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NCBI RefSeq Protein Accession Gene Name 

WP_003093617.1 phenazine-1-carboxylate N-methyltransferase PhzM 

WP_003095356.1 pseudopaline biosynthesis dehydrogenase CntM 

WP_003095359.1 pseudopaline biosynthesis protein CntL 

WP_003095507.1 hypothetical protein 

WP_003097848.1 K(+)-transporting ATPase subunit F 

WP_003102243.1 hypothetical protein 

WP_003102692.1 sterol desaturase family protein 

WP_003106166.1 suppressor of fused domain protein 

WP_003109295.1 hypothetical protein 

WP_003110435.1 Vicinal oxygen chelate (VOC) family protein 

WP_003118870.1 hypothetical protein 

WP_003130258.1 hypothetical protein 

WP_003137358.1 GatB/YqeY domain-containing protein 

WP_003138008.1 hypothetical protein 

WP_003138107.1 hypothetical protein 

WP_003138171.1 type VI secretion system effector muramidase Tse3 

WP_003138256.1 fucose-binding lectin PA-IIL 

WP_003138700.1 hypothetical protein 

WP_003139897.1 protease LasA 

WP_003139919.1 hypothetical protein 

WP_003140206.1 hypothetical protein 

WP_003140628.1 hypothetical protein 

WP_003142074.1 hypothetical protein 

WP_003142075.1 hypothetical protein 

WP_004365177.1 YfiM family lipoprotein 

WP_004365414.1 GtrA family protein 

 

2.5. Discussion 

This chapter presents an update of the PAGs analysis with over 8600 bacterial 
genomes. A few changes have been implemented to improve the scalability of the 

analysis as the number of genomes grows exponentially. In this update, the pathogenic 

status of all genomes was manually curated at the species level rather than at the strain 

level as done in previous analyses. Since this curation was historically done through 

manual literature search of the strain of each genome individually (Dhillon et al., 2015; 

Fedynak, 2007; S. J. Ho Sui et al., 2009; S. J. Ho Sui et al., 2012), this was not practical 

with the substantial expansion of the genome dataset. The distinction between 

pathogenic and non-pathogenic strains within a few species was traded off for 
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completing the pathogen status curation in a manageable amount of time. While most 

species contain strains that are universally pathogenic or non-pathogenic, few species 

such as E. coli and Salmonella enterica include non-pathogenic strains (e.g., E. coli str. 

K-12 and S. enterica subsp. enterica serovar Typhi str. Ty21a) despite being a 

predominantly pathogenic species. This change must be taken into consideration when 
interpreting the predicted pathogen association of genes belonging to species with 

mixed pathogenicity, as some genes may be identified as pathogen-associated if they 

are present in non-pathogenic strains that have been generalized as a “pathogen” in the 

analysis. It is important to note that the pathogen status of the genomes may change in 

future PAGs updates when more published data on the lifestyle and pathogenicity 

become available for the novel bacterial species. Determining whether a bacterium is 

pathogenic may sometimes be challenging due to context dependency of a pathogen. 

Some bacteria are pathogenic only under specific conditions that may or may not be well 

studied. While disease-causing capability exists as a spectrum among bacteria, such as 

those that are opportunistic pathogens under specific environmental/host conditions, this 

analysis considered a species to be pathogenic if any evidence of virulence towards any 

eukaryotic organisms has been documented. Another change in the PAGs analysis is 

the replacement of the protein sequence alignment search tool from BLAST to 

DIAMOND for better handling of the large genome dataset and reducing the analysis 

runtime (Altschul et al., 1990; Buchfink et al., 2021; Buchfink et al., 2015). DIAMOND 

reduces the runtime while maintaining a similar accuracy as BLAST with the following 

features: double indexing of both query and reference sequences, spaced seeds (the 

use of a subset of positions within a subsequence for comparison between the query 

and reference sequences) and the use of a reduced alphabet (grouping of similar amino 
acids). As more genomes are added to the analysis, the time and the computational 

resources to perform the all-against-all sequence similarity search will also rise 

exponentially. 

Moving forward, scalable modifications to the PAGs analysis algorithm are 

needed to keep up with the growing number of bacterial genomes. The pathogen status 

curation was a major bottleneck in the analysis update and should be ideally automated 

in the future to ensure consistency in literature interpretation as well as to potentially re-

introduce the more refined strain-level pathogen curation from previous analyses. From 

a technical standpoint, better data handling and storage are also needed to utilize the 
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available computational resources more efficiently for down analyses. For reference, 23 

terabytes of data were generated from the 2018 PAGs analysis. From the Pseudomonas 

genome dataset, the allowance of up to 1% of a gene’s sequence similarity hits to be 

found in non-pathogen genomes was shown to be effective in minimizing the false 

negatives in the identification of bacterial genes that are supposedly pathogen-
associated but missed due to their presence in bacterial genomes that have been 

misclassified in non-pathogenic taxa. As bacterial genomic research advances, 

taxonomic classification transitioned from the laboratory-based gold standard of DNA-

DNA hybridization for species delineation to the use of higher-resolution, genome-based 

approaches such as average nucleotide identity, phylogenetic distances and taxon-

specific genes (Barco et al., 2020; Gupta & Sharma, 2015; Hugenholtz et al., 2021). 

These genome-based methods show that while most bacterial taxa are monophyletic, 

several taxa at the species, genus and even up to the phylum level required revision of 

their taxonomic assignment due to incongruence in their phenotypic and phylogenetic 

features (Nouioui et al., 2018). As such, some novel genomes may belong to bacterial 

pathogens but have insufficient data on pathogenicity, have been incorrectly assigned to 

a taxon or mis-classified as non-pathogens. Implementation of more lenient criteria for 

detecting PAGs may improve the recall of the algorithm. Other aspects of improvement 

may include the use of a phylogenetic-based based method for assessing the extent of 

gene conservation across the large diversity of bacteria. Bacterial genera exhibit a wide 

spectrum of diversity. Some genera like Pseudomonas and Escherichia may have more 

intra-genus genomic variations than others.  

In comparison to genes conserved in both bacterial pathogens and non-

pathogens, PAGs and non-PAGs are disproportionately uncharacterized, evident from 
the high prevalence of genes annotated as “hypothetical protein” or “domain of unknown 

function,” and the lack of sequence similarity to protein families curated to date. These 

genes are often homologous to other functionally undefined genes found across multiple 

bacterial strains or species, making sequence similarity-based functional prediction 

difficult without the incorporation of other gene information, such as their genomic 

context, gene expression or phenotypic data. Based on the unique conservation of these 

genes in either pathogens or non-pathogens, some of these genes may be involved in 

biological processes important for the adaptation to diverse bacterial lifestyles but yet to 

be characterized. The limited taxonomic distribution of most PAGs and non-PAGs in one 
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to two bacterial genera further suggest that these genes may confer more specialized 

functions for fine tuning the organism’s adaptation to a particular environment. 

Consistent with a previously reported trend that pathogen-associated VFs from the 

Virulence Factor Database are enriched in “offensive” functions such as host invasion 

and toxin secretion (S. J. Ho Sui et al., 2009), PAGs homologous to known VFs are also 
disproportionately related to bacterial secretion systems, secreted genes and toxins. 

Novel VFs and mechanisms may therefore lie within the set of PAGs whose biological 

role, potentially in pathogenesis, has not been explored. Increasing research efforts 

have been focused on the discovery and characterization of novel bacterial VFs from 

hypothetical proteins in clinically important pathogens such as Shigella flexneri, 

Mycobacteirum tuberculosis, Klebsiella pneumoniae as well as P. aeruginosa (Galperin 

& Koonin, 2004; Pranavathiyani et al., 2020; Reem et al., 2021; Sen & Verma, 2020; 

Shahbaaz et al., 2016; Z. Yang et al., 2019). This PAGs analysis provides a 

comprehensive platform for identifying novel VFs not only from previously 

uncharacterized genes, but also prioritizing those that are pathogen-specific to be used 

in precise antivirulence drug development. 

Evolutionary selection inference was used to computationally prioritizing putative 

virulence related PAGs for laboratory functional analyses. Shifting from a commensal to 

a pathogenic lifestyle requires bacterial adaptation to a new niche. Novel environments 

drive evolution of the organisms by imposing selective pressure on traits beneficial for 

survival such as protection against host immune defence, nutrient uptake, resource 

competition with other microbial colonizers. Genes capable of increasing the 

evolutionary fitness of pathogenic bacteria including host-to-host transmission are thus 

more likely involved in processes related to pathogenesis and disease progression in 
host (Wickham et al., 2007). In genetically diverse pathogens like P. aeruginosa which 

can colonize a wide range of ecological niches (e.g., infects, fungi, worms plants and 

mammals), identifying genes, including their functions, that are positively selected for in 

host adaptation as well as AMR is crucial for the development of effective therapeutics 

for treating bacterial infections. Several studies have identified genes related to 

metabolism, energy production and stress-response from the P. aeruginosa core as well 

as accessory genome to be under positive selection during CF lung colonization 

(Dettman & Kassen, 2021; E. E. Smith et al., 2006; Winstanley et al., 2016). Notable 

from the evolutionary selection analysis presented in this chapter, specific components 
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of the P. aeruginosa T3SS, namely the inner membrane component PcrD and 

translocator gene PopD, that come into direct contact with effectors that modulate host 

interactions were also detected to be under positive selection. It was also not surprising 

that one of the main P. aeruginosa VFs, exotoxin ExoT, also showed evidence of 

positive selection, suggesting that these genes may play an important role in the host-
pathogen interaction of P. aeruginosa. Likewise, the inferred positive selection in the few 

PAGs detected in P. aeruginosa PA14 warrants further study into the potential 

involvement in virulence of these genes, which may be used as pathogen-specific 

targets for novel antivirulence drug development.  

In summary, the update and refined PAGs analysis with orthology and positive 

selection inference methods presented in this chapter may serve as the preliminary, 

large-scale, comparative genomic screening strategy to identify potentially novel 

virulence-related genes from the growing collection of publicly available bacterial 

genomes. A global analysis of the functional annotation and virulence association shows 

that PAGs are disproportionately annotated as “hypothetical proteins” with no defined 
functions and those associated with known VFs are enriched in functions related to the 

bacterial secretion systems, secreted proteins and toxins. Despite the initial goal to 

functionally explore PAGs that widely conserved across different bacterial genera, I 

observed that most genes that are unique to either pathogens or non-pathogens (PAGs 

or non-PAGs) are only found in one or two genera. The limited taxonomic conservation 

of PAGs may be beneficial for the development of precise, pathogen-specific 

antivirulence therapeutics, which may address the non-selective killing of existing 

antibiotics and may therefore minimize the selective pressure for AMR development in 

the human microbiota. This set of in silico analyses helped to prioritize 17 PAGs found in 
the hypervirulent P. aeruginosa PA14 strain for more in-depth functional characterization 

through both computational prediction and laboratory validation. Although the work in 

this thesis focused on P. aeruginosa, the preliminary PAGs screening and 

characterization methods described in this chapter are also applicable to other bacterial 

pathogens. PAGs may thus represent an untapped repertoire of pathogen-specific and 

potentially virulence-related genes for uncovering novel bacterial virulence determinants 

and identifying candidate targets for antivirulence drug development. 
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Chapter 3.  
 
Further prioritization of PAGs as candidate 
antivirulence drug targets 

This chapter begins with a protein subcellular localization (SCL) analysis of all 

bacterial genes by pathogen association as predicted in Chapter 2, for the purpose of 

identifying SCL trends in PAGs and prioritizing more drug accessible PAGs as potential 

antivirulence drug targets. As a part of this SCL analysis, I also led the update of the 

PSORTdb 4.0 protein SCL database and the optimization of the PSORTm protein SCL 

predictor for metagenomic sequences. I tested for software bugs and helped 

troubleshoot issues related to PSORTdb and PSORTm. I wrote and published a 

manuscript for both PSORTdb 4.0 (Lau et al., 2021) and PSORTm (Peabody et al., 

2020) as first and first co-author, respectively. The second part of this chapter presents 

an in vivo virulence screening assay of the subset of PAGs prioritized from P. 

aeruginosa PA14 in Chapter 2. The laboratory work was performed by Dr. Patrick 

Taylor. The subsequent Kaplan-Meier survival analysis and visualization were done by 

me. The final part of this chapter focuses on the gene mobility analysis of a pair of PAGs 

of interest and their associated GI in P. aeruginosa isolates. 

I completed all work presented in this chapter with the following exceptions: Dr. 

Mike Peabody and Gemma Hoad led the initial development and set-up of the PSORTm 

Docker image; Justin Jia assisted in the benchmarking work of PSORTm. Gemma Hoad 

and Vivian Jin implemented the PSORTdb 4.0 web update. Dr. Patrick Taylor performed 

the in vivo screening of the P. aeruginosa PA14 transposon mutants of the select PAGs.  
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3.1. Abstract 

The application of PAGs as potential antivirulence drug targets requires an in-

depth characterization of their encoding proteins. Features such as protein SCL and 

molecular functions of the PAGs may be useful in the prioritization of drug targets and 

the identification of antivirulence drug candidates. The first part of this study compares 

the global trend in protein SCL encoded by PAGs, non-PAGs as well common genes 

(found in both pathogens and non-pathogens). Genes predicted to be conserved in only 

pathogens or non-pathogens disproportionately encode proteins in the more drug-

accessible localizations, cell wall and extracellular space. For antivirulence drug target 

prioritization, a subset of PAGs in P. aeruginosa PA14 were screened for virulence-

modulating activity using the corresponding P. aeruginosa PA14 transposon insertion 

mutants in a C. elegans infection model. Of 11 screened PAGs, 6 PAGs showed direct 

virulence-enhancing activity (mutants improved worm survival) while 1 PAG, a 

BlaI/MecI/CopY family transcriptional regulator (PA14_RS12700), showed virulence-

repressing activity (mutant enhanced worm killing). A subsequent gene presence-

absence analysis of a 43kb P. aeruginosa GI carrying PA14_RS12700 as well as the 
adjacent PA14_RS12695, a pathogen-associated M56 family metallopeptidase with 

evidence of positive selection, revealed that these two PAGs as well as the entire gene 

set of this GI is associated with multiple multidrug resistant P. aeruginosa strains of 

global concern. While the C. elegans-based virulence screening of transposon mutants 

represents a quick and effective method for identifying PAGs with putative virulence 

functions, additional laboratory analyses are required to characterize the exact biological 

function of these PAGs. 

3.2. Introduction 

The development of a novel antivirulence drug requires a collection of 

information on traits such as a putative bacterial target’s localization within or external to 
the bacterial cell, functional role in pathogenesis and prevalence in clinically important 

isolates. Despite constant advances in genome sequencing and analysis approaches, 

computational predictions must still be complemented with laboratory assessments to 

validate the function and features of novel genes. Determining the SCL site at which 

protein targets reside is an essential step to designing drugs that can effectively reach 
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their cellular targets and elicit its therapeutic effects. Membrane trafficking and 

subcellular targeting govern the pharmacokinetics (how the organism affects the drug) 

and the pharmacodynamics (how the drug affects the organism) that are important for 

proper drug-target interactions. Translocation of drugs across the bacterial cell envelope 

is often a challenge in the delivery of antimicrobials to their intracellular targets. AMR is 
notoriously common in gram-negative bacteria like P. aeruginosa owing to poor 

permeability and abundant efflux transporters associated with the additional outer 

membrane that is generally absent in gram-positive bacteria (Breijyeh et al., 2020). 

Subcellular fractionation has been a widely used method for isolating and 

identifying proteins residing in specific cellular compartments; however, this laboratory-

based method is time-consuming and prone to cross-contamination of proteins from 

neighbouring compartments (Gardy & Brinkman, 2006). Computational methods for 

protein SCL prediction have since been developed to complement the previous 

approach and to enable a more high-throughput SCL analysis of novel protein 

sequences as the number of available bacterial genomes increases (Rey, Gardy, et al., 
2005). The PSORTb bacterial and archaeal protein SCL predictor, developed by the 

Brinkman Lab, is the most precise tool of its kind, featuring a multi-component approach 

to predict where a protein is localized based on its protein sequence (Gardy & Brinkman, 

2006; Gardy et al., 2005; Gardy et al., 2003; Yu et al., 2010). PSORTb version 3.0 and 

onwards includes protein SCL prediction for the typical gram-positive and gram-negative 

organisms, and organisms with a non-conventional cell envelope structure such as 

gram-negative bacteria without an outer membrane (e.g., Mycoplasma spp.) or gram-

positive bacteria with an outer membrane (e.g., Deinococcus spp.). Protein SCL 

predictors like PSORTb can help researchers gain insight into the functional role of novel 
genes based on the localization sites of the proteins they encode. 

In addition to protein SCL, genomic localization of the corresponding gene may 

also suggest its functional significance based on gene mobility. Pathogenicity islands 

(PAIs), usually carrying one or more virulence-related genes of similar function, enhance 

virulence in multiple human pathogens. Well known PAIs include VP-1 PAI in Vibrio 

cholerae for enabling the drastic change from avirulent to virulent phenotype via viral 

transduction, SP-1 and SP-2 in Salmonella enterica for adaptation to intracellular 

environment, and the locus of enterocyte effacement (LEE) PAI in enteropathogenic E. 

coli for establishing adherence to intestinal epithelial cells (Gal-Mor & Finlay, 2006). VFs, 
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especially those that play a more offensive role during host interaction, are 

disproportionately more prevalent in GIs than in chromosomes (S. J. Ho Sui et al., 

2009). Using bioinformatics tools like IslandViewer 4 (Bertelli et al., 2017), GIs with their 

gene content can be predicted from their bacterial genomes of origin, typically based on 

their atypical sequence composition bias and sporadic phylogenetic distribution 
compared to the rest of the genomes (Bertelli et al., 2019) 

While bioinformatics analyses may predict the biological function of a gene from 

its sequence, examining the functional role of a gene under laboratory setting is still the 

gold standard for gene function validation. In this chapter, virulence screening in a C. 

elegans nematode infection model was the chosen in vivo method for the preliminary 

characterization of PAGs in P. aeruginosa PA14. The biological role of PAGs was 

investigated by examining the impact on the nematode survival upon infection by a 

mutant strain of P. aeruginosa, in which the wild-type function of the gene is disrupted by 

transposon insertion mutagenesis. The Ausubel Lab has constructed a non-redundant 

transposon mutant library of P. aeruginosa PA14 mutant strains with each carrying a 
unique transposon insertion. Consisting of approximately 80% of the non-essential open 

reading frames in P. aeruginosa PA14 (Liberati et al., 2006), this transposon mutant 

library is useful for screening virulence phenotype in the yet-to-be characterized PAGs, 

given that the corresponding mutant is readily available. C. elegans is a well-studied 

nematode model for studying the pathogenesis of P. aeruginosa (Tan, Mahajan-Miklos, 

et al., 1999; Tan, Rahme, et al., 1999). In comparison to other model hosts such as 

mouse, thale cress (Arabidopsis thaliana) and fruit fly (Drosophila melanogaster), C. 

elegans offers many advantages such as having a short life cycle of 3 days (from 

embryo to adult), ease of propagation (300 progeny per hermaphrodite adult) and small 
size. It has an ancestral immune system capable of eliciting antimicrobial responses 

against intestinal infection by microbial pathogens (Balla & Troemel, 2013). Though the 

intestinal infection of C. elegans does not reflect the natural site of infection by P. 

aeruginosa (i.e., predominantly in human lung, skin and blood) the slow killing of C. 

elegans under low osmolarity minimal media resembles the infection process and been 

widely used with transposon mutants to identify novel virulence-related genes in P. 

aeruginosa, particularly in the PA14 strain. 

This chapter extends the functional characterization of PAGs detected in Chapter 

2. First, I led the update of the PSORTdb bacterial and archaeal protein SCL database 
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and conducted an analysis on the global SCL trends of proteins encoded by all bacterial 

genes, categorized by their pathogen association predicted from the 2018 PAGs update 

(Chapter 2.3.1). As the preliminary virulence screening strategy, the P. aeruginosa PA14 

transposon insertion mutant strains of a subset of the 17 Pseudomonas-specific PAGs, 

identified in Chapter 2.4.3, were used to infect C. elegans in a slow killing assay and 
were examined for any virulence attenuation or exacerbation based on changes in the 

survival of infected worms. A pathogen-associated transcriptional regulator and 

ametallopeptidase were detected on a P. aeruginosa GI, whose complete gene content 

and prevalence in P. aeruginosa strains were subsequently explored in a gene 

presence-absence matrix across the complete NCBI RefSeq Pseudomonas genome 

dataset available at the time of study. 

3.3. Methods 

3.3.1. Global SCL analysis of bacterial genes, by pathogen 
association, from the NCBI RefSeq genomes  

The precomputed protein SCL data in PSORTdb 4.0 (Lau et al., 2021) were used 

to analyze the distribution of bacterial proteins at different SCL sites. SCL sites were 

assigned to all proteins encoded by genes in the 4807 pathogenic and 3019 non-

pathogenic bacterial RefSeq genomes used in Chapter 2.3.1. In each pathogen genome, 

genes were first classified as either pathogen-associated or common, based on the 2018 

PAGs analysis (Chapter 2.3.1). Likewise, in each non-pathogen genome, genes were 

classified as non-pathogen-associated or common in the same manner. Subsequently, 

within the pathogen and non-pathogen genome datasets, genes were categorized by 

their protein SCL sites and the proportion of genes associated with each SCL site was 
calculated. The proportion of total genes, regardless of pathogen association, in each 

SCL site was also calculated as a reference for comparison. Finally, these proportions 

were averaged across all pathogen or non-pathogen genomes within each cell envelope 

type. The pathogen genome dataset included 3397 gram-negative isolates, 892 gram-

positive isolates, 165 gram-negative isolates without an outer membrane and 353 gram-

positive isolates with an outer membrane. The non-pathogen genome dataset included 

1675 gram-negative isolates, 1208 gram-positive isolates, 25 gram-negative isolates 

without an outer membrane and 111 gram-positive isolates with an outer membrane. 
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Due to the compositional nature of the data, the differences in protein SCL 

distribution of PAGs, non-PAGs and common genes were statistically analyzed by an 

initial log-ratio transformation of the gene proportions, followed by two-way ANOVA and 

Tukey’s Honestly Significant Difference post-hoc test for pairwise comparison between 

the different pathogen association groups. The R packages “compositions” v2.0-1 and 
“stats” v4.0.2 were used for statistical analyses. 

3.3.2. C. elegans-based virulence screening of PAGs in P. aeruginosa 
PA14 

Laboratory work was done by Dr. Patrick Taylor from the Brinkman and Lee Labs. 

Preliminary virulence screening was done on 11 of the 17 PAGs from P. 

aeruginosa PA14, that were identified and prioritized from the Pseudomonas-specific 

PAGs analysis (Chapter 2.4.3). PA14 MrT7 insertion mutant strains for these 11 PAGs 

from the Transposon Insertion Mutant Library (Liberati et al., 2006) were available and 

thus were screened for an change in virulence in a C. elegans infection model. C. 

elegans (wild-type Bristol N2) were maintained on NGM plates coated with E. coli OP50 

as food source. To prepare for the slow-killing assay, low-osmolarity NGM plates were 

seeded with 50 μL of overnight culture of the wild-type or transposon mutant strains of P. 

aeruginosa PA14, or E. coli OP50 as positive control, per 5.5 cm diameter plates for 

bacterial lawn formation at 37°C overnight. The plates were then equilibrated at 24°C 

overnight prior to infection. To prevent progeny development during the assay, 100 

ug/mL of 5’-fluoro-2’-deoxyuridine (FUdR) added to the surface of the NGM plates 1 

hour prior to the transfer of worms synchronized to the fourth larval (L4) stage. Thirty 
worms were transferred onto each plate and monitored for viability for up to 8 days (196 

hours). Worms were considered dead if they no longer moved or responded to touch 

(i.e., touching the NGM agar near the worm using the worm picker). The slow killing 

assay was performed for a minimum of three biological replicates, each with three 

technical replicates.  

Kaplan-Meier survival curves were plotted for each set of worms grown in the 

presence of 1) transposon insertion mutant of P. aeruginosa PA14, 2) wild-type P. 

aeruginosa PA14 (positive control) and 3) E. coli OP50 (negative control). Differences in 

worm survival between infection with the wild-type and mutant strains of P. aeruginosa 
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were assessed using a log-rank test with a statistically significant p-value threshold of 

0.05. Survival curve analysis and visualization were done with the R packages 

“survminer” v0.4.8. 

3.3.3. Gene presence-absence analysis of a GI of interest in P. 
aeruginosa PA14 

The complete gene set of a 43kb PAGs-containing GI (GI; 2,678,167 to 

2,721,433bp) within the P. aeruginosa UCBPP-PA14 genome (GCF_000014625.1) was 

retrieved from IslandViewer 4 (Bertelli et al., 2017) on May 18th, 2021. Using the 

computed data from Pseudomonas-specific PAGs analysis using the full Pseudomonas 

genome dataset (Chapter 2.3.2), a presence-absence matrix of all 45 genes on this GI 

was constructed and mapped to the species tree of the 605 Pseudomonas genome 

generated in Chapter 2.3.3. Taxonomic trends in the conservation of the full GI gene set 

were assessed. Pseudomonas genomes containing the complete gene set within this GI 

were characterized by manual search in publications for clinically important features of 

the corresponding isolates such as hypervirulence or AMR. 

3.4. Results 

3.4.1. Update, optimization, and maintenance of the PSORT family of 
archaeal and bacterial SCL tools 

As a part of the efforts in characterizing PAGs by function and protein localization 

within the bacterial cell, I was actively involved in the routine update, optimization and 

troubleshooting of the PSORT family protein SCL tools, including the PSORTb SCL 
predictor for genomic data (Gardy et al., 2005; Yu et al., 2010), the PSORTm SCL 

predictor for metagenomic data (Peabody et al., 2020) and the PSORTdb SCL database 

(Lau et al., 2021; Peabody et al., 2016; Rey, Acab, et al., 2005; Yu et al., 2011). I led the 

update of the PSORTdb 4.0 database, which included an enhancement of the web 

interface for improved queries and data display, the implementation of a novel unique 

protein sequence identifier system and the incorporation of the bacterial outer 

membrane vesicle (OMV) as a novel secondary protein localization site. The secondary 

localization sites provide a higher resolution of a protein’s localization site in addition to 

the primary localization site such as cytoplasm, cytoplasmic membrane, periplasm, cell 
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wall, outer membrane and extracellular space. Like previous updates, the PSORTdb 4.0 

also features an expanded cPSORTdb database of bacterial proteins with 

computationally predicted SCL sites as well as an expanded ePSORTdb database of 

bacterial proteins with experimentally verified SCLs. 

The optimized protein SCL predictor for metagenomics data, PSORTm, and the 
updated protein SCL database, PSORTdb 4.0 have been published separately in two 

manuscripts, written as the first co-author and first author, respectively (Lau et al., 2021; 

Peabody et al., 2020). 

3.4.2. PAGs are disproportionately localized in the cell wall or 
extracellular space and have more unknown localization 
predictions in many bacterial genomes 

PAGs had statistically significant differences in the SCL distribution compared to 
common genes or total genes regardless of pathogen association in gram-negative 

bacteria and gram-negative bacteria without outer membrane (Figure 3.1). Non-PAGs 

also differed significantly from common genes or the total genes in gram-negative 

bacteria, gram-negative bacteria without an outer membrane, as well as gram-positive 

bacteria with an outer membrane. Specifically, pathogen and non-PAGs are 

disproportionately enriched extracellular and cell wall proteins. They also have a large 

proportion of genes with unknown SCL, potentially due to the large number of 

hypothetical proteins with low sequence similarity to well characterized genes for proper 

SCL prediction. These SCL results supported the initial functional characterization data 

and the hypothesis that PAGs are likely involved in host interactions. As such, their 

protein products are likely found on bacterial cell surface or in the extracellular space 

where they are more accessible to host cells. 
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Figure 3.1 SCL profile comparison of bacterial genes revealed a significantly 

different SCL distribution of PAGs and non-PAGs, than common 
genes, across bacteria of certain cell envelope type.  

(A) The proportions (labeled in the plot) within each SCL site and gene pathogen association 
were averaged across 4807 pathogenic and 3019 non-pathogenic bacteria in each gram-
stain/cell envelope type. Each stacked bar represents the average proportion of genes, by 
pathogen association, in each possible SCL site across all pathogen or non-pathogen genomes 
of a particular cell envelope type. Note that certain SCL sites are absent in some cell envelope 
types (e.g., gram-positive bacteria do not have an outer membrane). (B) Compositional data-
based statistical analysis of the distribution of genes by pathogen association in the different SCL 
sites. Gene proportions in each SCL site were log-ratio transformed followed by analysis by a 
two-way ANOVA and Tukey’s Honestly Significant Difference post-hoc test for pairwise 
comparison between the different pathogen association groups. Adjusted p-value less than 0.05 
indicates statistical significance between the compared groups. Relative to common genes, the 
distribution of PAGs and non-PAGs across the multiple SCL sites was significantly different, with 
more PAGs encoding proteins localized to the extracellular space or cell-wall in gram-negative 
bacteria (adjusted p=0.00571) and gram-negative bacteria without an outer membrane (adjusted 
p=0.00198). 
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3.4.3. 7 of the 11 screened PAGs significantly affected the survival of 
C. elegans infected with the gene-specific mutants 

As a follow-up analysis of the 11 PAGs prioritized in Chapter 2.4.3, the P. 

aeruginosa PA14 transposon insertion mutants of 6 genes significantly increased and 1 

gene significantly decreased survival of the infected C. elegans over 8 days (Figure 3.2). 

Transposon insertion mutants of an amino acid permease (PA14_RS15305; 

WP_071535563.1), a GI-localized type I toxin-antitoxin system ptaRNA1 family toxin 

(PA14_RS06215; WP_011747386.1) and a class I SAM-dependent methyltransferase 

(PA14_RS20430; WP_003116317.1) improved worm survival, suggesting that the wild-

type function of these 3 PAGs likely contributes to virulence. The class I SAM-dependent 

methyltransferase was previously inferred to be under positive selection in Chapter 

2.4.4. Virulence activity was also inferred for 3 uncharacterized genes, PA14_RS13860 

(WP_003089506.1), PA14_RS26325 (WP_003095466.1) and PA14_RS02925 
(WP_003118883.1), that are currently annotated as “hypothetical proteins” in the NCBI 

RefSeq database. Functional data for these genes were unavailable and sequence 

similarity-based analyses were not informative due to high sequence divergence from 

any known genes. PSORTb v3.0 (Yu et al., 2010) SCL prediction gave a cytoplasmic 

membrane localization for PA14_RS02925. Other genes had an unknown localization 

based on the current PSORTb 3.0 prediction. 

The BlaI/MecI/CopY family transcriptional regulator (PA14_RS12700, 

WP_025297936.1) accelerated worm killing, suggesting that the wild-type gene may be 

a virulence repressor. This transcriptional regulator is of particular interest due its 

immediate proximity to the gene encoding the M56 family metallopeptidase 

(PA14_RS12695; WP_016254216.1), that is both pathogen-associated and evident of 

positive selection. This pair of genes is predicted to be conserved within the same 

operon and localized to the same GI based on data from the Pseudomonas Genome 

Database (Winsor et al., 2016) and IslandViewer 4 (Bertelli et al., 2017). This pair of 

pathogen-associated transcriptional regulator and metallopeptidase, as well as the GI on 

which they reside were further explored in the next section (Chapter 3.4.4). 
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Figure 3.2 Kaplan-Meier curves of C. elegans infected with P. aeruginosa PA14 

transposon mutants of select PAGs indicated virulence activity in 
six PAGs and virulence-repressing activity in one PAG. 

Each P. aeruginosa PA14 transposon insertion mutant strain (blue) was compared to the wild-
type P. aeruginosa PA14 strain (green). E. coli OP50 was included as a negative control 
(orange). Worm viability was assessed over 8 days. All Kaplan-Meier curves are averaged across 
three biological and three technical replicates. The PAGs conferring transposon insertion are 

C. elegans−based virulence screen of 11 pathogen−associated genes from P. aeruginosa PA14
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identified by their deduced protein names, NCBI RefSeq protein accessions (WP_), old PA14 
locus tags (PA14_) and updated PA14 locus tags (PA14_RS) within the P. aeruginosa UCBPP-
PA14 genome (GCF_000014625.1). P-values (p) of the log-rank test between survival of worms 
infected with the PA14 wild-type and transposon mutant strains are indicated within each figure. 
P-value below 0.05 represents a statistically significant difference in worm survival. Based on this 
data, contribution to virulence was inferred for the following genes: an amino acid permease 
(PA14_RS15305; WP_071535563.1), a type I toxin-antitoxin system ptaRNA1 family toxin 
(PA14_RS06215; WP_011747386.1), a class I SAM-dependent methyltransferase 
(PA14_RS20430; WP_003116317.1) and 3 uncharacterized genes, PA14_RS13860 
(WP_003089506.1), PA14_RS26325 (WP_003095466.1), and PA14_RS02925 
(WP_003118883.1). Virulence-repressing activity was inferred in the BlaI/MecI/CopY family 
transcriptional regulator (PA14_RS12700, WP_025297936.1). 

3.4.4. The 43kb GI containing PA14_RS12695 and PA14_RS12700 is 
found in PA14 as well as several multidrug-resistant strains of 
P. aeruginosa 

M56 family metallopeptidase (PA14_RS12695; WP_016254216.1) and the 

adjacent BlaI/MecI/CopY family transcriptional regulator (PA14_RS12700, 

WP_025297936.1) are located on the same 43kb GI (2678167 to 2721432bp) in the P. 

aeruginosa UCBPP-PA14 genome. The gene presence-absence analysis revealed that 

the complete gene content of the GI is conserved only in P. aeruginosa isolates. The 

presence of the full GI in isolates in the PA14 and PAO1 phylogenetic groups suggests 

that it is not lineage-specific. This GI contains multiple metal transporter genes and efflux 

genes encoding products such as a HupE/UreJ family protein, CusA/CzcA family heavy 
metal efflux RND transporter, TolC family protein and the major facilitator superfamily 

transporter (Table 3.1; Figure 3.3).  

The complete gene set of the 43kb GI containing the M56 metallopeptidase and 

the BlaI/MecI/CopY family transcriptional regulator, in the P. aeruginosa PA14 genome 

were detected in multiple multidrug and extensively drug resistant P. aeruginosa strains 

from both the PA14 and the PAO1 lineages (Figure 3.4). Within the PA14 lineage, the 

full GI was found in the copper resistant M1608 and M37351 strains (Petitjean et al., 

2017), the multiphage- and multidrug-resistant Pcyll-40 strain (Pourcel et al., 2020), the 

extensively drug-resistant Pa58, Pa124 and Pa127 strains (Espinosa-Camacho et al., 

2017) and the global epidemic AR_0353 strain (Chew et al., 2019). Within the PAO1 
lineage, strains carrying the full GI include the CF-associated RIVM-EMC2982 (Santi et 

al., 2021), the extensively drug-resistant AG1 (Molina-Mora et al., 2020) and the 

Carbo01 63 (van der Zee et al., 2018). 
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Two strains within the PA7 group, AR441 (GCF_003073695.1) and AR0356 

(GCF_002968755.1), carry all except one efflux pump gene, the efflux resistance-

nodulation-division transporter periplasmic adaptor subunit, in this GI. Additionally, a 

pBT2436-like megaplasmid carrying antimicrobial resistant genes against 

aminoglycoside, phenicol, sulfonamide and tetracycline has also been documented in 
these strains (Cazares et al., 2020). The association of this GI with antimicrobial 

resistant (AMR) strains suggests the genes on this island, potentially including the 

pathogen-associated M56 metallopeptidase and the BlaI/MecI/CopY family 

transcriptional regulator, may play an important role not only in virulence, but also in 

AMR in clinically relevant isolates. 

Table 3.1 45 genes found on the 43kb GI of interest in the P. aeruginosa PA14 
genome. 

NCBI RefSeq 
protein accession 

Locus tag Name Start End 

WP_016254220.1 PA14_RS12590 Hypothetical 2678195 2678438 

WP_003138971.1 PA14_RS12595 conjugative transfer protein TrbI 2678434 2679706 

WP_003138972.1 PA14_RS12600 P-type conjugative transfer protein TrbG 2679708 2680698 

WP_003138973.1 PA14_RS12605 Conjugal transfer protein TrbF 2680694 2681399 

WP_003138975.1 PA14_RS12610 Conjugal transfer protein TrbL 2681411 2682782 

WP_016254219.1 PA14_RS12615 Hypothetical protein 2682778 2683099 

WP_003138979.1 PA14_RS12620 Conjugal transfer protein TrbJ 2683110 2683836 

WP_003138981.1 PA14_RS12625 Conjugal transfer protein TrbE 2683832 2686286 

WP_003138984.1 PA14_RS12630 Conjugal transfer protein TrbD 2686298 2686571 

WP_003138985.1 PA14_RS12635 Conjugal transfer protein TrbC 2686567 2686960 

WP_003138986.1 PA14_RS12640 P-type conjugative transfer ATPase TrbB 2686956 2688027 

WP_003138987.1 PA14_RS12645 CopG family transcriptional regulator 2688023 2688488 

WP_003138988.1 PA14_RS12650 Conjugal transfer protein TraG 2688484 2690485 

WP_025297938.1 PA14_RS12655 EexN family lipoprotein 2690721 2691000 

WP_022580529.1 PA14_RS12660 D-alanyl-D-alanine endopeptidase 2691004 2691940 

WP_003138990.1 PA14_RS12665 Hypothetical protein 2692126 2692432 

WP_003138992.1 PA14_RS12670 Hypothetical protein 2692482 2693151 

WP_022580528.1 PA14_RS12675 membrane protein 2693163 2693856 

WP_003138997.1 PA14_RS12680 
CusA/CzcA family heavy metal efflux RND 
transporter 

2693903 2697041 

WP_003139001.1 PA14_RS12685 
Efflux RND transporter periplasmic adaptor 
subunit 

2697051 2698281 

WP_003139003.1 PA14_RS12690 TolC family protein 2698277 2699525 

WP_016254216.1 PA14_RS12695 M56 family metallopeptidase 2699665 2700661 

WP_025297936.1 PA14_RS12700 BlaI/MecI/CopY family transcriptional regulator 2700660 2701059 

WP_016254215.1 PA14_RS12705 relaxase/mobilization nuclease 2701169 2703155 

WP_003139016.1 PA14_RS12710 S26 family signal peptidase 2703603 2704179 

WP_016254214.1 PA14_RS12715 DUF2840 domain-containing protein 2704175 2704733 
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NCBI RefSeq 
protein accession 

Locus tag Name Start End 

WP_016254213.1 PA14_RS12720 Hypothetical protein 2704729 2705014 

WP_003139018.1 PA14_RS12725 AAA family ATPase 2705010 2705649 

WP_016254212.1 PA14_RS12730 Replication initiator protein A 2705902 2706760 

WP_003107109.1 PA14_RS12735 Helix-turn-helix domain-containing protein 2706786 2707068 

WP_011666628.1 PA14_RS12740 DUF2285 domain-containing protein 2707179 2707950 

WP_016254211.1 PA14_RS12745 DUF2958 domain-containing protein 2708293 2708644 

WP_016254210.1 PA14_RS12750 Helix-turn-helix transcriptional regulator 2708886 2709183 

WP_016254209.1 PA14_RS12755 DUF736 domain-containing protein 2709576 2709891 

WP_016254208.1 PA14_RS12760 Hypothetical protein 2710671 2710881 

WP_003139031.1 PA14_RS12765 ParB N-terminal domain-containing protein 2710944 2712999 

WP_003139033.1 PA14_RS12770 DUF945 domain-containing protein 2713080 2713905 

WP_003139034.1 PA14_RS12775 Hypothetical protein 2714624 2714903 

WP_016254207.1 PA14_RS12780 DUF2958 domain-containing protein 2714968 2715319 

WP_003139161.1 PA14_RS12785 MFS transporter 2715632 2716943 

WP_025297819.1 PA14_RS12790 Metal-sensing transcriptional repressor 2716952 2717210 

WP_003139163.1 PA14_RS12795 Hypothetical protein 2717345 2717738 

WP_003139036.1 PA14_RS12800 DNA repair protein RadC 2718014 2718521 

WP_003139037.1 PA14_RS12805 PDDEXK nuclease domain-containing protein 2718847 2720011 

WP_003139038.1 PA14_RS12810 Site-specific integrase 2720007 2721213 
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Figure 3.3 The 43kb GI (2,678,167 – 2,721,432bp) in the P. aeruginosa PA14 genome (GCF_000014625.1) contains the 

pathogen-associated M56 metallopeptidase and BlaI/MecI/CopY family transcriptional regulator, as well as 
several genes related to metal resistance and transporters. 

The 45 genes on this GI are categorized into plasmid conjugation system (teal), transporters (orange), the two PAGs of interest (yellow), and 
uncharacterized genes (gray). Figure was generated with SnapGene v6.0.2. 
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Figure 3.4 Presence-absence matrix of the 45 genes on the 43kb GI (2678167 to 
2721432) on P. aeruginosa PA14, mapped to a Pseudomonas 
species tree, revealed that the complete gene set of this GI is found 
in multiple multidrug and extensively drug resistant strains of P. 
aeruginosa. 

Genes are displayed in the order of locus tags from left to right and colored by function. Species 
tree was constructed from the 16s rRNA, gyrB, rpoB, rpoD genes from the complete 605 
Pseudomonas RefSeq genomes, using IQtree. Pathogen status of the genomes are denoted by 
colored nodes on the tree. Red diamond on the species tree represents a collapsed clades of the 
remaining Pseudomonas genomes that did not carry the full gene set of the GI. 

3.5. Discussion 

This chapter began with an analysis of the global trend in bacterial protein SCL 

among PAGs, non-PAGs and common genes. Relative to common genes, PAGs and 

non-PAGs disproportionately encoded proteins with a predicted cell wall and 

extracellular localization, suggesting that genes that are conserved in only pathogens or 

non-pathogens may be more involved in sensing and interacting with their external 
environments. Under the assumption that PAGs and non-PAGs are likely non-essential 

genes specialized in niche-adaptation, this observation is in agreement with a smaller-

scale PSORTb-based SCL study of 24 bacteria, which showed that while essential 

bacterial proteins are enriched in the cytoplasm, non-essential proteins are 

predominantly localized in the cytoplasmic membrane, periplasm, outer membrane, cell 

wall and extracellular space while (Peng & Gao, 2014). In addition, PAGs and non-PAGs 

also encode more proteins with unknown SCL. This is likely due to the challenge of 

PSORTb prediction of the abundant uncharacterized proteins that are conserved only in 

pathogens or non-pathogens. These uncharacterized proteins may have high sequence 

divergence from proteins with known SCL that were used to develop and train the 

PSORTb training modules. As proteins need to be transported to the appropriate cellular 

site to perform their inherent function, their localization site may shed light on their 

molecular function and protein interaction if no other functional data are available. 

Using results from this SCL analysis, researchers in antivirulence drug 

development may prioritize PAGs as antivirulence drug targets based on the drug 

accessibility of the cellular compartment in which their encoded proteins reside. Outer 

membrane or extracellular proteins are often implicated in virulence and are involved in 

pathogen-host interactions. For example, bacterial toxins are secreted proteins 

associated with virulence processes, including physical damage to host cells, 
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biochemical degradation and interrupted cellular signalling in hosts, which altogether 

dampens the host ability to elicit an effective immune response and pathogen clearance. 

Some well-known secreted toxins include the hemolysin in S. aureus, ExoS and ExoT in 

P. aeruginosa, toxin A and toxin B in Clostridioides difficile, shiga toxin Stx1 and Stx2 in 

E. coli and Shigella dysenteriae. OMVs have garnered increased attention over recent 
years as membrane-associated VFs. OMVs are spherical bilayer vesicles released from 

the outer membrane of gram-negative bacterium such as P. aeruginosa. E. coli, Shigella 

spp. Vibro sp. And Neisseria sp. (Cecil et al., 2019; Jan, 2017; Schwechheimer & 

Kuehn, 2015) Carrying a diverse range of cargoes including lipopolysaccharides, 

peptidoglycan, outer membrane proteins, signalling molecules, toxins and many VFs, 

OMVs play an important role in the pathogen lifestyle including host adaptation, stress 

response, and AMR. Due to their implication in bacterial pathogenesis, OMVs have been 

added as a secondary localization site to version 4.0 of PSORTdb. 

Of the 11 PAGs screened in vivo, virulence activity was inferred from the 

transposon mutants of 6 genes: an amino acid permease (PA14_RS15305; 
WP_071535563.1), a type I toxin-antitoxin system ptaRNA1 family toxin 

(PA14_RS06215; WP_011747386.1), a class I SAM-dependent methyltransferase 

(PA14_RS20430; WP_003116317.1), and 3 uncharacterized genes, PA14_RS13860 

(WP_003089506.1), PA14_RS26325 (WP_003095466.1) and PA14_RS02925 

(WP_003118883.1). Virulence-repressing activity was inferred only in the 

BlaI/MecI/CopY family transcriptional regulator (PA14_RS12700, WP_025297936.1). 

Although functional data for many of these genes were either lacking or only available at 

the general protein family level at the time of this study, the laboratory evidence of 

virulence activity from this study warrants further investigation of the role and impact on 
the host of these genes in P. aeruginosa. While the intestinal accumulation of bacteria 

and the lack of an adaptive immune system in C. elegans do not fully reflect many 

extraintestinal infections and the antimicrobial immune response in mammalian 

organisms, C. elegans has been a simple yet powerful model organism for identifying 

large set of universally conserved VFs responsible for the pathogenesis of P. aeruginosa 

in plant and animal hosts (Mahajan-Miklos et al., 2000). This C. elegans study served as 

a preliminary and cost-effective method for selecting putative virulence related PAGs for 

more refined functional assays. Future in vivo functional analyses of the mutant of these 

PAGs will transition to more complex mammalian models with an immune system more 
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related to the human’s against Pseudomonas infections. Numerous murine models have 

been designed for studying chronic and acute lung infections, as well as burn wound 

infections by P. aeruginosa (Bayes et al., 2016; Turner et al., 2014). While the use of 

transposon insert mutants is widely used for functional screening, a few caveats must be 

considered and addressed with follow-up analyses. Transposon insertion mutagenesis 
inserts a transposable element into a random site in a gene to disrupt its proper 

expression of a functional protein. Dependent on the site of insertion, transposon 

inserting near the 3’ end is more likely to not disrupt the proper function of a gene than 

an insertion at the 5’ end (start of the gene) (Liberati et al., 2006). For this reason, P. 

aeruginosa PA14 transposon mutant strains with insertion only in the beginning half of 

the PAGs of interest were chosen. A subsequent functional study will validate the 

virulence of the select PAGs using clean in-frame knock outs. 

Two adjacent PAGs, PA14_RS12695 and PA14_RS12700, located on a GI in P. 

aeruginosa PA14 have garnered attention from the virulence screening in this chapter as 

well as from the evolutionary selection inference from Chapter 2. PA14_RS12700 is a 
BlaI/MecI/CopY family transcriptional regulator with a probable virulence repressor 

function as its transposon mutant reduced the survival of P. aeruginosa-infected C. 

elegans. While PA14_RS12700, a M56 family metallopeptidase, was not screened for 

virulence in the worm infection model due to the lack of readily available transposon 

mutant at the time of study, it was inferred to be under positive selection in Chapter 

2.4.4. This pair of PAGs were predicted to reside on a GI with a few metal and AMR 

genes. Cross-resistance to heavy metals and antimicrobials due to the sharing of the 

same efflux mechanisms, has also been reported among human pathogens in the 

environmental reservoirs (Dickinson et al., 2019). Since GIs can drive genetic 
diversification and pathogen adaptation to different ecological environments, the 

presence of this GI in many global, multi-drug resistant P. aeruginosa strains may 

suggest an important role in enhanced virulence and AMR.  

In conclusion, PAGs may be practical drug targets due to their disproportionate 

enrichment in drug-accessible cellular compartments such as the cell wall and 

extracellular space, particularly in gram-negative bacteria that are notoriously associated 

with AMR. With Dr. Patrick Taylor, we identified 6 PAGs with virulence activity and 1 

PAG with virulence-repressing activity. This assay helped us further prioritize the 

virulence repressing PAG, a BlaI/MecI/CopY family transcriptional regulator 
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(PA14_RS12700, WP_025297936.1) and its neighbouring positively selected PAG, a 

M56 family metallopeptidase (PA14_RS12695; WP_016254216.1) for a more 

comprehensive in vivo functional characterization study now being conducted by the 

Brinkman and Lee Labs. Our computational pathogen-associated gene characterization 

method, complemented with laboratory virulence screening, is a promising workflow for 
detecting putative virulence from bacterial genes whose function has yet to be 

examined. Information on the protein SCL and genomic island localization of these 

virulence-related PAGs may help to prioritize candidate antivirulence drug targets based 

on potential drug accessibility and to design effective antivirulence therapeutics for 

treating bacterial infections. 
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Chapter 4.  
 
Structure-activity relationship analysis of raloxifene 
as a potential antivirulence agent against P. 
aeruginosa 

This chapter presents a follow-up analysis to the peer-reviewed article 

“Raloxifene attenuates P. aeruginosa pyocyanin production and virulence” published by 

the Brinkman Lab in collaboration with the Lei Xie Research Group at Hunter College, 

New York (S. J. Ho Sui et al., 2012). I compared various analogs of raloxifene to 

investigate the structural component(s) responsible for raloxifene’s antivirulence 

properties against P. aeruginosa PA14. 

I performed all work presented in this chapter with the following exception: 

Members of Dr. Peter Wilson’s laboratory in the SFU Chemistry Department synthesized 

all raloxifene analogs. In particular, Jacob Duerichen-Parfitt, the undergraduate student 

in the Wilson Lab, had work extensively on the synthesis. Former Brinkman Lab 

managers, Raymond Lo and Dr. Hanadi Ibrahim, assisted with the bacterial and worm 

cultures. 
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4.1. Abstract 

Antivirulence drugs are a promising alternative for treating bacterial infections 

and combatting the global concern of AMR. Previously, an in silico docking analysis 

coupled with laboratory validation, identified the selective estrogen receptor modulator, 

raloxifene, as a potential antivirulence agent against P. aeruginosa. Here, the structure-

activity relationship of raloxifene in the context of antivirulence was investigated by 

comparing the performance of raloxifene analogs in pyocyanin production inhibition, 

improved survival of Pseudomonas-infected C. elegans, and bacterial growth. The 

removal of the piperidinylethoxy group, essential for mammalian estrogen receptor 

binding, from all analogs had no effect on virulence attenuation, indicating that this side 

chain is not responsible for off-target effects in P. aeruginosa. The absence of the 6’ 

hydroxy and the 4’ hydroxy in raloxifene made the analog Compound 1 an inactive 

antivirulence agent. On the contrary, the presence of only the 6’ hydroxy in Compound 3 

or both hydroxy groups in Compound 2 resulted in comparable antivirulence activities to 

raloxifene across all assays. Compound 2S, also known as the raloxifene core in Drug 

Bank, seemed to be toxic to C. elegans despite being effective at pyocyanin reduction. 
These results provided structure-activity information for raloxifene against P. aeruginosa 

and suggested that raloxifene, Compound 2 and Compound 3 may be potent 

antivirulence agents to alleviate the current challenges of treating antimicrobial resistant 

P. aeruginosa infections.  

4.2. Introduction 

Emergence of multi-drug resistant strains of many threatening human pathogens 

is surpassing the rate at which novel antibiotics are being deployed in clinical settings. P. 

aeruginosa, the opportunistic gram-negative bacterium accountable for many 

nosocomial infections in people with CF or compromised immune system, is one of the 

top priority pathogens requiring urgent public health interventions and novel therapeutic 
development (World Health Organization, 2017b). The extensive resistance of this 

organism due to intrinsic and acquired mechanisms, such as drug efflux, target 

alternation, challenges the provision of appropriate drug regime for infection treatment 

(Nguyen et al., 2018). AMR is associated with an alarming increase in morbidity and 

mortality from healthcare-associated infections, impacting the global burden of 
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healthcare and economics (World Health Organization, 2017a). Novel therapeutics are 

urgently needed to treat Pseudomonas infections and to prevent the spread of drug 

resistance among individuals. 

Antimicrobial development is further impeded by the shift in pharmaceutical 

investment from infectious diseases to chronic diseases (Morel & Mossialos, 2010). The 
collapsing efforts in antibiotics research and development are attributed to the high cost 

of clinical testing and the low profit generation from infrequent use and short treatment 

regime of antibiotics compared to the regular administration of cancer and other chronic 

disease drugs. Additionally, the rapid evolution of resistance shortens the clinical 

lifespan and thus jeopardizes the return of investment of antimicrobials (Bettiol et al., 

2015). To revive the antibiotic development pipeline, more cost-effective and reduced-

risk strategies such as drug repositioning, finding new indications for known drugs, are 

required to encourage pharmaceutical companies to redirect their focus to antimicrobial 

products (Murteira et al., 2013). An alternative therapeutic approach is antivirulence 

which attenuates virulence without affecting the viability or the growth of bacterial 
pathogens. Antivirulence therapeutics inhibit actions of VFs rather targeting bacterial 

essential functions and theoretically should reduce the evolutionary pressure to select 

for drug resistance if pathogens no longer require to compete for survival (Zambelloni et 

al., 2015). 

Previously, bioinformatics analyses identified a potentially novel indication for 

raloxifene, an approved drug for osteoporosis treatment and breast cancer prevention in 

post-menopausal women, as an antivirulence drug against P. aeruginosa (S. J. Ho Sui 

et al., 2012). From an in silico drug-target analysis workflow, raloxifene was predicted to 

bind to the pathogen-associated pseudomonal PhzB2 protein. Encoded by phzb2 gene 
within the phz2 phenazine biosynthetic operon, PhzB2 is involved in the synthesis of 

phenazine-1-carboxylic acid which can be subsequently converted to pyocyanin, 1-

hydroxyphenazine, and phenazine-1-carboxamide (Mavrodi et al., 2001). Phenazine-1-

carboxylic acid and its downstream products in P. aeruginosa are the main redox-active 

VFs important for P. aeruginosa growth and survival under iron-deficient environments in 

a wide range of host organisms. However, these compounds are implicated in host 

toxicity by inducing oxidative stress that mediates the killing of host cells as well as other 

microbial competitors in the same niche (Briard et al., 2015). Antivirulence activity of 

raloxifene was validated in a quantitative pyocyanin assay and a C. elegans infection 
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model. In particular, raloxifene reduced the production of the redox-active pyocyanin, a 

major P. aeruginosa exotoxin, that is well-reported for its destructive impact in CF lungs 

(Mavrodi et al., 2001). 

Raloxifene (DrugBank accession: DB00481) is an approved selective estrogen 

receptor modulator optimized to bind to human estrogen receptors to elicit tissue-specific 
and gene-specific responses. Its structure consists of a hydroxyl benzothiophene core 

with a direct linkage to a phenol and a flexible carbonyl hinge to a phenyl 4-

piperidinoethoxy (amine-containing) side chain (Figure 4.1a). Primarily as a selective 

estrogen receptor modulator, the antiestrogenic property of raloxifene lies within the 

piperidine ring (nitrogen-containing cyclic side chain) in which the piperidine nitrogen 

interacts with Asp351 of the human estrogen receptor to modulate downstream estrogen 

signalling pathways (I. K. Jordan et al., 2002; V. C. Jordan et al., 2015; Levenson & 

Jordan, 1998). 

To better understand the alternative drug indication of raloxifene, as predicted in 

the Ho Sui et al. paper (S. J. Ho Sui et al., 2012), this study investigates the structure-
activity relationship of raloxifene and its antivirulence activity against P. aeruginosa, 

through comparison antivirulence activity among various drug analogs. 

4.3. Methods 

4.3.1. Bacterial strains and compounds 

Wild-type P. aeruginosa strain PA14 was used to study the antivirulence 

properties of raloxifene and its analogs. E. coli strain OP50 served as the nematode food 

source and the non-pathogenic control in the C. elegans infection model. Raloxifene was 

purchased from Cayman Chemical (Ann Arbor, MI). Four analogs of raloxifene were 

synthesized by Dr. Peter Wilson’s synthetic organic chemistry lab (Simon Fraser 
University, Burnaby, BC). Stock solutions of raloxifene and its analogs were prepared at 

20 millimolar (mM) with dimethyl sulphoxide. 
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4.3.2. Bacterial growth curve assay  

Frozen stock culture of P. aeruginosa PA14 was streaked onto Luria-Bertani (LB) 

agar plate for overnight incubation at 37°C. A single bacterial colony on the plate was 

chosen to inoculate 2 mL of overnight liquid LB culture. To set up the growth assay, the 
PA14 culture was diluted 1 in 100 into 24 mL of fresh LB. Raloxifene or one of the 

analogs was added to the culture at a final concentration of 0.2mM. Bacterial growth at 

37°C was monitored by optical density at 600nm. Absorbance of the cultures were taken 

hourly until the 2nd hour then every 30 minutes until the 9th hour. Measurements were 

blanked with LB broth at each time point. 3 replicates of the growth assay were 

conducted. 

4.3.3. Pyocyanin extraction and quantitative assay  

Concentration of pyocyanin pigment was determined spectrophotometrically at 

the 520nm absorbance as described by Essar et al. (Essar et al., 1990). Bacteria were 
harvested from 1 mL of a single-colony P. aeruginosa PA14 overnight culture. Pyocyanin 

was extracted from the supernatant with 1mL of chloroform, followed by re-extraction 

with 1 mL of 0.2M Hydrochloric acid (HCl). Absorbance of the resultant pink solution 

containing pyocyanin was measured at 520 nm, blanked with equivalent volume of HCl. 

Concentration was expressed as micrograms of pyocyanin in millilitres of supernatant 

(ug/mL) by multiplying the absorbance by 17.072. Pyocyanin quantitative assay was 

done in triplicates. 

4.3.4. C. elegans infection model  

C. elegans (wild-type Bristol N2) were maintained on NGM plates with E. coli 

OP50 as food source. To prepare for the slow-killing assay, low-osmolarity NGM plates 

were seeded with 50 μL of overnight culture of P. aeruginosa PA14, or E. coli OP50 as 

control, per 3.5cm diameter plates for bacterial lawn formation at 37°C overnight. The 

plates were then equilibrated at 24°C overnight prior to infection. To prevent progeny 

development during the assay, 100 μg/mL of f-fluoro-2’-deoxyuridine (FUdR) added to 

the surface of the NGM plates 1 hour prior to the transfer of worms synchronized to the 

fourth larval (L4) stage. 30 worms were transferred onto each plate and were monitored 

for viability for up to 144 hours. Worms are considered dead if they no longer moved or 



93 

responded to touch. For the drug plates, 0.2 mM of raloxifene or its analogs was 

incorporated into the NGM prior to bacterial seeding. The experiment ended when the 

viability of untreated PA14-infected worms dropped below 20%. The killing assay was 

performed for a minimum of three replicates. 

Kaplan-Meier curves of drug-treated and untreated worms infected with P. 

aeruginosa PA14 were estimated and visualized with the R packages “survminer” and 

“ggsurvplot.” The mean survival curves of PA14-infected worms under the different 

drug/analog treatments were compared using a log-rank test with a statistically 

significant p-value threshold of 0.05. Survival curve analysis and visualization were done 

with the R packages “survminer” and “ggsurvplot.” 

4.3.5. Synthesis of raloxifene analogs 

Several analogs were synthesized and assessed for their biological effects on P. 

aeruginosa to uncover the structural components of raloxifene that are responsible for 

virulence attenuation (Figure 4.1). The removal of the antiestrogenic piperidinylethoxy 
group and subsequent structural modifications in raloxifene (Figure 4.1a) generated the 

drug analogs used in this study. The 6’ hydroxyl attached to the benzothiophene and the 

4’ hydroxy attached to the benzene group of raloxifene were removed in Compound 1 

while preserved in Compound 2 (Figure 4.1b and c). The hydroxy benzothiophene 

remained unchanged in while the 4’ hydroxyl group was removed in Compound 3 

(Figure 4.1d). Compound 2 was further simplified into another analog named Compound 

2S, also known as the raloxifene Core in DrugBank (Accession: DB08773), in which only 

the benzothiophene and the phenol groups in raloxifene were retained (Figure 4.1e). 

Another analog named Compound 4, which would have only the 4’hydroxyl group 
removed from the benzothiophene, was still being synthesized at the end of my thesis 

work, so could not be included in this study. 
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Figure 4.1 Chemical structure of raloxifene and the analogs used in this study.  
A) raloxifene - the FDA-approved selective estrogen receptor modulator for the prevention and 
treatment of osteoporosis in postmenopausal women. Numbers in circle represents position at 
which modifications were made in the analogs. Piperidinylethoxy group at 1 was removed from all 
analogs. Additional modifications were made as follows: (B) Compound 1 – removal of hydroxy (-
OH) at 2 and 3; (C) Compound 2 – no additional modifications made; (D) Compound 3 – removal 
of the 4’ hydroxyl only at 3; (E) Compound 2S – Removal of 1 and 4; (F) Compound 4 (synthesis 
still in process thus not included in the analysis) – removal of the 6’ hydroxyl only at 2. Red dotted 
line represents cleavage site. 

4.4. Results 

4.4.1. Compound 1, compound 2 and compound 3 showed minimal 
impact on the growth of P. aeruginosa 

Raloxifene analogs, except Compound 2S which showed toxicity in C. elegans, 

were screened for effects on bacterial growth. P. aeruginosa PA14 was grown in LB with 

no drug, 0.2 mM of raloxifene, Compound1, Compound 2 or  Compound 3. The growth 

curves were similar across all culture conditions, suggesting that these raloxifene 

analogs had minimal effect on the growth of P. aeruginosa PA14 during the exponential 

growth phase at 37°C (Figure 4.2). This assay suggested that these analogs do not 

target essential functions of P. aeruginosa under our experimental conditions. 
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Figure 4.2 Growth curve assay of P. aeruginosa PA14 treated with raloxifene or 

its analogs showed that Compound 1, Compound 2 and Compound 
3 had minimal impact on bacterial growth.  

DMSO was used as negative control. The remaining samples were treated with 0.2 mM of 
raloxifene, Compound 1, Compound 2 or Compound 3. Compound 2S was excluded from this 
analysis due to the observed toxicity in the worm infection model (Figure 4.4). 

4.4.2. Analogs preserving at least one of the two hydroxyl groups in 
raloxifene (compound 2 and compound 3) significantly reduced 
pyocyanin production in P. aeruginosa  

In a quantitative assay, the level of pyocyanin production in overnight culture 

supernatant of P. aeruginosa was compared after treatment with raloxifene and its 

analogs (Figure 4.3). Administration of 0.2 mM raloxifene as well as 0.2mM and 0.1mM 

Compound 2 reduced the pyocyanin concentration by half, compared to the untreated P. 

aeruginosa sample. There was no statistically significant difference among these 

compounds which contain both the hydroxyl groups. Titration of Compound 2 from 

0.025mM up to 0.2mM reduced pyocyanin concentration in a dose-dependent manner. 
PA14 culture treated with Compound 1, with all hydroxyl groups removed, showed only a 

slight reduction in pyocyanin production relative to the negative control. Compound 2S, 

the simplified version of Compound 2 with only the hydroxyl-containing benzothiophene 

moiety and the phenol, was more effective than Compound 1 but less potent than 

raloxifene at pyocyanin reduction. Contrary to the observation that the presence of both 

hydroxyl groups is necessary for raloxifene’s antivirulence activity as seen in Compound 
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2 versus Compound 1, Compound 3 with only the 6’ hydroxyl group, also drastically 

lowered pyocyanin production in P. aeruginosa, with no statistically significant difference 

to raloxifene and Compound 2. 

 
Figure 4.3 Quantitative chemical assay of pyocyanin production in P. 

aeruginosa PA14 cultured with raloxifene and its analogs showed 
that Compound 2 and Compound 2 reduced pyocyanin production 
to a level comparable to raloxifene. 

 Left to right: negative control with dimethyl sulfoxide, raloxifene (0.2 mM), Compound 1 (0.2 mM), 
Compound 2 (0.2 mM, 0.1 mM, 0.025 mM and 0.025 mM), Compound 2S (0.2 mM) and 
Compound 3 (0.2 mM). Statistically significant P-values (<0.05) of the unpaired two-samples tests 
involving raloxifene are indicated by asterisks (*) as follows: P-value ≤ 0.0001 (****) and 0.0001 < 
P ≤ 0.001 (***).  

4.4.3. Compound 2 and compound 3 showed comparable 
improvement in survival of Pseudomonas-infected worms, 
relative to raloxifene 

Virulence attenuation by raloxifene analogs was assessed in a C. elegans slow-

killing assay, mimicking the natural infection process in which the worms feeding on 

minimal medium were killed over several days with a gradual intestinal accumulation of 

P. aeruginosa PA14. Corresponding to the notable reduction in pyocyanin production, no 
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significant pairwise difference in the survival of PA-14 infected worms was observed 

between treatment with 0.2mM of raloxifene and Compound 2 or Compound 3 (Figure 

4.4). These three compounds provided the most protection of worms from P. 

aeruginosa. Worms were also treated with Compound 2 at 0.2 mM, 0.1 mM, 0.05 mM 

and 0.025 mM and showed a dose-dependent improvement in survival with higher drug 
concentrations. Compound 1 provided a low level of protection of worms against P. 

aeruginosa infection, as evident by the slight improvement in the survival relative to the 

infected yet untreated worm with a survival probability of less than 20% at 144 hours. 

Compound 2S strikingly showed signs of toxicity in C. elegans as the worm survival 

dropped more quickly than in infected worms not treated with any compounds. The 

survival drastically dropped to below 10% when treated with Compound 2S while the 

survival of untreated worms or worms treated with other compounds stayed above 50% 

at the 96-hour time point. 
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Figure 4.4 Kaplan-Meier curve with log-rank tests of Pseudomonas-infected C. 

elegans under treatment with raloxifene or analogs showed that 
Compound 2 and Compound 3 are as effective as raloxifene in 
improving worm survival 

Positive control worms were fed on E. coli OP50. Worms infected with P. aeruginosa PA14 but 
not treated any compounds were used as a negative control. Numbers following the compound 
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name and underscore represent concentration in mM (e.g., “raloxifene_0.2” represents raloxifene 
at 0.2 mM). (A) Survival curve of raloxifene (0.2 mM), Compound 1 (0.2 mM), Compound 2 (0.2-
0.0025 mM) and Compound 2S over 6 days. (B) P-values table generated from multiple pairwise 
comparisons of the survival curves in A) using the log-rank test. P-values were corrected for 
multiple testing with the Benjamin–Hochberg (BH) procedure in the R package “survminer” 
v0.4.8. (C) Kaplan-Meier survival curve of raloxifene (0.2 mM) and Compound 3 (0.2 mM). (D) P-
value table generated from multiple pairwise comparison of survival curves in C using the same 
method as described in B). 

4.5.  Discussion 

This study investigated the structure-activity relationship of raloxifene in the 

context of antivirulence against P. aeruginosa infection. Multiple analogs of raloxifene 

have been synthesized and assessed in biological assays including the pyocyanin 

quantitative analysis, C. elegans slow-killing assay and growth curve assay (Figure 4.5). 

To test the hypothesis that the side chain(s) responsible for raloxifene’s antivirulence 
properties are different from that conferring antiestrogenic property important for 

osteoporosis treatment, the piperidinylethoxy group thought to be associated with the 

latter was excluded in the analogs. Compound 1, Compound 2, Compound 2S and 

Compound 3 each represent a unique modification to the remaining structure of 

raloxifene. Compound 1, with both the 6’ and 4’ hydroxyl groups removed, overall 

showed the weakest inhibition of pyocyanin production as well as the least improvement 

of worm survival upon P. aeruginosa infection. Compound 2S, although reduced 

pyocyanin production at a level comparable raloxifene and Compound 2, accelerated the 

death of Pseudomonas-infected worms relative to infected worms with no drug 
treatment.  

Compound 2 (with both hydroxy groups in raloxifene) and Compound 3 (with only 

the 6’ hydroxyl group in raloxifene) showed significantly similar antivirulence properties 

as raloxifene. These observations suggest that at least one of the non-piperidinylethoxy 

side chains, is responsible for the virulence attenuation in P. aeruginosa. The drug 

repurposing potential of raloxifene as an antivirulence drug is likely related to its ability to 

interfere with the biosynthesis of phenazines, particularly the major P. aeruginosa VF, 

pyocyanin which was measured in the quantitative pyocyanin assay. Pyocyanin and 

phenazine-1-carboxylic acid are two major phenazines produced by P. aeruginosa 

PA14. Due to their redox potentials, they act as redox mediators (i.e., electron shuttling) 
to allow the oxidation of major intracellular reductants (such as NADH and glutathione) 

(Glasser et al., 2017). The subsequent reduction of extracellular oxidants triggers the 
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formation of reactive oxygen species that may cause cell damage (Blankenfeldt & 

Parsons, 2014; Hall et al., 2016). Since Compound 4 (with only the 4’ hydroxyl group in 

raloxifene) was still in the synthesis step at the end of this thesis work, its antivirulence 

property could not be compared to the other analogs to determine whether specifically 

the 6’ hydroxyl group or either one hydroxyl group (4’ or 6’) was required to elicit an 
antivirulence activity. While the initial study of raloxifene as an antivirulence agent 

against P. aeruginosa computationally predicted that raloxifene binds to the PhzB2 

protein involved in the phenazine biosynthetic pathway, the exact bacterial target of 

raloxifene has not been verified in vivo. Moving forward, a ligand binding assay of 

raloxifene, Compound 2 and Compound 3 against P. aeruginosa proteins would be 

useful in elucidating the drug-target interaction important for the antivirulence activity of 

these candidate antipseudomonal agents. 

 
Figure 4.5 Results summary of the structure-activity relationship analysis of 

raloxifene as an antivirulence agent against P. aeruginosa. 
Similar to raloxifene, Compound 2 and Compound 3 showed the best antivirulence properties, 
including minimal impact on bacterial growth, reduction of pyocyanin production in overnight P. 
aeruginosa cultures and improved survival of P. aeruginosa-infected C. elegans. Although 
Compound 1 did not impact bacterial growth, it also did not reduced virulence in P. aeruginosa in 
the pyocyanin assay and C. elegans infection model. Compound 2S, though reduced pyocyanin 
production, did not improved the survival of infected C. elegans. Compound 4 was still being 
synthesized at the time of this study so was not included in the laboratory assays. ND: not 
determined. 

The triphenylethylene class of tamoxifen-related selective estrogen receptor 

modulators, including raloxifene, has been characterized as a group of broad-spectrum 

drugs effective not only against mammalian targets, but also microbial targets in fungal, 

viral, parasitic and bacterial pathogens (Montoya & Krysan, 2018). Tamoxifen is 
bacteriolytic to Enterococcus faecium and Acinetobacter baumannii (Jacobs et al., 2013) 
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and synergizes with some antibiotics to restore susceptibility of antimicrobial resistant P. 

aeruginosa (M. Hussein et al., 2018; M. H. Hussein et al., 2017). While previous studies 

showed antibacterial (bacterial killing) effect of some SERMs, this structure-activity 

relationship study of raloxifene, a tamoxifene-related SERM, instead showed a virulence 

attenuation in P. aeruginosa without affecting the survival of the pathogen, which 
represents a potentially novel antivirulence agent against P. aeruginosa.  

In conclusion, the work outlined this thesis chapter illustrates the possibility of 

combining the comprehensive bacterial PAGs analysis described in Chapter 2 and a 

computational drug screening platform to effectively identify novel antivirulence 

indication in FDA-approved drugs that may be able to target pathogens-specific bacterial 

proteins (encoded by PAGs). Though a combination of bacterial growth assay, 

quantitative pyocyanin assay and C. elegans infection model, I uncovered the 

antivirulence-associated structural components of the FDA-approved raloxifene that was 

identified as a candidate drug for repurposing as antivirulence agent against P. 

aeruginosa in a previous study. The wealth of bacterial genomic data and 
pharmaceutical data, coupled with improved in silico PAG analysis and drug-target 

interaction analysis, now enables quicker discovery of candidate drug and drug targets. 

Effective treatment of bacterial infections while minimizing the risk of AMR emergence 

requires the development of therapeutics alternative to conventional antimicrobials. 

Exploring novel indications of existing drugs (i.e., drug repurposing) like raloxifene may 

be a promising approach to address the unmet clinical need of novel therapeutics 

against bacterial infections. Repurposing existing drugs as precise, antivirulence agents 

that disarm rather than kill bacterial pathogens may help to curb the continual rise in 

AMR and to accelerate the development of more sustainable therapeutic solutions for 
infectious disease control. 
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Chapter 5.  
 
Metagenomics-based PAG detection 

This chapter presents the first metagenomics-based analysis of PAGs. This work 

used the publicly available human lung and freshwater microbiome datasets from the 

peer-viewed articles “Year-Long Metagenomic Study of River Microbiomes Across Land 

Use and Water Quality” published by the Brinkman Lab and its collaborators (Van 

Rossum et al., 2015) and “Sputum DNA sequencing in CF: non-invasive access to the 

lung microbiome and to pathogen details” published by Feigelman et al. (Feigelman et 

al., 2017), respectively. I performed all analyses of these datasets, from sequence read 

processing to PAGs detection and data visualization. 

I performed all work presented in this chapter with the following exception: 

sample collection and sequencing of both metagenomic datasets. 
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5.1. Abstract 

Metagenomics enables the assessment of both taxonomic composition and gene 

content within microbial communities. While PAGs have been identified from high-quality 

NCBI RefSeq genomes, evaluating their prevalence in clinical and agricultural 

environments would provide insight into the potential, real world application of PAGs as 

biomarkers for monitoring pathogen transmission and drug targets for antivirulence 

therapeutics. This chapter consists of metagenomic analyses of PAGs in several lung 

microbiomes as well as freshwater microbiomes. Comparison of lung microbiomes of CF 

patients, chronic obstructive pulmonary disease (COPD) patients, smokers and healthy 

individuals revealed that the CF lungs are disproportionately enriched in PAGs. On the 

contrary, no significant difference in the prevalence of PAGs was detected between 

pristine watersheds and watersheds at or downstream of agricultural sites with fecal 

contamination, likely due to the abundance of uncharacterized bacterial species in 

freshwater. Both analyses revealed challenges in understanding the functional role of 

PAGs at the enriched sites (CF lungs, agriculturally contaminated and downstream sites) 

owing to the lack of characterization of these genes. Based on this analysis, pathogen 
surveillance using PAGs may currently be limited to more well-characterized 

microbiomes, such as those sampled from clinical settings. Ongoing advancement in 

metagenomic sequencing technologies and gene characterization methods would be 

beneficial for identifying important virulence determinants from the detected PAGs, 

especially those found in novel or uncharacterized environmental bacteria, that may be 

important for infectious disease surveillance. 

5.2. Introduction 

Metagenomics, also known as “community genomics,” is the study of genetic 

materials of microbial populations in a culture-independent manner (Handelsman, 2004). 

This approach provides the taxonomic profile and functional potential of the microbiome 
of interest through sequencing the total DNA within a sample. While traditional public 

health pathogen detection relies on culture-based assays, shotgun metagenomic 

sequencing now enables the detection of the complete bacterial population and gene set 

within an environmental sample. Without a priori knowledge of the microbial 

constituents, metagenomics is capable of detecting rare and emerging pathogens, 
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including those that are not culturable under laboratory conditions (Miller et al., 2013). 

Metagenomics-based functional profiling may also provide insight into the risk of the 

acquisition and dissemination of AMR and virulence-related genes within microbial 

communities (de Abreu et al., 2020; M. Zhou et al., 2021). Metagenomics has a broad 

range of application from clinical diagnoses of bacterial infections, environmental 
pathogen surveillance to agricultural assessment of soil health (Bengtsson-Palme et al., 

2017; Moragues-Solanas et al., 2021; Orellana et al., 2018). 

CF is a common autosomal genetic disease most prevalent in North America, 

Europe and Australia (Elborn, 2016). It is characterized by thick mucus build-up in the 

human airway, due to a mutation in the cystic fibrosis transmembrane regulator (CFTR) 

responsible for chloride ion transport across the epithelial cell membrane. The impaired 

CFTR predisposes CF lungs to bacterial infections which often negatively impact the 

prognosis of CF patients (Coutinho et al., 2008). Metagenomics is a useful tool for 

understanding microbial dynamics in the CF respiratory tract to inform proper 

management of CF-related infections. The CF lung is a hostile environment for bacterial 
colonizers owing to mucus-induced osmotic stress, host immune response and antibiotic 

exposure (Winstanley et al., 2016). This creates a competitive environment in which the 

initial colonization by S. aureus and Hemophilus influenzae is often replaced by P. 

aeruginosa and Burkholderia cepacia after the first decade of life of CF patients 

(Coutinho et al., 2008). Subsequent chronic CF lung infections are often associated with 

biofilm formation as well as other genetic adaptations to the CF lungs, such as loss of 

VFs and development of AMR in P. aeruginosa. Uncovering the microbiome 

composition, virulence determinants and bacterial adaptive mechanisms in CF lungs is 

thus critical to the improvement of the prognosis of individuals with CF.  

Multiple CF respiratory tract metagenomic studies have investigated the 

microbial communities and functional potential the CF lungs of adults and children using 

throat swabs, bronchoalveolar lavage or sputum (Feigelman et al., 2017; Kirst et al., 

2019; Pust et al., 2020). In one study comparing the lung microbiome of CF patients, 

chronic pulmonary obstructive disease (COPD) patients, smokers and healthy 

individuals (Feigelman et al., 2017), healthy subjects had the highest lung microbiome 

diversity with many species from known oral flora. In contrast, the CF lung microbiome 

was the least diverse, with colonization by one or a few bacterial colonizers such 

Pseudomonas, Staphyloccocus, Strenophomonas and Achromobacter species. Lung 
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microbiome diversity was slightly reduced in smokers and varied drastically among 

COPD patients relative to healthy participants. Pathogen identification and AMR 

characterization of the CF lung microbiome were congruent between clinical culture 

diagnosis and sputum metagenomics analysis, suggesting that the latter may represent 

a more informative, non-invasive procedure in the diagnosis and surveillance of CF-
related infections. As an extension to this published study, I compared the prevalence of 

PAGs, non-PAGs and common genes in the lung microbiome among the four participant 

groups. The hypothesis of this follow-up study is that CF lungs are enriched in PAGs, of 

which some may represent novel virulence-related genes important for the bacterial 

pathogenesis in CF-related respiratory infections. 

Healthcare-associated infections by multidrug resistant pathogens remains a 

threat to morbidity and mortality of patients, such as those with CF (Haque et al., 2018; 

Ogunsola & Mehtar, 2020). Common nosocomial pathogens include Vancomycin-

resistant enterococci, methicillin-resistant S. aureus, Clostridium difficile and P. 

aeruginosa (Suleyman et al., 2018). Those capable of forming endospores are even 
more persistent in hospital environments They are commonly acquired through cross 

contamination between patients and healthcare workers or environmental sources such 

as medical devices, faucets and tap water. Biofilm-forming P. aeruginosa is one of the 

common risks of nosocomial infections due to its persistence in hospital water systems 

or on surfaces for an extended period (Lalancette et al., 2017; Moore et al., 2021). 

Identification of the environmental reservoirs of nosocomial pathogens is also key to the 

design and implementation of effective infection control strategies. This is now possible 

with the use of metagenomics under the One Health approach. 

Defined by the US Centers for Disease Control and Prevention as “a 
collaborative, multisectoral, and transdisciplinary approach …with the goal of achieving 

optimal health outcomes recognizing the interconnection between people, animals, 

plants, and their shared environment,” One Health has been gaining attention in recent 

years in the management of emerging and multidrug resistant infectious diseases 

(Evans & Leighton, 2014). It focuses on the animal-human-environmental interface for 

the surveillance and control of pathogen transmission. There is increasing evidence of 

AMR transmission from livestock to clinical setting as a consequence of the 

indiscriminate use of clinical and veterinary antibiotics (Essack, 2018; Mackenzie & 

Jeggo, 2019). Soil and water are considered reservoirs for AMR genes acquired through 
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livestock and human waste. Environmental exposure to antibiotics may also impact the 

natural soil and water microflora, thus exerting selective pressure for resistance 

development (Kim & Cha, 2021). Though most studies have focused mainly on AMR 

transmission at the environmental-clinical interface, parallel phenomenon can be 

hypothesized for the dissemination of virulence-related genes among bacterial 
pathogens. 

Watersheds, also known as drainage basins, are land areas to which all 

freshwater streams and rivers drain into a common outlet and are a major source of 

drinking and irrigation water. Monitoring the wellbeing of the watershed ecosystem 

ensures the safety in water consumption and thus helps to maintain human and animal 

health. Bacterial ecosystem and pathogen transmission are governed by environmental 

fluctuations in temperature, weather, and run-offs. In Genome Canada’s Applied 

Metagenomics of the Water Microbiome project, rainfall was shown to have a large 

impact on bacterial diversity and composition at agricultural watersheds due to its effect 

on microbial and nutritional transport overland or within water stream (Van Rossum et 
al., 2015; Van Rossum et al., 2018). A temporal and spatial metagenomic analysis within 

this Watershed project revealed that the transition from the dry to rainy season in British 

Columbia, Canada, was accompanied by an increase in alpha diversity (the mean 

species diversity at a given site) in watersheds at the site as well as downstream of 

agricultural activity/contamination, suggesting potential run-offs from upstream of the 

agricultural contamination site induced by the increased rainfall (Peabody, 2017). In the 

same study, an increase in Pseudomonadaceae, the bacterial family containing a 

diverse range of environmental and pathogenic species like P. aeruginosa, was also 

observed in the agricultural contaminated and downstream sites in the rainy season. 

Incorporating the concept of One Health in monitoring and controlling the 

transmission of infectious disease, this chapter presents the first metagenomics-based 

analyses to examine the prevalence of PAGs in both the lung microbiome dataset 

(Feigelman et al., 2017) and the Genome Canada’s watershed microbiome dataset 

(Peabody, 2017; Van Rossum et al., 2015) . These analyses explored whether 

enrichment of PAGs is associated with specific lung conditions or impacted by rainwater 

run-offs in agricultural watersheds. Specifically, I tested the hypotheses that PAGs are 

more prevalent 1) in CF lungs that are more commonly prone to infections and 2) at 

agriculturally affected watersheds where fecal contamination from agricultural activity is 
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most prominent, compared to the upstream and downstream watershed sites. In the 

watershed microbiome dataset, I also hypothesized that the transition from drier to rainy 

season would cause an increase in PAGs in the downstream watershed site, given 

these genes are enriched at the agriculturally affected site. The goal of this chapter was 

to evaluate the applicability of PAGs as biomarker for poor CF prognosis or 
environmental pathogen transmission. 

5.2.1. Shotgun metagenomics datasets 

Lung microbiome from sputum DNA 

Metagenomic sequences were retrieved from a published lung microbiome study 

(Feigelman et al., 2017) through the NCBI Sequence Read Archive (BioProject ID: 

316588). In brief, sputum DNA samples were collected from 17 participants: 6 CF 

patients, 4 patients with COPD, 3 smokers and 4 healthy non-smokers. Sputum was 

produced spontaneously by CF and COPD patients and was induced by hypertonic 

saline nebulization in the smokers and healthy controls.  

Freshwater microbiome from Canadian watersheds 

Freshwater samples were collected from agricultural watersheds across 

southwestern British Columbia, Canada, as described in a previously published analysis 

from the Genome Canada Watershed Project (Van Rossum et al., 2015). Raw 

sequences were retrieved from the NCBI Sequence Read Achieve (BioProject ID: 
287840). Agricultural watershed samples were collected at a highly irrigated and farmed 

floodplain (APL), a site upstream (AUP) and a site downstream (ADS) of APL between 

April 2012 and April 2013 (Figure 5.1, Table 5.1). Based on the collection date, samples 

were categorized into “drier season” (May to October) or “rainy season” (November to 

April). 
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Figure 5.1 Sampling sites within the agricultural watershed. 
The agricultural watershed contains three sampling sites (black circles): a site upstream of 
agricultural pollution, a polluted site surrounding by intense agricultural activity, and a 
downstream site. Figure adapted from Dr. Mike Peabody’s PhD thesis (Peabody, 2017). 

Table 5.1 Description of sampling sites across the agricultural watershed. 

Watershed site name Catchment land use Description 

Agri-Upstream (AUP) Forest and minimal 
housing 

Upstream of agricultural “pollution”. Not affected 
by agricultural activity. Collected from a small 
rocky stream near the base of a forested hill with 
minimal housing nearby. 

Agri-Pollution (APL) Agriculture At site of agricultural “pollution”. Collected from a 
slough in an intensely farmed and irrigated 
floodplain with minimal tree cover. AUP is 
upstream of floodplain, separated by 9 km. 

Agri-Downstream (ADS) Agriculture and some 
urban 

Downstream of agricultural “pollution”. Collected 
from a river fed by an agricultural floodplain (site 
of APL) as well as a separate tributary from a 
more distant agricultural and urban area. Minimal 
tree cover throughout catchment. ADS is 2.5 km 
from APL. 

Adapted from (Van Rossum et al., 2015) with permission. 
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5.2.2. Sequence processing and assembly 

Sequence reads from both datasets were processed in the same manner. After 

read quality assessment using FASTQC v0.11.9 (Trivedi et al., 2014), low quality bases 

and adapter sequences were trimmed from the paired-end raw reads with Trimmomatic 
v0.39 under the default parameters (Bolger et al., 2014). Human contaminants were 

removed by discarding reads that aligned to the human reference genome GrCh38 

(hg38) using Bowtie2 v2.4.2 (Langmead & Salzberg, 2012). The remaining paired-end 

reads were merged by PEAR v0.9.6 and assembled into contigs by metaSPAdes 

(SPAdes v3.15.1 with the “--meta” option) (Nurk et al., 2017).  

5.2.3. Pathogen-association and functional analyses 

Gene prediction was done using MetaProdigal (Prodigal v2.6.3 under the 

metagenomic setting) (Hyatt et al., 2010), followed by the categorization of bacterial 

genes as PAGs, non-PAGs or common genes (found in both pathogens and non-
pathogens) based on a protein sequence similarity search, using DIAMOND v2.0.9 

(minimum 90% identity; e-value of 10-7) (Buchfink et al., 2021), against the genes with 

pathogen-association computed in the PAGs analysis update on the complete NCBI 

RefSeq bacterial genome dataset in Chapter 2.3.1. Using the same DIAMOND-based 

sequence similarity search (same parameters as described earlier), these genes were 

subsequently assessed for VF association based on the Virulence Factor Database as 

of January 2019 (B. Liu et al., 2019) and were classified into 26 functional categories 

based on the COG database updated in 2020 (Galperin et al., 2021).  

5.2.4. Statistical analysis 

Due to the varying taxonomic diversity across some samples particularly in the 

lung microbiome dataset, gene counts in each pathogen association and functional 

category were normalized by the number of unique lowest common taxonomic nodes, 

defined by the NCBI RefSeq non-redundant protein record linked to each gene (NCBI, 

2017). The normalized gene counts were then averaged across the replicates within 

each sample groups. Over-representation of PAGs and non-PAGs, relative to common 

genes was assessed by performing the Fisher exact test on a contingency table 

constructed from the averaged and normalized gene counts in each pathogen 
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association and in each sample group (participant groups in the lung microbiome dataset 

and collection sites in the watershed dataset). A post-hoc pairwise Fisher’s exact test, 

with p-values adjusted by the Benjamini–Hochberg false discovery rate method, was 

performed to identify whether PAGs or non-PAGs were disproportionately represented in 

certain sample types. Only the adjusted p-values in the post-hoc pairwise Fisher’s exact 
tests, for any statistically significant association, were reported in the Results Section. 

Statistical analyses were done using the R “stats” v4.0.2 and the “rcompanion” v2.3.26 

package. 

5.3. Results 

5.3.1. Lung microbiome of CF patients is disproportionately enriched 
in PAGs 

Based on clinical culture diagnoses and microbiome analyses, the original study 

of this lung microbiome dataset reported that CF lungs harbour a less diverse microbial 

community and are commonly dominated by a single or a few bacterial colonizers such 
as Pseudomonas, Staphylococcus and Streptococcus species (Feigelman et al., 2017). 

To avoid any potential confounding effects due to the varying taxonomic diversity across 

CF patients, chronic pulmonary obstructive disease (COPD) patients, smokers and 

healthy participants, gene counts were normalized by the number of unique taxa within 

each pathogen association in each sample. Using Fisher’s exact test on a 4x3 

contingency table constructed with the pathogen association of genes (pathogen-

associated, non-pathogen-associated or common) on one axis and the participant 

groups on another, a statistically significant association was detected between pathogen 

association of genes and the health status of the study participants (P=0.008) (Figure 
5.2A). The post-hoc pairwise Fisher’s exact tests with multiple testing correction, 

comparing differences in gene count between common genes and PAGs or non-PAGs 

indicated that CF lungs are associated with higher proportion of pathogen-association 

genes relative to common genes than COPD patients (P=0.011), smokers (adjusted p-

value =0.014), and healthy individuals (adjusted p-value =0.011) (Figure 5.2B).  
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Figure 5.2 Distribution of bacterial genes by pathogen association showed that 

PAGs, relative to common genes are more prevalent in CF lungs. 
(A) Gene counts (annotated in text) were normalized by number of NCBI lowest common 
taxonomic nodes and averaged within each sample type. Types of pathogen association includes 
common genes (COMMON), non-PAGs (NONPAG) and PAGs (PAG). Fisher’s exact test was 
first performed to detect a significant association of the normalized, mean gene counts between 
participant groups (COPD, CF, healthy individuals, smokers) and the pathogen association of 
genes (P= 0.008). (B) Post-hoc pairwise Fisher’s exact tests were subsequently performed to 
detect any significant association between COMMON and PAG or NONPAG in each pair of 
participant groups. Relative to common genes, PAGs are more prevalent in the lungs of CF 
patients than COPD (adjusted P=0.0114), healthy individuals (adjusted P=0.0114) and smokers 
(adjusted P=0.0140). No statistically significant association was detected between COMMON and 
NONPAG in any pairs of participant groups. Associations are statistically significant if p-value is 
less than 0.05. In the post-hoc tests, p-values were adjusted for multiple testing by the 
Benjamini–Hochberg false discovery rate method. 

196

1018

250

9

55

358

24
41

263

16
30

0

100

200

300

400

COPD

Cys
tic

 fib
ros

is

Hea
lth

y

Smok
er

Participant group

N
or

m
al

iz
ed

 g
en

e 
co

un
t

Pathogen association
COMMON
NONPAG
PAG

A

Comparison

COPD : Cystic fibrosis

p.Fisher

Cystic fibrosis : Health y

p.adj.Fisher

Cystic fibrosis : Smoker

Pathogen_association

COPD : Healthy

COPD : Smoker

Cystic fibrosis : Health y

Cystic fibrosis : Smoker

COPD : Cystic fibrosis

COPD : Healthy

COPD : Smoker

Healthy : Smoker

Healthy : Smoker

0.00197

0.00381

0.00698

0.56600

0.54100

0.14500

0.22700

0.48700

0.58000

0.83900

0.86900

1.00000

0.0114

0.0114

0.0140

0.6790

0.6790

0.6810

0.6810

0.8690

0.8690

0.8690

0.8690

1.0000

COMMON−PAG

COMMON−PAG

COMMON−PAG

COMMON−PAG

COMMON−PAG

COMMON−NONPAG

COMMON−NONPAG

COMMON−NONPAG

COMMON−NONPAG

COMMON−NONPAG

COMMON−NONPAG

COMMON−PAG

B



112 

COG functional analysis was performed to explore the functional trends of genes 

within each lung microbiome environment. Within each COG category, the prevalence of 

bacterial genes by pathogen association was compared across the lungs of the four 

participant groups. Based on the Fisher’s exact tests, performed on a contingency table 

constructed from genes of the three pathogen association groups and the four 
participant groups and subsequent post-hoc pairwise Fisher’s exact tests with multiple 

testing correction, CF lungs are disproportionately enriched in PAGs, relative to common 

genes, in the “Unknown function” COG category (Figure 5.3A-C). This observation is 

consistent with results in Chapter 2 highlighting that PAGs are less well characterized 

than common genes. In addition, common genes were significantly more prevalent than 

PAGs in CF lungs when compared to COPD lungs (P=0.0288) (Figure 5.3A,B,D). 

To explore the prevalence of VFs in the different lung conditions, the predicted 

genes were classified by known or unknown association with VFs annotated in the 

Virulence Factor Database (Figure 5.4). Less than a quarter of the genes within each 

pathogen association across all samples had VF association. Genes with no VF 
association may either have no virulence function or have no significant sequence 

similarity to known VFs, in the case of many uncharacterized genes (often annotated as 

“hypothetical proteins”). Within each participant group, Fisher’s exact tests were 

performed on a 2x3 contingency table constructed from the two types of VF association 

(VF-associated or Unknown) and the three pathogen association groups of bacterial 

genes. No significant difference was detected between the participant groups and 

pathogen association of genes related to known VFs, (Figure 5.5). Although further 

classification of VF-associated genes by VF classes and overall Fisher’s exact test 

revealed significant association between the pathogen association of genes and the 
participant groups in the “Toxin” and “Enzyme” VF classes, the post-hoc pairwise tests 

with multiple testing did not support these association (Figure 5.6). 
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Figure 5.3 COG functional analysis of predicted genes in the lung microbiome 

of the four participant groups showed that CF lungs are 
disproportionately enriched in PAGs, relative to common genes, 
with unknown function. 

(A) Normalized counts of genes classified by COG functional categories and pathogen 
association in the lung microbiome of CF patients, COPD patients, smokers and healthy controls. 
Types of pathogen association includes common genes (COMMON), non-PAGs (NONPAG) and 
PAGs (PAG). Due to the low gene count in most COG categories, (B) Fisher’s exact test, 
performed in each COG category, detected a significant association between pathogen 
association of genes and the participant groups only in the “Unknown function” (p=0.033) and 
“Cell motility” (p=0.001) COG categories. (C) Post-hoc pairwise Fisher’s exact tests were 
subsequently performed to detect any significant association between COMMON and PAG or 
NONPAG in each pair of participant groups. Relative to common genes, PAGs are more enriched 
in the “Unknown Function” COG category in the lungs of CF patients than COPD (adjusted p-
value = 0.009), healthy individuals (adjusted p-value = 0.049) and smokers (adjusted p-value = 
0.049). (D) Post-hoc pairwise Fisher’s exact tests within the “Cell motility” category detected an 
enrichment of PAG, relative to COMMON, in CF lungs when compared to COPD lungs. 
Associations are statistically significant if p-value is less than 0.05. In the post-hoc tests, p-values 
were adjusted for multiple testing by the Benjamini–Hochberg false discovery rate method. “N/A” 
refers to COG category in which Fisher’s exact test could not be performed due to the lack of 
PAG or NONPAG in that category.  

Comparison

COPD : Cystic fibrosis

p.Fisher

Cystic fibrosis : Health y

p.adj.Fisher

Cystic fibrosis : Health y

Pathogen_association

Cystic fibrosis : Smoker

COG_function

Cystic fibrosis : Smoker

COPD : Healthy

COPD : Smoker

COPD : Healthy

COPD : Smoker

Healthy : Smoker

COPD : Cystic fibrosis

Healthy : Smoker

0.0048

0.0323

0.0435

0.0299

0.0781

0.5000

0.4810

0.6750

0.6520

1.0000

1.0000

1.0000

0.0288

0.0969

0.1300

0.1300

0.1560

0.7500

0.7500

0.8100

0.8100

1.0000

1.0000

1.0000

COMMON−PAG

COMMON−PAG

COMMON−NONPAG

COMMON−NONPAG

COMMON−PAG

COMMON−NONPAG

COMMON−NONPAG

COMMON−PAG

COMMON−PAG

COMMON−PAG

COMMON−NONPAG

COMMON−NONPAG

Cell motility

Cell motility

Cell motility

Cell motility

Cell motility

Cell motility

Cell motility

Cell motility

Cell motility

Cell motility

Cell motility

Cell motility

D



116 

 
Figure 5.4 No significant association was detected between pathogen 

association of genes and their association to known VFs. 
(A) Normalized gene counts (annotated in text) averaged among the lung microbiomes of CF 
patients, COPD patients, smokers and healthy controls. Types of pathogen association includes 
common genes (COMMON), non-PAGs (NONPAG) and PAGs (PAG). In each participant group, 
genes in each of the three pathogen association groups were classified by association to known 
VFs based on whether a significant sequence similarity to VFs from the Virulence Factor 
Database was detected (>90% sequence identity and e-value cut-off of 10-7). (B) Fisher’s exact 
test was conducted to test the hypothesis that more PAGs than common genes or non-PAGs are 
associated with known VF, however, no statistically significant association was detected between 
the pathogen association and VF association of genes within any of the sample (participant) type.  
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Figure 5.5 Bacterial genes with VF association revealed no significant 

association between pathogen association of VF-associated genes 
and lung conditions. 

Normalized gene count, averaged within each sample (participant) type, with significant sequence 
similarity to known VFs in the Virulence Factor Database were categorized by pathogen 
association in each participant group: COPD patients, CF patients, healthy controls, and 
smokers). Types of pathogen association includes common genes (COMMON), non-PAGs 
(NONPAG) and PAGs (PAG). Based on a Fisher’s exact test to examine the hypothesis that 
genes associated with bacterial pathogens and known VFs are more enriched in CF lungs, no 
significant association between the pathogen association of VF-associated genes and sample 
type (p=0.197). 
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Figure 5.6 Classification of VF-associated genes by VF did not reveal a 

significant association between the prevalence of genes by 
pathogen association and the participant groups in any of the VF 
classes .  

(A) Normalized counts of genes, averaged within each sample type, with known VF association, 
further classified by VF classes according to the Virulence Factor Database. Sample types 
include COPD patients, CF patients, smokers and healthy controls. Types of pathogen 
association includes common genes (COMMON), non-PAGs (NONPAG) and PAGs (PAG). (B) 
Fisher’s exact test, performed in each VF class, detected a significant association between 
pathogen association of genes and the sample (participant) types in “Toxin” (p=0.007) and “Cell 
motility” (p=0.01). (C) Post-hoc pairwise Fisher’s exact tests within the “Toxin” VF class were 
subsequently performed to detect any significant association between COMMON and PAG in 
each pair of sample types. However, this post-hoc test did not detect any association of PAGs 
enrichment with sample (participant) types upon adjusting p-values for multiple testing. (D) Post-
hoc pairwise Fisher’s exact tests within the “Enzyme” VF class, however, did not detect any 
association of PAGs enrichment with sample (participant) types upon adjusting p-values for 
multiple testing. Associations are statistically significant if p-value is less than 0.05. In the post-
hoc tests, p-values were adjusted for multiple testing by the Benjamini–Hochberg false discovery 
rate method. “N/A” refers to COG category in which Fisher’s exact test could not be performed 
due to the lack of PAG or NONPAG in that category.  
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5.3.2. The prevalence of virulence associated PAGs increased at the 
agricultural affected and downstream sites during the rainy 
season. 

The same analysis was applied to the watershed dataset to test the hypothesis 

that PAGs are more enriched in agricultural affected (fecally contaminated) sites. 

Although Fisher’s exact test detected a borderline association between the pathogen 

association of genes and the collection season at the Agri-Downstream site (P=0.05), 

subsequent post-hoc tests with multiple testing correction did not support such 

association (Figure 5.7). In a previous analysis of this watershed dataset (Peabody, 

2017), the mean percentage of reads that could be assigned to the bacterial family level 

ranged from 11.1% to 42.4% across the Agri-Downstream, Agri-Pollution and Agri-

Upstream sites depending on whether 16S rRNA or shotgun metagenomic sequences 
were used in the analysis (Table 5.2.). The low percentage of assigned reads may 

indicate the presence of novel bacterial genomes which may reduce the sensitivity of 

this metagenomics-based detection of PAGs, since the genes from novel genomes with 

unknown pathogen status, excluded from the list of PAGs identified in Chapter 2, would 

also be excluded from this analysis. Using the same statistical analysis method on the 

COG functional categories and VFDB VF association described in Chapter 5.3.1, no 

significant increase in prevalence of any pathogen association gene groups was 

detected in any watershed sites during the drier season (Figure 5.8). In addition, none of 

the pathogen association gene groups was significantly enriched in VF-associated 
genes in any of the 6 combinations of collection seasons (drier vs rainy) and collection 

sites (APL, AUP, ADP) (Figure 5.9). Bacterial genes collected from each watershed site 

and season were not classified into VF classes due to the extremely low gene counts 

and lack of significant association of the pathogen association gene groups and 

collection sites/seasons.  
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Table 5.2 Percent of reads that could be assigned to the family level in the 16S 
rRNA amplicon sequencing and shotgun metagenomic sequencing 
datasets across watershed sites. 

Sequence 
method 

Site name Min Max Mean SD 

16S ADS 34.2 56.8 42.2 6.9 

16S APL 16.9 58.5 40.4 10.3 

16S AUP 11.9 38.4 23.6 7.9 

Shotgun ADS 11.2 37.5 21.2 6.7 

Shotgun APL 14.7 31.5 20.9 5.8 

Shotgun AUP 8.1 19.8 11.1 3.4 

ADS: Agri-Downstream. APL: Agri-Pollution. AUP: Agri-Upstream. 
Table adapted from Dr. Mike Peabody’s PhD thesis (Peabody, 2017). 
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Figure 5.7 Distribution of genes by pathogen association collected at different 

agricultural watersheds and seasons did not reveal an enrichment of 
genes by pathogen association in any collection season or site.  

(A) Gene counts (annotated in text) were normalized by number of NCBI lowest common 
taxonomic nodes. Samples are categorized by the season at which they were collected: drier 
season (May-Oct) and rainy season (Nov-Apr). Sampling sites include agricultural downstream 
site (ADS), agricultural pollution site (APL) and agricultural upstream site (AUP). Types of 
pathogen association includes common genes (COMMON), non-PAGs (NONPAG) and PAGs 
(PAG). (B) Fisher’s exact test detected no significant association between pathogen association 
of genes and site of collection in either season. (C) Fisher’s exact test detected a borderline 
significant association between pathogen association of genes and collection season in the 
agricultural downstream site. (D) However, post-hoc pairwise Fisher’s exact test performed within 
samples collected at the agricultural downstream site did not detect a significant difference in 
gene count between COMMON and PAG or NONPAG. Associations are statistically significant if 
p-value is less than 0.05. In the post-hoc tests, p-values were adjusted for multiple testing by the 
Benjamini–Hochberg false discovery rate method. 
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Figure 5.8 COG functional analysis of bacterial genes in the watershed 

samples collected in the drier months (May-Oct) showed no 
significant association between pathogen association of genes and 
collection site in each of the COG category. 

(A) Normalized counts of genes classified by COG functional categories and pathogen 
association in the samples collected, in the drier season (May-Oct), from the agricultural 
downstream site (ADS), agricultural pollution site (APL) and agricultural upstream site (AUP). 
Types of pathogen association includes common genes (COMMON), non-PAGs (NONPAG) and 
PAGs (PAG). (B) Within each COG category, Fisher’s exact test was performed to test the 
hypothesis that there is an association between the prevalence of genes by pathogen association 
and their collection site, however, no significant association was detected in any COG category. 
Associations are statistically significant if p-value is less than 0.05. 
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Figure 5.9 Classification of genes by VF association at each watershed 

sampling site showed no detected association between known VFs 
and pathogen association of genes in each of the 6 combinations of 
collection season and collection site. 

(A) Normalized gene counts (annotated in text) are shown for agricultural downstream site (ADS), 
agricultural pollution site (APL) and agricultural upstream site (AUP). Types of pathogen 
association includes common genes (COMMON), non-PAGs (NONPAG) and PAGs (PAG). In 
each participant group, genes in each of the three pathogen association groups were classified 
as VF-associated or unknown association (Unknown) based on whether a significant sequence 
similarity to VFs from the Virulence Factor Database was detected (>90% sequence identity and 
e-value cut-off of 10-7). (B) Within each of the six combinations of collection site and collection 
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season, Fisher’s exact test did not detect any significant association between the pathogen 
association and VF association of bacterial genes. Associations are statistically significant if p-
value is less than 0.05. 

5.4. Discussion 

Since the start of The Human Microbiome Project, in 2007, which aimed to better 

understand how microbial communities influence human health and predisposition to 

diseases, there has been an increasing interest in clinical metagenomics as a promising 

and non-invasive approach to the surveillance and diagnosis of human diseases (Chiu & 

Miller, 2019; Turnbaugh et al., 2007). With the ease of fecal sampling, numerous 
metagenomic studies identified distinct microbiome signatures of various intestinal 

diseases, ranging from inflammatory bowel disease, colorectal cancer to Crohn’s 

disease (Gigliucci et al., 2018; Jiang et al., 2021; Ma et al., 2021). On the contrary, 

metagenomic surveillance of respiratory diseases is more challenging owing to the 

invasive sampling of the respiratory tract (Carr & Chaguza, 2021). However, a few 

recent respiratory metagenomic studies, including the one used in my analysis, have 

effectively profiled the microbiome within the CF lungs using sputum samples (Bacci et 

al., 2020; Feigelman et al., 2017; Huang et al., 2021; Zheng et al., 2021). Shotgun 

metagenomics in particular enables not only the taxonomic profiling of and pathogen 

detection but also the assessment of the AMR and virulence potential within disease-

associated microbiomes (De et al., 2020; Sanabria et al., 2021).  

As PAGs likely represent an under-characterized reservoir of novel bacterial VFs, 

I performed the first PAGs-based metagenomic analysis of the CF lung microbiome 

using a published sputum DNA dataset (Feigelman et al., 2017). This analysis revealed 

that relative to healthy lungs, CF lungs were disproportionately enriched in PAGs, 

indicating potential role of some of these bacterial genes in CF airway adaptation. 

Decline in CF lung function is often associated with persistent colonization by P. 

aeruginosa and Burkholderia cepacia with hypermutations, AMR and other phenotypes 

that aid in pathogen survival (Pust et al., 2020; E. E. Smith et al., 2006; Winstanley et al., 
2016). Lung infections in CF patients begins with bacterial attachment to mucosal 

surfaces in the respiratory tract followed by an escape or resistance of host immune 

responses and inflammation. Prolonged infections involve a successive change in lung 

microbiota with new predominant species and are often characterized by the 

establishment of a mucoid phenotype with alginate production in biofilms to prevent host 
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neutrophil-mediated killing of bacteria. This process results in bacterial persistence and 

drug resistance which make complete bacterial eradication in the lungs a challenge (Hart 

& Winstanley, 2002). Although CF therapies such as the latest Trikafta (triple 

combination therapy of elexacaftor, tezacaftor and ivacaftor) can mitigate respiratory 

system complications such as mucus obstruction and infections, complete eradication of 
persistent P. aeruginosa airway infection remains an unsolved challenge due to the 

likelihood of recurrence after the first year of CF treatment (Hisert et al., 2017). 

Therefore, uncovering the virulence determinants in CF airway infections and 

implementing proper infection management are crucial for improving the prognosis of CF 

patients. For future directions, longitudinal metagenomic studies of CF lungs would be 

useful in examining the population dynamics and microbial profiles of bacterial 

pathogens over the course of CF disease progression under the perturbation by 

antibiotic treatments. PAGs, enriched in CF airways, may provide a novel avenue for 

discovering key genetic players in the establishment and persistence of chronic 

respiratory infections.  

While pathogen transmission among healthcare and community settings poses a 

health threat to the susceptible individuals, researchers are now turning to a more 

holistic, One Health approach to understand pathogen transmission in the interactions 

between humans, animals (e.g., livestock) and the natural environment. For example, 

one metagenomic study of a North American commercial farm revealed that swine 

harbour a diversity of AMR genes (e.g., those against tetracycline, macrolides, 

lincosamides, and streptogramin) as well as the major foodborne pathogen L. 

monocytogenes that may increase the risk of transmission into the human population at 

the human-animal interface (Ramesh et al., 2021). In addition, anthropogenic activities in 
urban and agricultural areas drive the co-enrichment and dissemination of AMR and VFs 

genes in the nearby aquatic ecosystem through the increased use of antibiotics in 

livestock and fish farming (Liang et al., 2020). The co-occurrence and the possible co-

evolutionary selection of AMR and VF genes in the human gut microbiome (Escudeiro et 

al., 2019) prompted my PAGs analysis of the Genome Canada’s watershed microbiome 

dataset to investigate if agricultural affected watersheds are more enriched in PAGs 

(which are likely involved in virulence) than the pristine watershed upstream of the 

agricultural site. However, no significant enrichment of PAGs was detected among the 

watershed sites or (dry vs rainy) seasons, likely owing to the low number of genes with a 
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predicted pathogen association and the lack of characterization of the freshwater 

microbiome at these collection sites (compared to the more well studied human-

associated microbiomes) as previously reported (Peabody, 2017). Likewise, majority of 

genes at each sample collection site was not associated with the known VFs curated in 

the Virulence Factor Database, indicating that they either have no true virulence function 
or represent novel classes of VF that are yet to be characterized. Since a limited number 

of genes had significant association with known VFs, it was a challenge to compare the 

trend in virulence genes across the sample collection sites and seasons. It is important 

to note that this type of VF analysis was highly dependent on the breadth of VFDB and 

the number of bacterial genes with significant sequence similarity to the existing VFs 

curated in VFDB; if novel genes such as those annotated as “hypothetical proteins” 

represent novel VFs and are not yet curated in VFDB, their VF association would not be 

detected. 

The lung microbiome and watershed microbiome analyses both highlighted the 

need for better functional characterization method of PAGs, especially those currently 
annotated as “hypothetical proteins” whose gene expression and function have yet to be 

validated in the laboratory. Additional functional characterization method of the largely 

uncharacterized PAGs to better understand the impact of environmental, agricultural and 

human factors on virulence and pathogen transmission through a One Health approach. 

PAGs that are important for virulence during host infections as well as are prevalent in 

natural environments closely linked to human activities can potentially be used as 

biomarkers for monitoring the transmission of pathogens and virulence genes among the 

different interconnected clinical and non-clinical ecosystems. However, based on the 

results presented in this chapter, the application of PAGs in pathogen surveillance may 
currently be limited to well-studied microbiomes such as those associated with known 

clinical infections, rather than environmental microbiomes in which the microbial 

organisms are less characterized. Nonetheless, this data chapter illustrates the potential 

application of this thesis work, including the previous chapters 2-4, in the discovery of 

novel virulence factors from PAGs that would help progress the development of novel 

antivirulence therapeutics and potentially One Health strategies in infectious disease 

management. 

In conclusion, this chapter represents the first set of metagenomic analyses of 

PAGs in microbial communities using both clinical and environmental datasets. I showed 
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that in comparison to healthy lungs, CF lungs, commonly associated with chronic 

infections, are more enriched in PAGs. Further investigation into the role of PAGs and 

their associated bacterial pathogens in CF lung pathogenesis would be beneficial to 

improve the disease management strategies and prognosis of people with CFs. I could 

not identify any statistically significant PAGs enrichment in any watershed sites 
(upstream, downstream or at agriculturally affected sites), which I hypothesized to be 

due to the lack of characterization of freshwater microbial communities at these sites as 

observed in a previous study of this dataset (Peabody, 2017). Since the identification of 

PAGs fundamentally relies on proper curation of NCBI RefSeq bacterial genomes as 

pathogens or non-pathogens based on published literature (see Chapter 2.3.1), they are 

likely under-represented in environmental bacteria whose genomes are not currently in 

the RefSeq Database. Better sampling and characterization of environmental bacteria, 

such as those found in freshwater, would help to improve the identification of PAGs in 

novel bacterial species and the detection of these genes in less characterized 

microbiomes. Under the One Health perspective, the interconnected ecosystems of 

human, animal and the natural environments enables the flow of microbial communities 

as well as genes via horizontal gene transfer that may help to disseminate pathogens to 

and from the human population. Metagenomics thus serves as an informative tool in 

understanding the environmental and microbial dynamics of infectious disease and 

aiding in public health decisions in controlling the spread of pathogens, especially those 

of clinical importance. 
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Chapter 6.  
 
Concluding remarks 

6.1. Summary 

This thesis presents a computational approach for identifying PAGs from a large-
scale comparative bacterial genome analysis and characterizing their functional 

significance through analyses of taxonomic conservation, evolutionary selection, and 

protein SCL. To prioritize PAGs as candidate targets for antivirulence therapeutics, 

virulence of a subset of these genes was tested in a worm infection model. A few PAGs 

from P. aeruginosa PA14, including the pair of GI-localized BlaI/MecI/CopY family 

transcriptional regulator (PA14_RS12700, WP_025297936.1) and M56 family 

metallopeptidase (PA14_RS12695; WP_016254216.1), are now under in-depth 

functional characterization as a part of a follow-up study to this work. In addition, I 

performed a laboratory-based structure-activity relationship analysis of an FDA-

approved osteoporosis drug, raloxifene, as a potential antivirulence agent against P. 

aeruginosa. Lastly, the prevalence of PAGs was investigated in lung microbiomes 

among individuals with different health status, as well as in freshwater microbiomes 

across different sites near an agriculturally affected watershed. 

Chapter 2 lays the foundation of the collection of this thesis work with an update 

of the PAGs analysis on over 8600 NCBI RefSeq bacterial genomes. Preliminary, 

sequence similarity-based analyses showed that PAGs disproportionately lack functional 

characterization as many are still annotated as “hypothetical proteins” or are too 

divergent from protein families currently curated in the Pfam database. Sequence 

similarity search against the Virulence Factor Database revealed that PAGs associated 

with known virulence factors were enriched in functions related to bacterial secretion 

system, toxins or secreted proteins, suggesting potential role in pathogen-host 

interaction in some PAGs that are yet to be characterized. An orthology analysis was 

also introduced to cluster PAGs into orthologous groups, which was subsequently 

assessed for taxonomic conservation. While genes common to both pathogens and non-

pathogens are often found across multiple bacterial genera, majority of PAGs as well as 

non-PAGs was conserved in up to two genera that seemingly shared similar ecological 
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niches. Based on this finding, the original PAGs analysis was modified to run on 

genomes within a single bacterial genus, Pseudomonas. Seventeen PAGs in P. 

aeruginosa PA14 were selected for downstream analyses, including an evolutionary 

selection inference which identified 3 of these genes to be evident of positive selection: a 

class I SAM-dependent methyltransferase (PA14_RS20430; WP_003116317.1), a 
DUF3218 family protein (PA14_RS24305; WP_003141470.1) and a M56 family 

metallopeptidase (PA14_RS12695; WP_016254216.1). Positive selection was also 

detected in three structural components and one effector gene of the bacterial T3SS in 

P. aeruginosa PA14. These includes the inner membrane component PcrD, the basal 

body component PscJ, the translocator PopD and the exotoxin exoenzyme T.  

Chapter 3 focuses on a more in-depth characterization of the PAGs identified in 

Chapter 2, with the goal to prioritize those with putative virulence function as candidate 

antivirulence drug targets. The chapter begins with a global subcellular localization 

analysis of all bacterial genes. Relative to common genes that are found in both 

pathogens and non-pathogens, PAGs predominantly reside in the more drug-accessible 
cell wall or extracellular space in many bacteria. As a continuation study of the 17 PAGs 

selected from the P. aeruginosa PA14 genome, the contribution to virulence of 11 of 

these genes, whose transposon insertion mutants were readily available, was tested in a 

C. elegans infection model. Of these PA14 PAGs, virulence promoting activity was 

detected in 6 genes while virulence repressing activity was detected in one gene, the 

BlaI/MecI/CopY family transcriptional regulator (PA14_RS12700, WP_025297936.1). 

This transcriptional regulator was particularly interesting because of its genomic 

proximity to the M56 family metallopeptidase (PA14_RS12695; WP_016254216.1) which 

was detected to be under positive selection in the previous chapter. This pair of genes 
were located on a 43kb GI that carries metal- and AMR-associated genes and is found 

in multiple multi-drug and extensively drug resistant strains of P. aeruginosa.  

Chapter 4 describes a follow-up analysis of the FDA-approved osteoporosis 

drug, raloxifene, as a potential antivirulence agent. Raloxifene was previously predicted 

to interact with the phenazine biosynthesis protein, PhzB2, whose pathogen association 

was predicted by the 2009 PAGs analysis. To explore the structural components of 

raloxifene potentially responsible for its antivirulence activity against P. aeruginosa, 

multiple drug analogs, with slight structural modifications, were synthesized and 

experimentally assessed for their impact on pyocyanin production growth of P. 
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aeruginosa, as well as the survival of P. aeruginosa-infected C. elegans. Analogs with at 

least one (the 6’) of the two hydroxyl groups present on the raloxifene core showed 

significant reduced pyocyanin production, survival improvement of infected worms as 

well as minimal impact on bacterial growth, suggesting that these structural components 

may be important for raloxifene’s antivirulence properties. 

Chapter 5 presents the first PAGs analysis of a clinical and an environmental 

microbiome dataset. In the lung microbiome comparison between CF patients, chronic 

obstructive pulmonary disease patients, smokers and healthy individuals, PAGs were 

significantly more prevalent in CF lungs. Functional analysis of the PAGs detected in the 

lung microbiomes was challenging owing to the abundance of genes without an 

annotated function. Re-analysis of this data in the future when more functional data 

become available could potentially reveal functional differences of genes across the 

different participant groups. This metagenomics-based PAGs analysis was also applied 

to the Genome Canada’s Applied Metagenomics of the Watershed Microbiome dataset, 

assessing the prevalence of PAGs between freshwater collection sites at, upstream and 
downstream of an agriculturally affected (fecally contaminated) site. No significant 

association was detected among the prevalence of genes by pathogen association and 

the collection sites. Since environmental isolates are often not as well characterized or 

sequenced as clinical isolates, their gene sequences may be too divergent from the 

gene set used in the RefSeq-based PAGs analysis. Nonetheless, agriculturally affected 

watershed and its downstream site seemingly had an increase in PAGs during the 

transition from dry to rainy season in western Canada. This observation indicates a 

potential role of rainwater run-offs in the dissemination of bacteria and bacterial genes 

across environmental habitats. This chapter highlights the potential application of PAGs 
as biomarkers for pathogen surveillance in well characterized microbiomes (i.e., those 

associated with clinical settings) in which the functional and virulence potentials of their 

bacterial constituents are better profiled. 

6.2. Future directions 

This thesis work illustrates a combined, computational and laboratory approach 

for discovering, characterizing and validating potentially novel virulence-related genes 

from bacterial PAGs. This methodology is a work in progress. With the growing wealth of 

bacterial genomic data, it will be necessary to streamline the process of identifying and 
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prioritizing candidate genes for the discovery of novel virulence factors that may 

potentially be selected as novel antivirulence drug targets. 

The PAGs analysis requires regular updates to incorporate the ever-growing 

number of bacterial genomes in the NCBI RefSeq Database. Automating genome 

retrieval, pathogen status assignment for each novel genome (currently done manually) 
and running the all-vs-all protein sequence similarity search would help to streamline 

future updates of this analysis. More efficient data parsing and storage at the sequence 

similarity search stage will be necessary to effectively analyse thousands of genomes 

within the filesystem upper limit of file size and number of high-performance computing 

resources such as Compute Canada’s Cedar cluster. Defining a pathogen vs non-

pathogen is non-trivial and developing a more robust algorithm, that incorporates 

phyletic distance of pathogens and non-pathogens, is needed to better prioritize those 

PAGs of highest interest. For example, we may want to prioritize genes conserved in 

multiple pathogens, that have non-pathogens phyletically interspersed among them, 

versus identifying a gene found in pathogens that may simply be a unique gene for that 
lineage not necessarily involved in pathogenicity. While sequence-similarity based 

approaches for characterizing functionally unknown PAGs may be challenging, owing to 

the sequence divergence in some of these genes, there are numerous alternative 

methods to computationally infer the functional importance or virulence role of a gene. 

For example, if a PAG is predicted to reside in an operon, it is likely to share a related 

function with its adjacent genes since genes within an operon are often expressed 

together to affect the same biological process. Incorporating transcriptomic data of 

bacterial pathogens, such as those available in the NCBI Gene Expression Omnibus, 

would also be useful in screening for PAGs that are differentially expressed in host 
infections, even if their functions are still unknown (Clough & Barrett, 2016). It’s 

important to note that while computational functional prediction is suitable for large-scale 

screening of PAGs with potential virulence function, laboratory assays are required to 

confirm their function.  

This thesis work identified an interesting pair of transcriptional repressors 

(PA14_RS12700, WP_025297936.1) and metallopeptidase (PA14_RS12695; 

WP_016254216.1) that warrants further investigation into their virulence role in P. 

aeruginosa. The metallopeptidase is hypothesized to also confer virulence activity since 

it is pathogen-associated as well as under positive selection. Assessing the virulence of 
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a knockout of this pathogen-associated gene with or without the wild-type transcriptional 

repressor PA14_RS12700 would provide more insight into the virulence function of 

these genes, as well as the molecular pathways in which these genes may be co-

involved. Should the virulence function of these genes be more thoroughly confirmed 

with additional laboratory assays, these genes may be selected as candidate 
antivirulence drug targets in the future. The drug repurposing methodology that identified 

raloxifene as a potential anti-Pseudomonal agent may be applied to the discovery of 

existing drugs that may serve as novel antivirulence agent against either the 

transcriptional repressor or the metallopeptidase. 

6.3. Relevance and impact 

This thesis work built and improved upon previous PAGs analyses to provide 

further insight into functional importance of PAGs using additional methodologies such 

as orthology and positive selection analyses. This is also the first analysis of non-PAGs, 

which were shown to have limited taxonomic conservation similar to PAGs, suggesting 

that these genes may have specialized function for bacterial adaptation to the non-

pathogenic lifestyle. This work contributes to the ongoing antivirulence drug discovery 
effort by prioritizing pathogen-specific genes with probable virulence function and 

accessible subcellular localization as drug targets. To gain a better understanding of the 

drug accessibility of PAGs, I was involved in the update of the PSORTdb protein SCL 

database which I subsequently used to perform the global protein SCL analysis of all 

bacterial proteins by pathogen association. My work with PSORT family of tools extends 

to the optimization and maintenance of the PSORTb and PSORTm protein SCL 

predictors for bacterial genomic data and metagenomic data, respectively. In addition, 

the structure-activity relationship analysis in Chapter 4 revealed the structural 

components of raloxifene responsible for its antivirulence activity. These results help to 

advance the repurposing of raloxifene as an antivirulence therapeutic against the high 

priority pathogen P. aeruginosa noted for its intrinsic AMR and the need to develop new 

therapies against it. I also performed the first metagenomics-based analysis of PAGs to 

explore the prevalence of these genes in both clinical and environmental conditions with 

varying microbial diversity. 

Overall, I have developed a computational screening approach to identify 

putative virulence-related candidates from PAGs that may help uncover novel bacterial 
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virulence mechanisms. This approach can serve as a preliminary genomic-based 

platform for identifying and prioritizing candidate antivirulence drug targets, that is 

applicable to a variety of bacterial pathogens. 
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