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Abstract

Pseudomonas aeruginosa is a versatile bacterium found ubiquitously in the environment
and is an opportunistic pathogen of diverse organisms, including animals and plants. A key
determinant of bacterial adaptability is the ability to sense and respond appropriately to
environmental stimuli. ColRS is a two-component regulatory system previously shown to be
required for P. fluorescens colonization of plant roots (the “rhizosphere”) and P. aeruginosa
virulence in C. elegans; however, the mechanisms by which ColRS regulates fitness in a host
environment are unknown. I found that co/R and colS deletion mutants in P. aeruginosa were
significantly impaired in their ability to colonize the rhizosphere of Arabidopsis. In addition, we
showed that colR in the P. aeruginosa cystic fibrosis epidemic isolate, LESB58, is required for
virulence in a mouse abscess model. Using RNA-seq, I found a total of 128 genes that were
dysregulated in the co/R mutant in the rhizosphere, many of which have products that are
predicted to localize to the cytoplasmic or outer membranes, suggesting ColRS may function in
maintaining membrane integrity. Using P. aeruginosa transposon insertion mutants in colR-
dependent genes, I identified novel genes required for rhizosphere colonization, including the
protein tyrosine phosphatase tpbA, diacylglycerol kinase dgkA, and a type 2 phosphatidic acid
phosphatase. Lastly, I showed that P. aeruginosa colR is required for tolerance to high levels of
iron, zinc, and manganese, and for growth at acidic pH. Because functional analysis of
rhizosphere gene expression showed that high iron concentration and low pH are stresses that
may be present in the rhizosphere, the ColRS two-component system likely promotes P.
aeruginosa colonization of the Arabidopsis rhizosphere through regulation of genes required to

protect against these stresses.



Lay Summary

The ability to sense and respond to environmental stimuli is important for bacterial
versatility, including the ability of bacteria such as Pseudomonas aeruginosa to colonize and
cause disease in both plants and animals. To adapt to new environments, bacteria have signaling
pathways to sense environmental stimuli and respond by altering gene expression. In this study, I
characterized a signaling pathway in P. aeruginosa, and found that it is required for the
bacterium to colonize plant roots and to cause disease in mice. I found that loss of this signaling
pathway may alter composition of the bacterial membranes, which protect the bacteria from their
external environment. I show that this signaling pathway is important for protection against low

pH and heavy metal toxicity, which may be important for host association.
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Chapter 1: Introduction

1.1 Modeling Pseudomonas aeruginosa pathogenesis.

Bacterial ESKAPE pathogens have a high level of antibiotic resistance and a high
frequency of multidrug-resistant variants (1). ESKAPE pathogens [Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species (spp.)] include some of the leading causes of nosocomial
infections globally (1, 2). The increasing prevalence of multidrug resistant pathogens in hospitals
urgently requires the development of alternative therapies (2).

P. aeruginosa is a Gram-negative Gammaproteobacterium ESKAPE pathogen, which is
notoriously difficult to treat. P. aeruginosa is an opportunistic human pathogen, which is
normally harmless to healthy individuals, but can cause serious disease including septicemia in
severe burn patients, chronic wound infections such as in leg ulcers, and untreatable infections in
the lungs of individuals with the genetic disorder cystic fibrosis (CF) (3-5). P. aeruginosa
infections usually occur in biofilms, which are associated with high resistance to antimicrobial
compounds due to chemical properties of the extracellular matrix, and altered metabolic and
physiologic characteristics of cells within biofilms (6, 7). P. aeruginosa is also intrinsically
resistant to many environmental toxins due to its low outer membrane permeability, abundance
of efflux pumps, and the ability to develop adaptive resistance to antibiotics (8).

P. aeruginosa has a remarkable host range and is an opportunistic pathogen of not only
humans, but rodents, plants, nematodes, fish, and insects, allowing the flexibility of studying P.
aeruginosa in many different infection and colonization models (7, 9-13). A reason for the

success of P. aeruginosa as an opportunist is its adaptability and metabolic versatility (14). P.



aeruginosa is found ubiquitously on surfaces, in soil and in aquatic environments, and is
commonly found associated with the organisms that inhabit those environments (15).

Mammalian model systems such as mice are commonly used for the study of human
pathogens such as P. aeruginosa because of their physiological similarity to humans. The mouse
thermal injury or burn model examines acute P. aeruginosa virulence, and involves subjecting
mice to non-lethal thermal injury before subcutaneous injection of P. aeruginosa into the burn
wounds (9). Rodent models have also been developed to mimic the nature of chronic P.
aeruginosa infections. In a rat lung chronic infection model, P. aeruginosa cultures are
embedded in alginate beads and surgically inserted into the rat lung, establishing a local infection
that is not rapidly cleared by the immune system due to the presence of the alginate matrix (16).
A murine subcutaneous abscess chronic infection model was recently developed by Pletzer et al.
for the study of Gram-negative bacterial pathogens including P. aeruginosa (17). This model
was used in this study and further discussed in Chapter 2. Suspensions of P. aeruginosa strain
LESBS8, a Liverpool cystic fibrosis epidemic isolate (18), injected into the thin skeletal muscles
on the backs of shaved mice establish localized infections in abscesses that can be easily
monitored over the course of the infection (17). While mammalian infection models are
undoubtedly valuable tools to elucidate host and bacterial factors relevant to human infections,
these models are often not easily accessible, technically challenging to use, and costly to
maintain.

Many non-mammalian hosts have also been used to study P. aeruginosa virulence and
host responses, such as the nematode Caenorhabditis elegans, the insects Drosophila
melanogaster and Galleria mellonella, zebrafish, and plants including Arabidopsis, sweet basil

and poplar trees (11-13, 19-21). The appeal of using non-mammalian hosts comes from reduced



space, cost, and time efficiency for rearing, reduced ethical concerns, increased tractability, and
increased availability of high throughput screening. Findings in non-mammalian hosts can be
retested in vertebrate models, such as the rodent models described above (7, 20, 22, 23). These
multi-host studies were used to more efficiently screen and investigate the molecular and genetic

mechanisms of bacterial pathogenesis (22).

1.2 Multi-host studies of P. aeruginosa pathogenesis.

Early studies using nematodes, insects, and plants to study bacterial pathogenesis have
found that, despite the vastly different physiology of plants and animals, bacteria can employ an
overlapping set of virulence factors across these hosts (20, 22, 24). For example, a high
throughput screen of P. aeruginosa mutants in a slow killing assay in C. elegans identified a
chemotaxis-related gene cheB?2 that was required for virulence in both C. elegans and a mouse
lung infection model (23). P. aeruginosa mutants lacking an endotoxin toxA, a phospholipase
plcS (also known as plcH), and a global response regulator gacA, had reduced virulence in both
an Arabidopsis leaf infection model and a mouse full-thickness skin thermal burn model (24).
These studies indicate that virulence factors in broad host-range mammalian pathogens can be
effectively identified using non-vertebrates such as nematodes, insects, and plants.

The model nematode C. elegans has been widely used to study innate immunity and
bacterial pathogenesis. C. elegans are natural bacterivores, but accumulation of pathogenic
bacteria such as P. aeruginosa in their gut can lead to infection and death (25). Using C. elegans,
a study demonstrated the importance of mitochondrial turnover, or mitophagy, in P. aeruginosa
infection (26). The authors found that the P. aeruginosa siderophore, pyoverdine, induced

hypoxic responses in C. elegans through iron sequestering, causing extensive fragmentation of



mitochondria. Loss of mitophagy in C. elegans promoted increased killing by P. aeruginosa,
demonstrating the importance of this process in defense against the pathogen. Mitophagy was
shown to alleviate the stress of iron depletion in mammalian cells as well, suggesting that
mitophagy is a conserved defense mechanism against the siderophores of P. aeruginosa (26).

The insect G. mellonella has also been used to study P. aeruginosa virulence. G.
mellonella larvae are highly susceptible to systemic infection by P. aeruginosa. Infection of G.
mellonella with just 10 P. aeruginosa cells was able to cause 100% mortality in the insect larvae
within 24 hours (27). A positive correlation was found between P. aeruginosa virulence in G.
mellonella and virulence in a mouse burn model (20). P. aeruginosa mutants that had increased
median lethal dose (LD50) in G. mellonella generally also resulted in decreased mice mortality
in the mouse burn model (20). G. mellonella has also been used to model the efficacy of in vivo
phage therapy against P. aeruginosa infection (28, 29). Given the high prevalence of antibiotic
resistant P. aeruginosa in clinical settings, phage therapy is an attractive alternative course of
treatment (28). In vivo efficacy of two novel bacteriophages with in vitro activity against
extensively drug resistant (XDR) P. aeruginosa were tested using both G. mellonella and a
mouse acute pneumonia model (29). Phage treatment resulted in greater than 50% increase in
rates of G. mellonella survival, and greater than 66% increase in rates of mouse survival (29).
These studies suggest that G. mellonella could be used to model both virulence of and treatment
efficacy against P. aeruginosa infections in mammals.

Both leaf and root infection models of plants are used to study P. aeruginosa
pathogenesis (11, 24, 30). Arabidopsis is a commonly-used model plant that is genetically
tractable, has a short generation time, and a small sequenced genome (31). Conservation of P.

aeruginosa virulence genes across plants and animals was shown by Rahme ef a/. In this study,



the authors screened 2500 P. aeruginosa transposon mutants and identified 9 mutants that
elicited decreased disease symptoms in lettuce and Arabidopsis leaves. All 9 mutants also
resulted in decreased mortality when injected into the mouse full-thickness skin thermal burn
model (32). P. aeruginosa also colonizes the plant rhizosphere and can infect plants through their
roots. A study of P. aeruginosa infection of poplar tree roots found upregulation of many P.
aeruginosa virulence factors including genes encoding hemolysin and a hemolysin regulator,
which had not been previously studied (21). Inactivation of the hemolysin gene significantly
reduced both P. aeruginosa pathogenesis and colonization of the poplar tree, and exhibited
decreased cytotoxicity towards red blood cells (21). Collectively, the use of non-vertebrates has
provided valuable insight into the mechanisms of bacterial pathogenesis and host-microbe

interactions.

1.3 Plants are natural hosts of P. aeruginosa.

Soils and plants are natural habitats and reservoirs of P. aeruginosa (33). P. aeruginosa
strains have been isolated from healthy ornamental plants, and vegetable foods in hospitals,
which may be sources of P. aeruginosa nosocomial infections (34, 35). P. aeruginosa robustly
colonizes the rhizosphere, the environment on and in close proximity to plant roots (36, 37).
Though the reference P. aeruginosa strain PAO1 was isolated from a human would infection, it
can colonize the wheat rhizosphere even in natural soil with the presence of other
microorganisms (38). PAO1 can grow as well as the biocontrol bacterium P. fluorescens F113 in
the rhizosphere of wheat and sugar beet, making PAOI a good strain for modeling P.

aeruginosa-plant interactions in the rhizosphere (38, 39)



1.3.1 P. aeruginosa as a plant pathogen.

P. aeruginosa is a natural opportunistic phytopathogen. A study from 1942 identified P.
aeruginosa as the etiological agent of a prevalent tobacco disease in the Philippines (40). P.
aeruginosa exhibits greater phytopathogenicity in warm temperature and high humidity, which
are favourable conditions for its growth. The Arabidopsis leaf infection model uses these
conditions to study P. aeruginosa virulence. Plants infected with P. aeruginosa were incubated
at near 30°C with above 70% humidity, after which P. aeruginosa caused disease symptoms and
grew in the leaf tissue to numbers comparable to the well-studied plant pathogen, P. syringae
(24). At lower temperature and humidity, P. aeruginosa growth in leaf tissue is low and variable
and causes attenuated disease symptoms, consistent with its role as an opportunistic pathogen of
plants (41).

P. aeruginosa can cause disease in plants when inoculated into the rhizosphere (11, 21,
30). Inoculation of P. aeruginosa into the rhizosphere of both Arabidopsis and sweet basil
caused disease symptoms including black necrotic lesions on the roots and water soaked lesions
on leaves, resulting in plant mortality (11). Both PAO1 and PA14 form biofilm-like communities
on the root surfaces of Arabidopsis and sweet basil, when viewed using scanning electron and
phase contrast microscopy. P. aeruginosa inoculation into the rhizosphere of poplar trees caused
wilting and mortality (21). The same study found that P. aeruginosa virulence reduced the
germination rate of barley seeds (21). P. aeruginosa infection of canola seedlings reduced canola
root and shoot mass, and induced the development of black spotting on leaves (30). These

studies showcase the versatility of P. aeruginosa as a general plant pathogen.



1.3.2 P. aeruginosa as a biocontrol agent against other plant pathogens.

Besides exhibiting virulence against its plant or animal hosts, P. aeruginosa also secretes
toxins that have antimicrobial activity against other species of bacteria or fungi, making them
strong competitors. Because of their ability to outcompete other microorganisms, P. aeruginosa
strains can act as biocontrol agents that protect agriculturally important plants against diseases
caused by other plant pathogens (36, 37, 42). P. aeruginosa PNAL, isolated from the chickpea
rhizosphere in India, can protect pigeonpea and chickpea against the fungal disease Fusarium
wilt (36). P. aeruginosa BR3p was isolated from rice roots and can protect rice from bacterial
leaf blight caused by Xanthomonas oryzae pv. oryzae (37). The protective natures of PNA1 and
BR3p were likely due to production of siderophores and toxic secondary metabolites including
pyocyanin, phenazine antibiotics, thamnolipids, and 4-hydroxy-2-alkylquinolines (36, 37).
Though P. aeruginosa can protect plants against agricultural pathogens, there is limited traction
for the use of P. aeruginosa as a biocontrol agent in the field due to its potential to act as a plant
and human pathogen (37). Regardless of whether P. aeruginosa is acting as a pathogen or as a
biocontrol agent, it is evident from these studies that strains of P. aeruginosa are genetically

well-equipped to grow in association with plant hosts.

1.4 Pseudomonas mechanisms required to colonize the plant rhizosphere.

As inhabitants of soil, P. aeruginosa and other bacteria naturally encounter plant roots
and the plant rhizosphere. The rhizosphere is rich in carbon compounds secreted by the plant,
called root exudates. Root exudates contain soluble, low molecular weight compounds that are
released by the roots passively or actively into the soil, and are the major sources of organic

carbon in the soil (43). These include primary metabolites such as sugars, amino acids, organic



acids, and secondary metabolites such as aromatic compounds. The composition and functions of
root exudate components have been extensively studied and reviewed (44—46). Though root
exudates represent a significant carbon sink for the plant, root exudates provide organic nutrients
to support the rhizosphere microbiome, and antimicrobial compounds to defend against
phytopathogens (44). These plant-secreted organic compounds support the growth of
approximately 10% to 10° times more microorganisms than bulk soil (44).

To survive in the rhizosphere, microbes must utilize rhizosphere nutrients and evade or
protect themselves against plant antimicrobial compounds. Because Pseudomonas are effective
rhizosphere colonizers, use of Pseudomonas strains has facilitated identification of mechanisms
required for rhizosphere colonization. Use of transposon insertion mutants in P. fluorescens
WCS365 identified genes required for rhizosphere fitness that affect motility, chemotaxis,
carbon metabolism, amino acid biosynthesis, and lipopolysaccharide (LPS) modification (47—
50). More recently, use of high-throughput genome-wide screens such as transposon mutagenesis
combined with next-generation sequencing (TnSeq) have identified bacterial genes that are
important for rhizosphere colonization and interactions with the plant. TnSeq screens in P.
simiae WCS417 and P. fluorescens WCS365 identified genes that positively or negatively affect
bacterial fitness in the rhizosphere (51, 52).

A genome-wide TnSeq screen of P. simiae WCS417 identified genes that positively
contribute to fitness in the rhizosphere. Rhizosphere fitness determinants included genes whose
products affect cell motility, biogenesis of the cell wall or envelop, and carbohydrate transport
and metabolism. Mutants in genes with outer membrane-associated functions, including a gene
that encodes an outer membrane protein from the OmpA family, and genes in the arn operon,

encoding proteins responsible for the addition of 4-Amino-l-arabinose (L-Ara4N) to lipid A of



LPS, were depleted in the rhizosphere (51), suggesting the importance of outer membrane
functions in rhizosphere adaptation. TnSeq was used similarly in WCS365, to identify bacterial
genes that not only were important in fitness during rhizosphere colonization but likely function
to evade plant defenses (52). Liu et al. screened for mutants with decreased fitness in wildtype
Arabidopsis but had no effect on or had increased fitness in an immunocompromised
Arabidopsis dde2/ein2/pad4/sid2 quadruple mutant (deps) impaired in immune hormone
signaling. Among the genes identified were mor4, encoding a c-di-GMP phosphodiesterase and
spuC, encoding a putrescine aminotransferase, which contribute to bacterial evasion of plant
pattern-triggered immunity (PTI), possibly through modulation of polysaccharide production and
biofilm formation (52). Collectively, these studies have contributed to the growing body of
knowledge on the molecular mechanisms of rhizosphere colonization and plant-bacterial

interactions.

1.5 The bacterial two-component system ColRS is required for fitness in the rhizosphere.
In multiple forward genetic screens described above, co/RS encoding a two-component
regulatory system, was consistently required for fitness in the rhizosphere (50-52). This two-
component system was first identified by testing single P. fluorescens WCS365 transposon
insertion mutants for competitive defects in rhizosphere colonization. A transposon insertion
mutant in colS had a greater than 300-fold fitness defect in the potato rhizosphere (50, 53). The
colS mutant was not impaired in many known rhizosphere colonization factors including
motility, chemotaxis, growth on rich media, biosynthesis of amino acids, and production of O-
antigen (50). In a TnSeq screen, P. simiae WCS417 colS was also required for rhizosphere

fitness, but not required for growth in any of the tested carbon sources (51). Liu ef al. found that



mutation in co/R negatively impacted the fitness of WCS365 growing in the rhizosphere of both
wildtype and immunocompromised Arabidopsis, which suggests that the fitness defect was not
related to plant hormone-mediated immune responses. While colRS was repeatedly identified
through forward genetic screens, why this two-component system is required for rhizosphere
fitness remains unclear.

Further characterization of the WCS365 colS mutant found that it has altered resistance to
antibiotics and altered outer membrane structure. A colS mutant has increased resistance to
streptomycin, rifampicin, spectinomycin and tetracycline, but slightly decreased resistance to
polymyxin B, which is a cationic antibiotic that interacts with the negatively charged bacterial
outer membrane as part of its mechanism of killing (53, 54). The same study also found that
ColRS regulates wapQ, encoding a heptose kinase located adjacent to the co/RS operon predicted
to phosphorylate heptoses in the LPS core (53). These results suggested that the co/S mutant has
an altered membrane permeability, possibly due to changes in LPS structure.

The outer leaflet of the outer membrane of Gram-negative bacteria is composed of LPS,
and directly exposed to the external environment. Bacterial outer membranes play important
roles in protection against toxic compounds, nutrient uptake, and stimulation of the host immune
system (55). Consequences of altered LPS structure were seen in multiple systems of host-
bacterial interactions (55). Length of the O-antigen, for example, was important for colonization
of the tomato rhizosphere and for immune evasion by P. aeruginosa in a zebrafish infection
model (56, 57). Interestingly, mutations in colS also impaired virulence in a C. elegans slow
killing assay (23). Because ColRS may be a common Pseudomonas colonization and/or

virulence factor in plants and nematodes, I hypothesized that studying the ColRS two-component
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system in P. aeruginosa could identify genes that are required for host-association across plants

and animals.

1.6 ColRS is a conserved two-component system in Pseudomonas.

ColRS is a two-component system, composed of the sensory histidine kinase ColS, and
the response regulator ColR. Two-component systems are simple regulatory cascades commonly
found in bacteria and regulate numerous processes from growth and metabolism to virulence and
antibiotic resistance (58—60). The sensor kinase perceives an environmental stimulus and
undergoes autophosphorylation at a histidine residue, which is subsequently transferred to an
aspartate residue in the response regulator (61). The phosphorylated response regulator typically
undergoes a conformational change (61). Most response regulators, including ColR, contain a
helix-turn-helix DNA-binding domain and act as transcription factors that directly bind to DNA
to regulate gene expression (62).

ColRS is well conserved throughout species in the Pseudomonas genus
(http://www.pseudomonas.com, 78). BLAST local alignments of ColRS amino acid sequences
revealed high sequence similarity between three distantly related Pseudomonas strains (Figure
1). P. aeruginosa PAO1 ColS has 62% identity (E value = 0.0) with P. putida KT2440 ColS and
61% identity (E value = 0.0) with P. fluorescens WCS365 ColS. PAO1 ColR has 89% identity
(E value = 2e-152) with KT2440 ColR and 88% identity (E value = 2e-150) with WCS365 ColR.
The phosphorylated histidine (ColS) and aspartate (ColR) residues and the DNA-binding
residues in the C-terminal helix-turn-helix domain of ColR are conserved across all three strains

(Figure 1). Additionally, a ExxE motif in ColS required for ColRS-dependent gene expression in
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response to iron or zinc in P. putida, which potentially directly binds Fe*" or Zn?" ions, is

conserved across all three strains (Figure 1; 64).
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KT2449 MEFKQSLAQRIIIAFALMSALVAGAFAFGIVGTVHLVEERLISSVLGGDLQRLLRMDSVS 6@
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Figure 1. Multiple sequence alignment of the ColRS two-component system in different
Pseudomonas spp. strains. (A) ColS and (B) ColR amino acid sequences from P. aeruginosa PAOI,
P. putida KT2440, and P. fluorescens WCS365 were aligned using the Clustal Omega Multiple
Sequence Alignment tool (https://www.ebi.ac.uk/Tools/msa/clustalo/). The blue box indicates the
ExxE motif predicted to bind and sense iron and zinc (64). The red boxes indicate the conserved
histidine (H) or aspartate (D) that is phosphorylated in ColS or ColR, respectively. The purple boxes
indicate DNA-binding sites in ColR. Conserved residues excluding the ExxE motif were identified
using Interpro. Amino acid sequences were obtained from pseudomonas.com or NCBI.
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Although a P. aeruginosa colS mutant had reduced virulence in a high-throughput C.
elegans screen (23), ColRS has not been extensively studied as a virulence or colonization factor
in P. aeruginosa, and its regulon in P. aeruginosa is poorly characterized. Studies on ColRS in
other Pseudomonas spp. can be used to provide further insights into the functions of this

regulatory system in P. aeruginosa.

1.7 Loss of ColRS is associated with diverse phenotypes in Pseudomonas.

ColRS in P. aeruginosa contributes to clinical polymyxin B resistance (65). Though
mutation in co/RS in a wildtype P. aeruginosa background did not affect polymyxin B resistance,
mutation of co/RS abrogated polymyxin B resistance in a phoQ mutant (65). Clinical isolates of
P. aeruginosa with resistance to polymyxin B often harbor mutations in phoQ that result in
constitutive addition of L-Ara4N to lipid A (66). Covalent addition of L-Ara4N to the phosphate
groups on lipid A confers resistance to polymyxin B by neutralizing negative charges on LPS
thereby reducing the affinity of the outer membrane to the cationic antibiotic (67). The lipid A of
the phoQ and co/RS mutant still had the L-Ara4N modifications seen in the phoQ mutant,
indicating that there may be a distinct mechanism by which colRS affects polymyxin B resistance
(65).

In P. putida, mutants in colRS have impaired growth in in vitro stress conditions. ColRS
is required for growth on minimal media containing phenol, which can accumulate in bacterial
membranes resulting in membrane disruption and leakage of intracellular contents (68). The
degree of co/R mutant susceptibility to phenol was dependent on the carbon source in the media;
use of glucose rather than citrate exacerbated the co/lR mutant growth defect on phenol (69).

Deletion of oprB1 partially alleviated the phenol susceptibility of the co/R mutant in the presence
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of glucose, presumably because glucose transport through the OprB1 outer membrane porin
contributes to phenol entrance in P. putida (69). The authors suggested that the co/R mutant
membrane had increased intrinsic permeability to phenol through regulation of genes encoding
other membrane-associated proteins, and phenol entrance through OprB1 increased the
accumulation of phenol in the co/R mutant beyond its threshold toxicity (69).

ColRS is also required for heavy metal tolerance, including zinc, manganese, cadmium,
and iron tolerance in P. putida, and zinc tolerance in P. aeruginosa (64, 70). Though these
transition metals are essential micronutrients, high levels can cause oxidative stress through
Fenton chemistry and enzyme inhibition through mismetallation of essential metalloenzymes
(71, 72). Addition of ZnSO4, FeSO4, MnSO4, and CdSO4 can activate the expression of some
colR-dependent genes (discussed below) potentially via the conserved ExxE motif in the
periplasmic region of ColS (Figure 1; 64). Addition of excess zinc induced much greater changes
in the P. putida proteome in the a P. putida colR mutant compared to wildtype P. putida,
including higher induction of alginate biosynthesis proteins, likely through activation of col/R-
independent zinc tolerance pathways (73). These results collectively suggest that ColRS
regulates Pseudomonas membrane permeability and stress response pathways in the presence of

specific abiotic stressors.

1.8 The ColRS regulon in Pseudomonas

Identifying ColRS-regulated genes is key to elucidating the mechanisms by which ColRS
influence membrane integrity. A study in P. putida identified a ColR-binding consensus
sequence that was used to predict several novel ColR-regulated genes (63). As expected, many

ColR-regulated genes encode products involved in outer membrane modifications and membrane
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lipid homeostasis. In fact, 56% of the putative ColR-binding sites in P. putida are upstream of
genes with products that are implicated in membrane functions (63).

In P. fluorescens, ColR regulates the expression of an operon directly adjacent to col/RS
that consists of orf222 and wapQ, encoding a predicted methyltransferase, and an LPS kinase,
respectively (53). Disruption of this operon also impaired the rhizosphere fitness of P.
fluorescens (53). Expression of the P. putida wapQ homolog was induced by ColR in response to
phenol and high levels of iron, zinc, manganese, and cadmium (63, 64). The P. aeruginosa
homolog of Orf222 (WarA) interacts with c-di-GMP, and together with the WapQ homolog
(WarB), likely acts by methylating and phosphorylating the terminal-reducing end of a growing
O-antigen chain on LPS to terminate its synthesis (57). Loss of orf222/warA resulted in an
increase in the average length of O-antigen chains in the outer membrane and reduced virulence
in both G. mellonella and zebrafish infection models (57). Though ColRS has not been shown to
regulate warAB in P. aeruginosa, the evidence in two other Pseudomonas spp. and the conserved
genomic context of the operon adjacent to co/RS suggest this is likely the case in P. aeruginosa
as well.

In addition to the methyltransferase and LPS kinase, ColR regulates the expression of
other LPS modifying enzymes. In P. putida, ColR negatively regulates the lipid A 3-O-deacylase
pagL, which encodes an enzyme that cleaves an acyl chain from the lipid A of LPS. P. putida
ColR also positively regulates cptA, encoding a phosphoethanolamine (pEtN) transferase that
likely covalently adds a pEtN group to the LPS core based on the function of its homolog in
Salmonella enterica (63, 64). In response to zinc, ColR in P. aeruginosa also regulates another

pEtN transferase eptA, which is not orthologous to P. putida cptA (70). EptA catalyzes the
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addition of pEtN to the lipid A of LPS, and though this addition was induced in P. aeruginosa by
zinc, it was not required for zinc tolerance (70).

ColR may also regulate the expression of genes whose products are required for
metabolism of phospholipids that make up the structure of membrane bilayers. P. putida ColR
induces the expression of dgk4 encoding a diacylglycerol kinase, and a gene encoding a type 2
phosphatidic acid phosphatase (PAP2) (63). DgkA and PAP2 convert diacylglycerol to
phosphatidic acid, or phosphatidic acid to diacylglycerol, respectively (74, 75). Both
phosphatidic acid and diacylglycerol are key intermediates, and precursors to the synthesis of
many major membrane phospholipids (74, 75). DgkA is also important for phosphatidylglycerol
turnover, which is important for tolerance to osmotic stress in E. coli (75). This suggests that loss
of co/R may result in decreased membrane structural integrity through disruption of phospholipid

synthesis and turnover.

1.9 Objectives

Though many genes are regulated by ColRS in P. putida in vitro, the ColR regulon is
poorly characterized in P. aeruginosa and in vivo. While overlap of colR-dependent genes
between P. fluorescens, P. putida, and P. aeruginosa suggests that there is some conservation in
the ColR regulon between Pseudomonas spp., the degree of conservation is unknown. Given the
potential role of ColRS in host colonization and virulence, further investigation of the genes
regulated by ColRS in P. aeruginosa in vivo could lead to the identification of novel colonization

or virulence factors in a clinically important human pathogen.

My objectives for this study were:
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1. Test whether P. aeruginosa colR and colS are required for colonization of the
Arabidopsis rhizosphere and virulence in a mouse subcutaneous abscess model.
Because there are conserved in bacterial colonization and virulence factors across plant

and animal hosts, and because membrane integrity and LPS structure are important for virulence
and tolerance to environmental toxins, I hypothesized that ColR and ColR-regulated genes would
be required for host colonization and/or virulence in P. aeruginosa in both plants and animals.
To test this hypothesis, I measured the growth of co/lR (PAO1 AcolR) and colS (PAO1 AcolS)
clean deletion mutants in P. aeruginosa PAO1 in the rhizosphere of the plant Arabidopsis. PAOI
(14) was the primary wildtype P. aeruginosa strain used in this study, as this is a well-studied
reference strain with a well-characterized genome, and can colonize the plant rhizosphere (11,
21). To test the effect of the loss of colR in an animal model, I generated a colR deletion mutant
in the P. aeruginosa chronic infection isolate, LESB58 (18), which was tested for virulence and

colonization in a mouse subcutancous abscess model of chronic infection (17).

2. Identify genes induced in the rhizosphere in a co/R-dependent manner.

Because ColR is a DNA-binding response regulator in Pseudomonas, I hypothesized that
there would be differences in the gene expression between PAO1 and PAO1 AcolR in the
rhizosphere, which would include genes that are directly and indirectly regulated by ColR. Genes
dysregulated in the absence of co/R may provide insights into the mechanisms by which ColR
regulates rhizosphere colonization. Next-generation sequencing of total bacterial RNA (RNA-
seq) was employed to identify transcriptional differences between PAO1 and PAO1 AcolR and to
identify co/R-dependent gene expression. I identified genes that were significantly differentially

expressed between PAO1 or PAO1 AcolR in the rhizosphere compared to minimal media,
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between PAO1 and PAO1 AcolR in minimal media, and between PAO1 and PAO1 AcolR in the
rhizosphere. To determine if any individual co/R-dependent genes are required for rhizosphere

colonization, I screened mutants from a PAO1 two-allele transposon insertion library (76).

3. Identify rhizosphere stresses that may limit the growth of PAO1 AcolR.
Due to the impaired tolerance of P. putida colRS mutants to environmental toxins (64, 69,

77), I hypothesized that ColRS may be required for tolerance against abiotic stresses in the
rhizosphere. I characterized the growth of PAO1 Aco/R compared to wildtype PAO1 in media
containing stressors that, based on functional gene analysis of the results from RNA-seq
(described in previous objective) and literature, may be responsible for limiting the growth of
PAO1 AcolR in the rhizosphere environment. Because ColRS in P. putida is required for
tolerance to transition metals, I hypothesized that metal tolerance was a conserved function of
ColR in P. aeruginosa as well. Because the rhizosphere is generally acidic due to organic acids
secreted by both the plant and bacteria, and LPS modifications and outer membrane proteins
have been implicated in tolerance to low pH (78, 79), I hypothesized that PAO1 AcolR would
have a growth defect at low pH. I tested these hypotheses by characterizing the growth of PAO1
and PAO1 AcolR in media with the addition of iron, zinc, manganese, and copper, and in media

at acidic pH.
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Chapter 2: ColR promotes P. aeruginosa rhizosphere colonization through regulation of

novel colonization factors and increased abiotic stress tolerance.

2.1 Materials and Methods

2.1.1 Bacteria strains, media, and growth conditions

Bacteria strains and plasmids are listed in Table S1. All mutants listed in Table 2 were
obtained from the PAO1 two-allele library (76). Routine bacterial culturing was performed using
LB broth or agar at 37°C. When appropriate, LB was supplemented with 10% sucrose, 15 pg/ml
(E. coli), 50 ng/ml [P. aeruginosa PAO1 (14)], or 500 pug/ml [P. aeruginosa LESB58 (18)]

gentamicin (Gm), 300 pg/ml carbenicillin (Cb), and 25 pg/ml Irgasan.

2.1.2 Strain construction

E. coli DH5a was used for construction and maintenance of plasmids, and E. coli SM10
Apir was used for biparental conjugation with P. aeruginosa. Deletion mutants were generated
using the two-step allelic exchange method (80). Deletion constructs for PAO1 AcolR, AcolsS,
AeptA, and LESB58 AcolR were generated using primers listed in Table S2. As the flanking
regions have 100% sequence identity, the same deletion construct for Aco/R was used to make
PAOI1 AcolR and LESB58 AcolR. Approximately 700 bp of sequence flanking the target genes
were amplified using PCR. The flanking regions were joined using overlap extension PCR (81).
The PCR products were digested using the appropriate restriction enzymes and ligated into the
multiple cloning site of pEXG2 suicide vector containing sacB (82). After confirming the insert

by Sanger sequencing, the vector was transformed into E. coli SM10 Apir for conjugation into
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PAOI1 or LESBS58 and integration into the genome through homologous recombination. P.
aeruginosa merodiploids were selected using Gm and Irgasan. Counter-selection on plates with
LB and sucrose was performed to select for loss of the plasmid, and colony PCR using the
appropriate confirmation primers was used to screen for deletion mutants.

PAO1 and PAO1 AcolR with empty vector (EV) were generated by electroporation with
the broad host range expression plasmid with a Gm resistance marker, PBBR1IMCS-5 (83). The
colR complementation plasmid (pcolRnp) was created using the PBBR1IMCS-5 plasmid as a
backbone. PAO1 colR and approximately 200 bp upstream of the gene was amplified using
primers listed in Table S2. Amplicon and plasmid were digested with the appropriate enzymes
and ligated, and the resulting insert was confirmed by Sanger sequencing. The colR
complementation strain was generated by electroporating pcolRnp into the PAO1 Aco/R mutant.
Gm was used for selection and maintenance of the plasmid.

GFP-expressing P. aeruginosa were generated by electroporating strains with pSMC21
(Ptac-GFP) (84). Electrocompetent cells were prepared by pelleting, washing and resuspending

cultures in 300 mM sucrose. Transformants were selected on and maintained using Cb.

2.1.3 Plant growth conditions

Axenic plants were generated by surface sterilizing Arabidopsis (wildtype accession Col-
0) seeds in 70% ethanol for approximately 2 min, 10% bleach for approximately 2 min, and
washed three times with sterile water (H>O). Seeds were resuspended in H>O and stored at 4°C in
the dark for at least 48h before plating on either solid Murashige and Skoog (MS) agar or liquid

media (85), as described below. Plants were grown at 16h light/8h dark cycle and 22°C.
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2.1.4 Rhizosphere colonization in 48-well plates

Plants were grown hydroponically in flat-bottom 48-well plates as described (52, 86).
Briefly, disks cut out of Teflon mesh were sterilized by autoclaving and placed in each well of a
48-well plate containing 250-300 ul MS plant growth media supplemented with 2% sucrose at
pH 5.8. Sterilized Arabidopsis seeds were placed individually in the center of each disk. Plant
media was changed to 270 pul of /2X MS media at pH 5.8 without sucrose after 10 days. At 12
days, overnight cultures of GFP-expressing bacteria were diluted to an ODgoo of 0.0002 in 10
mM MgSOs, and 30 pl was inoculated into each well to a final ODsoo of 0.00002. GFP
fluorescence (485 nm/535 nm excitation/emission) was read from the bottom of the wells each
day up to 5 days post-inoculation, using a SpectraMax i3x fluorescent plate reader (Molecular
Devices). Bacterial growth on a minimum of 15 plants was measured for each strain per
experiment.

A standard curve of GFP fluorescence vs. ODsoo was constructed and fitted to a linear
equation to estimate bacterial abundance in the rhizosphere (Figure S1A). A separate linear
equation was used for the complementation strains that harbour two plasmids (pSMC21 and
PBBRIMCS-5) (Figure S1B), because of possible differences in plasmid copy number due to the
presence an additional expression vector.

Screening of the Manoil lab PAO1 two-allele library transposon insertion mutants (76)
for rhizosphere colonization defects were performed similarly, but ODggo of the liquid media
from each well was measured instead of GFP fluorescence. Non-GFP-expressing bacteria were
inoculated into wells containing 12-day-old plants to a final ODggo of 0.0002. At 5 days post-
inoculation, 80 ul of media were transferred from each plant well into a 96-well plate. PAO1 and

PAOI1 AcolR were included in each experiment as controls. ODsoo readings were taken from the
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96-well plate using SpectraMax i3x. A minimum of 8 wells were measured per strain. The ratio
of mutant to wildtype colonization was estimated by dividing mutant ODsoo over PAO1 ODsoo
after subtraction of the blank reading. Mutants with a ODeoo ratio of below 0.7 relative to PAO1
were considered candidates for rhizosphere colonization defects and were retested using the GFP

method above.

2.1.5 Study approval and animals

Animal experiments were performed by Morgan Alford and Daniel Pletzer in accordance
with the Canadian Council on Animal Care (CCAC) guidelines following approval by the
University of British Columbia Animal Care Committee (A14-0253). Mice used in this study
were outbred CD-1 mice (female, 7-8 weeks). All animals were purchased from Charles River
Laboratories, Inc. (Wilmington, MA). Mice weighed 25 + 5 g at the experimental endpoint.
Animals were group housed in cohorts of 4-5 littermates exposed to the same pathogen.
Littermates were randomly assigned to experimental groups and standard animal husbandry

protocols were employed.

2.1.6 Murine subcutaneous abscess infection model

The role of ColR in virulence during high density infection was examined using the less
motile P. aeruginosa LESB58 (18) in a subcutaneous model of abscess infection (17). Briefly,
the LESB58 wild-type (WT) or AcolR mutant strain, as well as a colR complement or vector-
only (PBBR1MCS-5) control strain, were sub-cultured at 37°C with shaking (250 rpm) to an
ODegoo= 1.0 in LB. Cells were washed twice with sterile phosphate buffered saline (PBS) and

resuspended to a final ODgoo = 1.0. Bacteria were injected (50 pl) subcutaneously into the left
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dorsum of mice for an inoculum density of ~5.0 x 107 CFU. Abscesses were formed for 72 h
with daily clinical grading. At the experimental endpoint, mice were euthanized by CO2 and
cervical dislocation. Visible dermonecrosis was measured using a caliper and abscesses were
harvested in PBS. Then tissues were homogenized using a Mini-Beadbeater (BioSpec Products,
Bartlesville, OK) for bacterial enumeration on LB following serial dilution. Two or three

independent experiments containing 2-4 biological replicates each were performed (n = 5-10).

2.1.7 Bacterial RNA extraction, RNA-Seq, and qRT-PCR

RNA from rhizosphere-growing and minimal media-growing P. aeruginosa PAO1 was
extracted for RNA-seq analysis. M9 minimal media supplemented with 24 mM L-glutamine (L-
gln) was used as the minimal media control. Plants were grown hydroponically as described in
the 48-well plate rhizosphere colonization assay. Wells containing 12-day-old plants were
inoculated with PAO1 or PAO1 AcolR. Because of difficulty extracting sufficient RNA for
sequencing, a higher bacterial ODsoo was used (final ODsoo of 0.2 instead of 0.00002 for bacterial
quantification above). PAO1 or PAOI1 AcolR were inoculated into 48-well plates containing M9
+ 24 mM L-gln also to a final ODgoo of 0.2. Both plant and minimal media plates were incubated
in the plant growth conditions described above for 6 hours. After 6 hours, media from 6 plant
wells or media from 3 minimal media were pooled and stabilized in RNAprotect® Bacteria
Reagent (QIAGEN) before performing RNA extraction using RNeasy Mini Kit (QIAGEN).
When necessary, RNA was concentrated using ethanol precipitation.

RNA from three biological replicates were used with RNA integrity numbers (RIN)
ranging from 9.9 to 10.0. cDNA library preparation and RNA-sequencing using paired-end 150

bp reads were performed by GENEWIZ using [llumina HiSeq. The sequencing yielded an
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average of 16,897,599 (standard deviation = 429,191) reads for each sample. The quality of the
reads was assessed using FastQC v.0.11.8 (87). Salmon v.1.1.0 (88) was used to align reads the
PAOI1 transcriptome and to obtain the count files for each sample. Reads were mapped to the
PAOLI transcriptome with an average mapping rate of 70.8% (standard deviation = 1.3%) for
each sample. DESeq2 v1.26.0 was used for differential expression analysis in R (89). Log» fold
change values were corrected using the apeglm package in R (90). Genes with log> fold change >
0.585 and <-0.585 (+ 1.5 fold change) and adjusted p-value (padj) < 0.05 were considered
significantly differentially expressed. The dittoSeq package was used to generate a heatmap of
gene counts for genes that have higher expression in PAO1 than PAO1 AcolR (91).

For qRT-PCR, RNA extractions were performed as described for RNA-seq. DNA
depletion of the RNA samples was done using Turbo DNA-free kit (Invitrogen) and cDNA was
generated using Superscript III Reverse Transcriptase (Invitrogen). PowerUp™ SYBR™ Green
Master Mix (Applied Biosystems) was used for qRT-PCR reactions. Primers used in qRT-PCR
are listed in Table S3. Relative gene expression was determined using AACt and normalizing to

expression of the housekeeping gene gyrB (92).

2.1.8 Functional analysis of RNA-seq results

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was
conducted using GAGE (93), using significantly differentially expressed genes in the rhizosphere
compared to minimal media. Analyses for differentially expressed genes in PAO1 and PAO1
AcolR in the rhizosphere compared to minimal media were conducted separately to obtain
significantly enriched pathways for each strain. Pathways were filtered for significance based on

a q-value <0.1.
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PAOL genes that were significantly differentially expressed in the rhizosphere vs. in M9
minimal media were divided into genes with higher and lower expression in the rhizosphere vs.
M9 for GO term enrichment using the hypergeometric test in GOfuncR (94). Significantly
enriched GO terms with FWER (family-wise error rate) < 0.1 were refined to include only those

with refined p-value < 0.005.

2.1.9 Minimum inhibitory concentration (MIC) of transition metals

LB media supplemented with 2X the highest concentration of metals (ZnSO4, MnSOs,
FeSOs, and CuSOs) to be used for the MIC assay were prepared. The solutions of LB + metal
were serially diluted by 2X down the rows of round-bottom 96-well plates. The final volume in
each well was 50 pl. Overnight bacterial cultures in LB were resuspended in fresh LB and
diluted to an ODsoo of 0.04. 50 ul of diluted bacterial cultures were added to each well. The 96-
well plates were placed in an incubator at 37 °C for 24h before assessment of MIC. The MIC
values were determined by eye and scored as the lowest concentration of metals in which there

was at least a 50% reduction in growth.

2.1.10 Zinc tolerance plate assay

Zinc tolerance of the PAO1 Acol/R and LESB58 AcolR mutants with empty vector or colR
complementation vector were visually evaluated on LB agar plates containing 3 mM ZnSOs.
Overnight cultures of bacteria were pelleted and resuspended in fresh LB. The cultures were then
serially diluted by tenfold and 10 pl of each dilution was spotted on LB plates with zinc.

Cultures were also plated on LB plates without zinc as a control. Plates were incubated at 37°C
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for 24h (PAOL1) or 48h (LESBS58). Plates with LESB58 were incubated longer because of their

slower growth rate.

2.1.11 In vitro growth assays

For all growth curves, bacterial cultures were pipetted into clear, flat-bottom 96-well
plates to a final ODsoo of 0.02 and a final volume of 100 pul. Growth was monitored using a
shaking plate reader (Molecular Devices VersaMax microplate reader), at a fixed temperature of
37 °C. ODsoo readings were taken once every 15 min for 24h. Each growth curve was repeated 3
times. Doubling times during the exponential growth stage were calculated using an online tool

(http://www.endmemo.com/bio/bacteriagrowth.php) for each experiment and data reported are

the average and standard deviation of 3 biological replicates. Significant differences in doubling
times and lag phases were determined using t-tests assuming unequal variance.

Growth curves in /2X MS or M9 salts were performed similarly. L-gln at 24 mM was
used as the carbon source in M9 minimal media. For growth curves at varying pH, /2X MS with
16 mM L-gln or 20 mM succinate was adjusted to pH 5, 6, or 7 using KOH. Overnight bacterial
cultures in LB were washed and resuspended in 10 mM MgSO4 and diluted to an ODsoo of 0.2.
90 ul of sterile media were aliquoted into each well in a 96-well plate before inoculation with 10
ul of the diluted bacterial suspension.

Growth in FeSO4, ZnS04, MnSO4, and CuSO4 were assessed by addition of the
appropriate concentration of metals to LB. Metal concentrations used were below the MIC for
both PAO1 and PAO1 AcolR. LB containing twice the desired final concentration of the metal

were added to each well to a final volume of 50 ul. Overnight bacterial cultures in LB were
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pelleted, washed, and resuspended in fresh LB and diluted to an ODsoo of 0.04. 50 pl of diluted

bacterial cultures were added to the 50 ul of LB + metal in each well.

2.2 Results

2.2.1 colRS is required for Pseudomonas aeruginosa to colonize the Arabidopsis
rhizosphere.

Thanks to its versatility, P. aeruginosa is naturally found in many environments,
including soil and in association with plants (33, 34, 95). Various plants, including the model
plant Arabidopsis, have been used as a host for studies of P. aeruginosa virulence (11, 30).
Though the reference P. aeruginosa strain PAO1 is a clinical isolate, this strain has been
reported to colonize plant rhizosphere as efficiently as the rhizosphere isolate P. fluorescens
F113 and can cause disease symptoms in Arabidopsis (39).

To test whether ColRS, previously shown to be required for P. fluorescens rhizosphere
colonization (50), is also required for rhizosphere colonization in P. aeruginosa, clean deletions
of the regulator colR and the sensor kinase colS were generated in the P. aeruginosa reference
strain PAO1 (subline H103) (14). Rhizosphere colonization was quantified using a previously
described 48-well GFP fluorescence-based rhizosphere colonization assay (86). Plants
hydroponically growing in 48-well plates were inoculated with PAO1 mutant strains expressing
GFP. The fluorescence signal at day 5 post-inoculation was measured and converted to ODsoo
using a calibration curve (Figure S1) to estimate bacterial growth in the rhizosphere.

I found that both the PAO1 Aco/R and AcolS mutants have significantly lower growth in

the Arabidopsis rhizosphere compared to wildtype PAO1 (Figure 2A and B). On average, PAO1
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AcolR grew to approximately 6% of wildtype levels, while PAO1 AcolS grew to approximately
4% of wildtype levels. PAO1 AcolR did not have a growth defect in minimal media, suggesting
that it does not have a general growth defect (Figure S2). Because colS and colR are two
components of the same signaling pathway, and deletion of colS and colR in PAOL led to similar
rhizosphere colonization defects, only PAO1 AcolR was used for the remainder of this study.

To confirm this rhizosphere colonization defect of the PAO1 Aco/R mutant was directly
due to loss of colR, I complemented PAO1 AcolR with a wildtype copy of colR expressed by its
native promoter. Because reduced zinc tolerance is a known phenotype of P. aeruginosa lacking
colR (70), I used this phenotype to quickly confirm the ability of a plasmid containing the col/R
open reading frame and approximately 200 bp upstream (pcolRnp) to complement the zinc
tolerance defect of PAO1 AcolR (Figure S3A). I tested the same complementation strain for
rhizosphere colonization and found that growth in the rhizosphere was restored in PAO1 AcolR

with pcolRnp, and not with the empty vector (EV) (Figure 2C).
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Figure 2. The colRS two-component system in P. aeruginosa is required for colonization of
Arabidopsis rhizosphere. (A-B) To measure bacterial rhizosphere colonization levels, 12-day-old
plants growing hydroponically in 48-well plates were inoculated with GFP-expressing P. aeruginosa
PAOI1 and (A) PAOI AcolR or (B) PAOI1 AcolS. (C) Rhizosphere colonization of GFP-expressing
PAO1 or PAOL1 AcolR containing empty vector (EV) or the co/R complementation vector (pcolRnp).
GFP fluorescence values in each plant-containing well were measured 5 days post-inoculation, and
fluorescence values were converted to ODgoo using a calibration curve. Data points in each graph
represent the mean ODgoo values of independent experiments and error bars represent standard deviation.
P-values were calculated using pairwise t-tests (A and B) or analysis of variance (ANOVA) and
Turkey’s honest significant difference (HSD) test (C).
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2.2.2 P. aeruginosa colR is required for virulence in a mouse subcutaneous abscess model.

Because similar bacterial traits were found to be important for colonization of both plants
and animals, we wondered whether colR is also required for colonization and persistence during
chronic infection in a mouse model, for which findings have potentially clinically relevant
implications. As mentioned in Chapter 1, a subcutaneous mouse abscess model was developed
by Pletzer et al. for studying and monitoring localized chronic infections by clinically important
Gram-negative bacteria, including P. aeruginosa (17).

The chronic infection isolate LESB58 was the P. aeruginosa strain used in this model
instead of PAO1. Even though LESB58 is hypervirulent in humans, it exhibits poor swimming
motility and has slower growth rate in vitro than PAO1 or PA14, allowing LESBS58 to establish a
localized abscess infection rather than disseminating and causing high mice mortality (17).
Either wildtype LESB58 or the AcolR mutant (LESB58 AcolR) were subcutaneously injected
into backs of mice, forming an abscess upon establishment of infection (17). Interestingly, we
found that the LESB58 and LESB58 AcolR colonized the abscess to similar extent 3 days post-
infection as measured by CFUs recovered from the abscess, but LESB58 AcolR formed
significantly smaller abscesses (Figure 3A). This suggests that co/lR may regulate genes required

for virulence rather than growth in the abscess.
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Introduction of wildtype colR into the LESB58 AcolR mutant using pcolRnp did not
restore the abscess size to the levels caused by infection with wildtype LESB58 (Figure 3B). In
contrast, infection with the complementation strain (LESB58 AcolR + pcolRqp) produced a
smaller abscess size than infection with the Aco/R mutant with an empty vector (LESB58 AcolR

+ EV). To ensure this result was not due to an inability of the plasmid to complement in
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Figure 3. ColR is required for virulence and affects colonization of LESB58 in a murine
subcutaneous abscess infection. (A) Wildtype LESB58 and the Aco/R mutant or (B) LESB58
AcolR harbouring empty vector (EV) or pcolRnp were injected (~5 x 107 CFU inoculum) into the
subcutaneous thin skeletal muscle on the dorsum of mice. Abscess lesion size and CFU counts
were determined 3 days post infection. Error bars represent standard deviation. P-values were
determined using Mann-Whitney U tests. (C) Representative images of abscesses formed by
wildtype LESB58 and the AcolR mutant. Images were taken 3 days post infection. Data presented
in this figure were obtained by Daniel Pletzer and Morgan Alford.
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LESBS8, I confirmed that pcolRnp was also able to restore the zinc tolerance phenotype of
LESBS58 AcolR (Figure S3B). In addition, growth of LESB58 AcolR + pcolRyy, in the abscess was
significantly impaired relative to LESB58 AcolR + EV. The complementation of co/R on plasmid
likely increased the copy number of co/lR mRNA and amount of ColR in the cell. Excess ColR in
the cell could explain the failure to complement the virulence phenotype, through over-
expression or over-repression of genes in the ColR regulon, or other unforeseen effects on ColR-
dependent gene expression.

Given that loss of colR resulted in decreased virulence of LESB58 in the murine abscess,
this demonstrated that the in vivo importance of colR in P. aeruginosa was not limited to the
Arabidopsis rhizosphere. Identifying co/R-dependent mechanisms necessary for P. aeruginosa

plant colonization could potentially identify novel virulence determinants in animal infections.

2.2.3 The ColRS-regulated gene, eptA4, encoding a phosphoethanolamine transferase, is not
required for growth in the rhizosphere.

A gene previously found to be regulated by P. aeruginosa ColRS is eptA, which is
induced in response to zinc stress (70). EptA is one of three predicted phosphoethanolamine
(pEtN) transferases in P. aeruginosa but is the only one that can modify lipid A (70). PEtN
addition to lipid A provides resistance to the cationic antibiotic polymyxin B in some bacteria,
including in Salmonella and in Vibrio spp. (96, 97), though induction of ept4 does not affect
polymyxin B resistance in P. aeruginosa (70). It is unknown what benefit ept4 provides for P.
aeruginosa, as eptA is not required for zinc tolerance (70). I hypothesized that pEtN addition to
the outer membrane could be necessary for P. aeruginosa survival in the rhizosphere, for

example, for protection against entry of cationic defense peptides present in root exudates (98).
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Figure 4. EptA is induced in the rhizosphere in a col/R-dependent manner but is not
required for rhizosphere colonization. (A) qRT-PCR of ept4 expression levels in the PAO1
and the AcolR mutant relative to ept4 expression in PAO1 in M9 minimal media, using RNA
extracted from samples in 4 biological replicates. Log> fold changes were determined by
calculating AACt. The housekeeping gene gyrB was used to normalize cDNA quantities
between samples. Letters designate levels of significance by ANOVA and Turkey’s HSD test
(p <0.05). (B) Rhizosphere colonization of the GFP-expressing PAO1 and the Aept4 mutant.
GFP fluorescence values measured in each well at 5 days post-inoculation were converted to
ODsoo using a calibration curve. Data points in each graph represents mean measurements of
independent experiments. Error bars represent standard deviation.

Using quantitative reverse transcriptase PCR (qQRT-PCR), I found that there is colR-
dependent induction of ept4 expression in rhizosphere-growing P. aeruginosa PAO1 (Figure
4A). At 6 hours post-inoculation, PAO1 ept4 is induced by an average log> fold change of
approximately 6.6 in the rhizosphere compared to M9 minimal media. In addition, the induction
of eptA in the rhizosphere is completely absent in a PAO1 Aco/R mutant at 6 hours in the
rhizosphere. This indicates that ept4 is induced in the rhizosphere in a co/R-dependent manner.

To test whether eptA4 is necessary for rhizosphere colonization, I generated a clean
deletion of ept4 in PAO1 (PAO1 AeptA). I found that PAO1 Aept4 does not have a significant
reduction in rhizosphere colonization (Figure 4B), suggesting there must be distinct co/R-

dependent genes that are necessary for successful rhizosphere colonization.
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2.2.4 Use of RNA-seq to identify co/R-dependent transcriptional changes in the
rhizosphere.

To identify additional co/R-dependent genes in the rhizosphere that may contribute to
successful rhizosphere colonization, I examined global transcriptomic profiles in PAO1 and
PAOI1 AcolR. Differences in gene expression between PAO1 and PAO1 AcolR in the rhizosphere
could reveal genes that regulate host association. Comparing gene expression profiles of PAO1
in the rhizosphere to minimal media may also elucidate genes and processes that are important
for adaptation to the rhizosphere including, metabolism of rhizosphere nutrients, and protection
from deleterious compounds in the rhizosphere.

I used RNA-seq to examine the transcriptomes of wildtype PAO1 and the PAO1 AcolR
mutant. Transcriptional profiles of wildtype PAO1 and the Aco/R mutant were compared in both
the rhizosphere and in M9 minimal media, in which PAO1 AcolR does not show a growth defect
compared to PAOI (Figure S2). Bacterial RNA from 6 hours post-inoculation was collected to
capture differences in early transcriptional responses to the root environment between wildtype
PAOI1 and PAO1 AcolR. Six hours post-inoculation is a timepoint before there was a dramatic
enough difference in growth of the Acol/R mutant vs. wildtype in the rhizosphere to impact RNA
yields, but sufficient time for co/R-dependent gene expression to be observed in the rhizosphere
(Figure 4A). RNA was extracted and sequenced on an Illumina HiSeq. Three biological
replicates were sequenced per bacterial genotype and condition and approximately 17 million
reads were obtained, with an average mapping rate of 70.8% to the PAO1 genome (see Methods

for details).
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2.2.5 Loss of P. aeruginosa PAO1 colR has little impact on global transcriptional changes in
minimal media or in the rhizosphere.

To visualize the variation in gene expression across samples, I generated a principal
component analysis (PCA) plot using the count matrix of the transcripts in each sample.
Approximately 94% of the variance between samples is explained by the different growth
conditions (M9 vs. rhizosphere), while difference in bacteria genotype (wildtype P. aeruginosa
PAOL1 vs. the AcolR mutant) accounts for less than 2% of sample variance (Figure 5A). The high
variance between gene expression of M9 and rhizosphere bacteria samples are visualized by their
distinct clustering in the PCA plot, showing that minimal media and the rhizosphere are distinct
environments for bacterial growth. Additionally, PAO1 and PAO1 AcolR samples cluster
separately in the PCA plot only in the rhizosphere and not in the M9 minimal media control
(Figure 5A). This result indicates that dysregulation of genes from the loss of colR at 6 hours is
more pronounced in the rhizosphere than in minimal media.

To identify genes induced in the rhizosphere, and genes with co/R-dependent expression,
I identified differentially expressed genes in the following comparisons: 1) PAO1 in M9 vs.
PAOI1 in the rhizosphere, 2) PAO1 AcolR in M9 vs. PAO1 AcolR in the rhizosphere, 3) PAO1
vs. PAOI AcolR in M9, and 4) PAO1 vs. PAO1 AcolR in the rhizosphere (Figure 5B).

In the first two comparisons, I found that relative to growth in M9, growth in the
rhizosphere induced large-scale changes in the transcriptomes of both wildtype PAO1 and the
PAOI1 AcolR mutant, with up- and down-regulation of approximately 50% of the total transcripts
encoded in the PAO1 genome. Consistent with the most pronounced changes in gene expression
being between the rhizosphere and M9 minimal media, similar numbers of genes were up- and

down-regulated in PAO1 and PAO1 AcolR in the rhizosphere vs. M9 (Figure 5B). This included
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1445 and 1467 genes up-regulated in PAO1 and PAO1 AcolR respectively, and 1524 and 1478
genes down-regulated in PAO1 and PAO1 AcolR respectively (Figure 5B). In addition, most of
the genes with higher or lower expression in the rhizosphere relative to M9 were shared between
both wildtype PAO1 and the PAO1 Aco/R mutant. Of the total number of genes up-regulated in
the rhizosphere, 71.8% were shared between PAO1 and PAO1 AcolR (1217 out of 1695). Of the
total number of genes down-regulated in the rhizosphere, 81.9% were shared between PAO1 and
PAO1 AcolR (1352 out of 1650) (Figure 5B). These results, along with the PCA, suggest that
even though there is a significant difference in the abilities of PAO1 and PAO1 AcolR to grow in
the rhizosphere, ColR is likely not a global regulator of genes involved in rhizosphere

colonization.
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Figure 5. Gene expression profiles of P. aeruginosa PAO1 growing in the rhizosphere
are distinct from those of PAO1 in M9 minimal media. (A) PCA plot of transcript count
matrices to visualize the variation in gene expression profiles of wildtype PAO1 and the
PAO1 AcolR mutant in minimal media and the rhizosphere. Counts used to make the PCA
plot were first transformed using variance stabilizing transformation. (B) Venn diagram of the
number and percentage of total transcripts encoded in the PAO1 genome of significantly
differentially expressed genes (greater than 1.5-fold change, padj < 0.05). (Top) Differentially
expressed genes between the rhizosphere and M9 minimal media that are shared between or
unique to wildtype PAO1 and the AcolR mutant. (Bottom) Differentially expressed genes
between PAO1 and the Aco/R mutant that are shared between or unique to the rhizosphere

(plant) and M9 conditions.
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Analysis of the predicted functions of genes induced or repressed in the rhizosphere
relative to M9 may identify bacterial pathways required for metabolism and protection against
plant defense compounds. Pathway enrichment analysis was performed on KEGG pathways
assigned to the genes up- and down-regulated in the rhizosphere relative to minimal media

(Figure 6). The transcriptomes of both PAO1 and PAO1 AcolR were significantly enriched in the
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same KEGG pathways in the rhizosphere relative to M9 (g-value < 0.1). Genes with significant
up-regulation in the rhizosphere were enriched for predicted functions related to carbon
metabolism including starch and sucrose metabolism and the pentose phosphate pathway.
Significantly down-regulated genes in the rhizosphere relative to M9 were enriched for predicted
functions in biofilm formation, bacterial secretion systems, sulfur metabolism, ABC transporters,
and the formation of ribosomes. Phenazine biosynthesis was the only pathway that was identified
in the PAOI1 but not the PAO1 AcolR transcriptome (q-value = 0.18). This analysis shows major
differences in carbon and nutrient metabolism between bacteria growing in the rhizosphere vs.
M9. While M9 L-gln minimal medium has L-gln as the sole carbon source, there is a greater
diversity of organic compounds in root exudate (46, 99). Increase in starch and sucrose
metabolism may indicate that these carbon sources are being similarly metabolized by both

PAOI1 and the PAO1 AcolR mutant.
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Though there were 228 genes that were up-regulated in PAO1 in the rhizosphere that
were not up-regulated in PAO1 AcolR, and 172 genes that were down-regulated in the PAO1 in
the rhizosphere that were not down-regulated in the Aco/R mutant (Figure 5B), many of these
genes trend towards being up- or down-regulated in both PAO1 and PAO1 AcolR but did not

make the 1.5-fold change cut-off in the PAO1 AcolR mutant. As I aimed to find co/R-dependent
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pae01120 Microbial metabolism in diverse environments
pae00500 Starch and sucrose metabolism

pae00030 Pentose phosphate pathway

pae02025 Biofilm formation -Pseudomonas aeruginosa
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pae03070 Bacterial secretion system
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pae02010 ABC transporters
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Figure 6. Enriched KEGG pathways in the rhizosphere vs. minimal media are similar in
wildtype P. aeruginosa PAO1 and the Acol/R mutant. Significantly enriched KEGG pathways
(g-value < 0.1) were identified using GAGE analysis of the significantly differentially expressed
genes (£ 1.5-fold change, padj < 0.05) in PAO1 and PAO1 AcolR in the rhizosphere compared
to M9 minimal media. The gene ratio is the ratio of genes assigned to a given KEGG pathway to
the total number of genes annotated to the pathway in the PAO1 genome. Pathways above the
dotted line are up-regulated in the rhizosphere vs. M9, and the pathways below the dotted line
are down-regulated. The star indicates phenazine biosynthesis, the only pathway that was
significantly enriched in PAO1 but not in PAO1 AcolR.

genes that contribute to the growth defect of PAO1 AcolR in the rhizosphere, I decided to focus
on the differentially expressed genes identified by directly comparing gene expression between

wildtype PAO1 and the PAO1 AcolR mutant in the rhizosphere.
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2.2.6 colR-dependent gene expression in the rhizosphere

To identify genes induced in the rhizosphere in a co/R-dependent manner, I compared the
gene expression profiles between wildtype P. aeruginosa PAO1 and the PAO1 AcolR mutant in
M9 and in the rhizosphere. I identified 38 genes with significantly higher expression in PAO1
than in PAO1 AcolR and 91 genes with significantly lower expression in PAO1 than in PAOI
AcolR (£ 1.5-fold change, padj < 0.05) (Figure 5B). Interestingly, only three genes: colR
(PA4381), colS (PA4380) and PA4517, were significantly differentially expressed in between
PAO1 and PAO1 AcolR in M9 (Figure 5B). The absence of colR transcript in the Aco/R mutant
under both conditions serves as a control for the analysis. Because colS is directly downstream of
colR and transcribed in the same operon, transcript counts of colS could be negatively impacted
by polar effects and decreased stability of the truncated mRNA. These results suggest that colR
has a more pronounced regulatory role in PAO1 in the rhizosphere than in M9.

Genes that have higher expression in PAO1 compared to PAO1 AcolR are of particular
interest. These are genes that are likely positively regulated by ColR, and expression of these
genes may be required for rhizosphere colonization. Only 38 genes had lower expression in the
AcolR mutant than in wildtype PAOI1, the names and expression patterns of which are shown in a
heatmap of relative gene counts in Figure 7. Many of these genes have products that localize to
the periplasm or the cytoplasmic membrane. These include tpbA4 (PA3885), encoding a protein
tyrosine phosphatase, mntP (PA2910), encoding a manganese efflux pump, and nhaP (PA3887),
encoding a sodium-proton antiporter. The pEtN transferase-encoding gene ept4 (PA1972) also
had lower expression in the Aco/R mutant than in PAO1, which was an expected outcome of the
analysis (70). Interestingly, the expression of another two genes encoding predicted pEtN

transferases, PA4517 and PA3310, was also positively regulated by co/R in the rhizosphere
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(Figure 7). The targets of PA4517 and PA3310 have not yet been identified in PAO1, as they do
not appear to modify lipid A like EptA (70). Other notable genes include /ip3 (PA2364) and
hsiC3 (PA2366), which encode proteins that function in the third type VI secretion system of

PAO1 (H3-T6SS).
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Figure 7. Heatmap showing genes with lower expression in the P. aeruginosa PAO1
AcolR mutant in the rhizosphere compared to wildtype PAO1. Counts of genes with
significantly lower expression in the Aco/R mutant compared to PAO1 in the rhizosphere
(>1.5-fold change, padj < 0.05) are shown on a heatmap using dittoSeq (91). Gene counts
that are higher than row average are shown in red, and gene counts that are lower than row
average are shown in blue.

Genes that have lower expression in PAO1 compared to PAO1 AcolR may be genes that
are negatively regulated by ColR, or genes that are indirectly up-regulated to compensate for the

loss of colR. The induction of alternative stress response pathways by loss of ColR was proposed
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in P. putida, where the colR mutant proteome was affected much more by exposure to zinc than
wildtype, likely to compensate for the loss of co/R-dependent zinc tolerance pathways (100). I
performed gene ontology (GO) enrichment analysis to identify functions significantly enriched
in the products of genes negatively regulated by ColR. “Alginic acid biosynthesis”
(GO:0042121) was one of the significantly enriched GO terms, and interestingly, an increase in
alginate biosynthesis proteins was also observed in the P. putida col/R mutant, but not in wildtype
P. putida in response to zinc. This suggests that alginate biosynthesis may be a conserved
mechanism to compensate for the lack of co/R (100). The other significantly enriched GO terms
are “response to stimulus” (GO:0050896, biological process), “transmembrane transporter
activity” (GO:0022857, molecular function), “external encapsulating structure” (GO:0030312,
cellular component), and “cell envelope” (GO:0030313, cellular component). Genes in the PAO1
genome assigned with the GO terms “alginic biosynthetic process”, “response to stimulus”,
and/or “transmembrane transporter activity” that are significantly higher expressed in the AcolR
mutant vs. wildtype PAOL1 are listed in Table 1. The GO terms, “external encapsulating
structure” and “cell envelope”, were excluded because of redundancy; many of the genes
annotated to these GO terms were also assigned to “transmembrane transporter activity” or
“response to stimulus”. The functional categorization of negatively co/R-dependent genes further

supports the role of ColR in regulation of membrane functionality.

Table 1. GO categorization of genes that are negatively dependent on colR in the
rhizosphere. Genes shown are 32 out of the 91 whose expression is negatively dependent on
colR. Log> fold change of gene counts in PAO1 AcolR compared to PAOL1 in the rhizosphere are

shown. Genes that belong to more than one GO category are listed more than once.
PAO1 locus  Gene name Annotation/Predicted function Log?2 fold
(if available) change
GO:0042121 alginic acid biosynthetic process (biological process)
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PA3540
PA3542
PA3543
PA3544
PA3547
PA3549
PA3550
PA3551

PA5483
GO:0050896
PA0320
PA0425
PA1959
PA2479
PA2575
PA2899
PA3540
PA3542
PA3543
PA3544
PA3547
PA3549
PA3550
PA3551

PA3677
PA3901
PA5159
PA5160
PA5483
GO0:0022857
PAO103
PA0425
PA1212
PA1777

PA2041
PA2526
PA2527
PA2528
PA3136
PA3521
PA3523

algD
algd4
algK
algE
algL
algJ
algF
algA

algB

carO
mexA
bacA

atvR
algD
algd4
algK
algE
algL
algJ
algF
algA

mexJ

fecA

algB

mexA
oprF
muxC
muxB

muxA

opmE
mexP

GDP-mannose 6-dehydrogenase
Alginate biosynthesis protein
Alginate biosynthetic protein precursor
Alginate production outer membrane protein precursor
Poly(beta-d-mannuronate) lyase precursor
Alginate o-acetyltransferase
Alginate o-acetyltransferase
Phosphomannose isomerase / guanosine 5'-diphospho-D-mannose
pyrophosphorylase
Two-component response regulator
response to stimulus (biological process)
Calcium-regulated OB-fold protein
RND multidrug efflux membrane fusion protein precursor
Bacitracin resistance protein
Two-component response regulator
Nitroreductase (Interpro ID IPR00415)
Atypical virulence-related response regulator
GDP-mannose 6-dehydrogenase
Alginate biosynthesis protein
Alginate biosynthetic protein precursor
Alginate production outer membrane protein precursor
Poly(beta-d-mannuronate) lyase precursor
Alginate o-acetyltransferase
Alginate o-acetyltransferase
Phosphomannose isomerase / guanosine 5'-diphospho-D-mannose
pyrophosphorylase
RND efflux membrane fusion protein
Fe(III) dicitrate transport protein
Multidrug resistance protein
Drug efflux transporter
Two-component response regulator

transmembrane transporter activity (molecular function)

Sulfatase transporter
RND multidrug efflux membrane fusion protein precursor
Probable major facilitator superfamily (MFS) transporter
Major porin and structural outer membrane porin OprF precursor

Amino acid permease
Efflux transporter
RND efflux transporter
RND efflux membrane fusion protein
Secretion protein
Outer membrane efflux protein
RND efflux membrane fusion protein

3.33
1.60
1.75
1.48
1.71
1.16
1.60
1.44

0.64

1.08
0.60
0.87
0.75
1.72
0.60
3.33
1.60
1.75
1.48
1.71
1.16
1.60
1.44

0.76
0.59
0.90
0.83
0.64

0.92
0.60
0.69
1.32

0.77
0.69
0.67
0.75
0.87
1.09
1.12
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PA3677
PA3901
PA3920
PA4222
PA5158
PA5159
PA5160

To confirm the RNA-seq results, I used qRT-PCR on a set of RNA samples

mexJ
fecA
copAl

opmG

RND efflux membrane fusion protein
Fe(III) dicitrate transport protein
Cu(II)-ATPase
ATP-binding component of ABC transporter
Outer membrane protein
Multidrug resistance protein
Drug efflux transporter

0.76
0.59
0.78
0.60
0.97
0.90
0.83

independently obtained from those that were submitted for RNA-seq. By qRT-PCR, I found that

genes with lower expression in the Aco/R mutant than in PAO1 including ept4, tpbA, PA3310,

and mntP showed significant co/R-dependent induction in the rhizosphere (Figure 4A, Figure

8A). In contrast, genes that had significantly higher expression in the Aco/R mutant than in

PAO1 in the rhizosphere including algD, algA, and azoR3, did not show increased expression in

the Aco/R mutant by qRT-PCR (Figure 8B). Though on average, expression of algD and algA

were logz fold changes of 0.9 and 1.3 higher in PAO1 AcolR than in PAOI, the differences were

not significant. 4zoR3, was also found to have no difference in expression in the new samples

using qRT-PCR. This suggests that expression of putatively negatively regulated co/R-dependent

genes may be compensating for the lack of ColR, and stochastic, rather than direct targets of

ColR.

44



A PA2910 (mntP) PA3310 PA3885 (tpbA)
6 31 c 10 ¢
& b ) )
o o
= oo c 54 Jj_ c -
< 2 2 51
o [3) (3]
- 2 C - 1 b ) a
o _}:_ o S b
: . a a : N ab a %- : 04 —eeoo— b
o ° o s ?
3 o S — °
2 T T -1 T T T 5 T T
G - < e CY & '3 3 > \J @ @
< < R & @ < N
«é q-‘x\ N «® «é q}x~ & «® . & o x
® & * o @ o 2 % ® ° o”Q o"Q
') 4° 9 o .&o &o Q & &
& & & & & <
A < % &
Q@ o Q@ o ) )
o 3 <
Q Q Q
PA3551 (algA) PA3540 (algD) PA3223 (azoR3)
8 b 101 b 3 b b

EN
1

N
1

log2 fold change
(2]
o
log2 fold change
o
()
o
log2 fold change
L N
|
°

o
4
N
-

C) &) e ]
N N o & & N o & N N & o
& @ R N A < X > A AN AN
© o A) R Q o R R RN & ) 2
) ° ) Qo “® 2° ) o )
o v v \ \ 9 v v
N N < & & R R
% N A
QD O\Q' K 0 Q o
0(: Q 00

Figure 8. Expression of putatively ColR-dependent genes identified by RNA-seq. qRT-PCR
was performed on a subset of genes identified by RNA-seq. Log> fold changes were determined
by calculating AACt normalized to the housekeeping gene gyrB. Letters designate levels of
significance determined by ANOVA and Turkey’s HSD test (p < 0.05). (A) Select genes with
higher transcript counts in PAO1 compared to the Aco/R mutant and (B) select genes with lower
transcript counts in PAO1 compared to the Acol/R mutant, according to the RNA-seq analysis.
qRT-PCR was performed on RNA from 3 biological replicates with 2 technical replicates each.

2.2.7 Identification of novel col/R-dependent rhizosphere colonization factors.

Among the genes in the rhizosphere with co/R-dependent expression, few genes have
been studied in the context of host-colonization and thus presents opportunities to identify novel
colonization factors. To identify ColR-dependent genes important for rhizosphere colonization, I

developed an assay to rapidly assess whether disruption of any single co/R-dependent gene in
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PAOL is sufficient to result in a rhizosphere colonization defect. Transposon insertion mutants
from the Manoil lab PAOI two-allele library (76) were screened for rhizosphere colonization
defects by measuring the ODgoo in the plant media 5 days after inoculation with bacteria (see
Methods for details). Mutants screened and tested for rhizosphere colonization defects are listed
in Table 2. For genes that are predicted to be in operons (PA0603-PA0606, PA4378-PA4379,
PA2438-PA2439), transposon insertion mutants in the first transcribed gene were tested
(PA0603, PA4379, PA2439). For genes in which there are multiple transposon insertion mutants
available, the mutant with the earliest transposon insertion in its open reading frame was tested.
Mutants with an average colonization of less than 70% of PAO1 as measured in this primary

screen were candidates for having a colonization defect.
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Table 2. Rhizosphere colonization of mutants in ColR-regulated genes. Mutants in genes
with lower expression in wildtype PAO1 than in PAO1 AcolR (log fold change <-0.585, padj <

0.05) were screened for rhizosphere colonization defects.

Locustag  Genename  Description of gene product Log2 Fold Mutant Candidate for
af Change rhizosphere
available) colonization defect

(<70% of the
wildtype growth in
primary screen)

PA3885 tpbA Protein tyrosine phosphatase -6.86 PW7555 Yes

PA4517 Phosphoethanolamine transferase -5.24 PW8605 No

PA0924 Sulfuric ester hydrolase activity -3.19 PW2676 Yes

PA3603 dgkA4 Diacylglycerol kinase -2.90 PW7119 Yes

PA2910 mntP Manganese eftflux pump -2.78 PW3828 No

PA4518 -2.11 PW8607 Yes

PA3310 Phosphoethanolamine transferase -1.53 PW6565 No

PA4382 Phosphatidic acid phosphatase (Interpro -1.47 PW8402 Yes

annotation)

PA0603 agtA ABC transporter, polyamine transport -1.42 PW2102 Yes

PAS5355 gleD Glycolate oxidase subunit -1.41 PW10024 No

PA1688 Strictosidine synthase activity -1.38 PW3999 No

PA3995 DNA-binding transcription factor -1.07 PW7756 No

PA4379 ward c-di-GMP-binding methyltransferase -1.02 PW8396 No

PA2512 ant4 anthranilate dioxygenase large subunit -1.01 PW5208 No

PA3887 nhaP Na+/H+ antiporter -0.99 PW7558 No

PA2358 -0.85 PW4969 No

PA2366 hsiC3 Type VI secretion system tail sheath (Interpro  -0.78 PW4984 No

annotation)

PA3614 -0.78 PW7139 No

PA0842 Probable glycosyl transferase -0.67 PW2533 No

PA2439 Integral membrane component (GO -0.67 PW5104 Yes

annotation)

PA2790 -0.65 PW5671 Yes

PA3994 Probable epoxide hydrolase -0.64 PW7754 No

PA4621 Probable oxidoreductase -0.64 PW8784 Yes

PA4383 creB Integral membrane component, putative -0.61 PW8404 No

fluoride ion transporter (Interpro annotation)
PA2326 Monooxygenase activity (GO annotation) -0.59 PW4923 Yes

Several transposon insertion mutants were identified as candidates for having a

rhizosphere colonization defect, as indicated by the initial screen (Table 2). Five mutant

candidates, PW7555 (tpbA::TnS5), PW2676 (PA0924::TnS), PW7119 (dgkA4::Tn5), PW8607

(PA4518::Tn5), and PW8402 (PA4382::Tn5), which had insertions in genes with the greatest

difference in fold change in PAO1 Aco/R compared to PAOI1 in the rhizosphere, were retested
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using the rhizosphere colonization GFP assay. I found that mutants PW7555, PW7119, and
PW8402, but not PW2676 and PW8407 had significantly decreased rhizosphere colonization
compared to PAO1 (Figure 9). This suggests that #pbA, encoding a protein tyrosine phosphatase,
dgkA, encoding a diacylglycerol kinase, and PA4382 encoding a type 2 phosphatidic acid
phosphatase (PAP2) were required for rhizosphere colonization in our assay conditions. Both
dgkA and PA4382 are likely involved in phospholipid biosynthesis and homeostasis (75), and
homologs of both genes were also ColR-regulated in P. putida (63). ThpA is a novel colR-
regulated gene identified in this study. P. aeruginosa TpbA is a negative regulator of cellular c-
di-GMP and biofilm formation (101-103). These data indicate that colR is required for
expression of multiple rhizosphere colonization factors including (pbA, dgkA, and PA4382,

which explains the drastically reduced growth of the Aco/R mutant in the rhizosphere.
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Figure 9. Mutants in a subset of genes with positively co/R-dependent expression in the
rhizosphere have defects in rhizosphere colonization. GFP-expressing PAO1 and PAOI1
transposon insertion mutants from the Manoil lab two-allele library were used to perform
rhizosphere colonization assays. At 5 days post-inoculation with GFP-expressing bacteria,
bacterial density ODgoo values were estimated from GFP fluorescence values using a
calibration curve. Each data point represents the average of an independent experiment. P-

2.2.8 Using functional analysis of bacterial gene expression in the rhizosphere compared to

minimal media to examine the rhizosphere environment.

I have shown that the response regulator ColR is required for PAOI to colonize the

Arabidopsis rhizosphere and that lack of co/R-dependent expression of tpbA, dgkA, and PA4382

contribute to the colonization defect of the PAO1 Aco/R mutant. Why ColR is necessary for

rhizosphere colonization is still unclear. I further investigated possible components of the

rhizosphere environment that ColR may be required to protect against. To infer characteristics of
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the rhizosphere environment, I examined the functional categories of genes differentially
expressed between the rhizosphere and the minimal media condition in wildtype PAOT1 using the
RNA-seq data set.

GO enrichment analysis of differentially expressed genes in PAO1 in the rhizosphere
compared to minimal media using GOfuncR revealed upregulation of catabolic processes and
carbon and nitrogen metabolism (Figure 10). The increase in carbon metabolism was also found
using KEGG pathway analysis in Figure 6, and as previously stated, could reflect a more diverse
availability of nutrients in the rhizosphere due to the composition of MS plant growth media
(85), and the secretion of root exudates by the plant (46, 99). Interestingly, all 7 genes encoding
enzymes involved in the addition of L-Ara4N to lipid A in PAO1, which are the genes in the arn
operon (arnBCADTEF), were up-regulated in the rhizosphere compared to in minimal media, in
both PAOI and the Aco/R mutant (Figure 10A). Disruption of the arn operon was previously
found to decrease the fitness of P. simiae WCS417 in the rhizosphere, suggesting that this
modification may be important for P. aeruginosa PAO1 colonization of the rhizosphere (51).

Biological processes enriched in the genes with decreased expression in the rhizosphere
relative to M9 include those related to biosynthesis of many macromolecules, activity of
transport systems, and ATP synthesis (Figure 10B). Many genes that encode products that
function in translation, protein secretion, and biosynthesis of cofactors (cobalamin) were also
repressed in P. aeruginosa during infection of poplar tree roots, suggesting that these are general
bacterial responses to the plant rhizosphere (21).

Biological processes enriched in the genes that are down-regulated in the rhizosphere
relative to M9 were involved in metal transport and iron acquisition including biosynthesis of

pyoverdine (Figure 10B). Pyoverdines are fluorescent siderophores secreted by Pseudomonas for

50



iron acquisition, and their production is negatively correlated with iron availability (104).
Decreased pyoverdine biosynthesis is likely caused by higher content of iron and other transition
metals in MS media relative to M9 minimal media. Metals Fe?*, Mn?*", Co?*, Cu?", and Zn*" are
present as micronutrients in MS media, whereas M9 minimal media only contains trace amounts
of these metals (85).

Interestingly, many of the biological processes enriched in the genes down-regulated in
the rhizosphere relative to M9 also require ATP. These include the biosynthetic pathways,
protein secretion by the type VI secretion system (105), amino acid import (106), and translation.
This suggests decreased utilization of ATP in the rhizosphere compared to M9. Lower
expression of genes with products involved in ATP synthesis coupled proton transport also
indicates decreased ATP synthesis. Decreased ATP synthesis and utilization could indicate that
PAOI1 has a slower growth rate in the rhizosphere compared to M9.

Lower ATP synthesis-dependent proton transport could also reflect growth at lower pH,
where the import of extracellular and periplasmic protons may be less favourable for intracellular
pH homeostasis (107, 108). The rhizosphere is often acidic and has lower pH than the
surrounding soil (109). Plants also prefer to grow in slightly acidic conditions, with plant
culturing media generally ranging in pH from 5.2 to 5.8 (110). The MS plant culturing media
used in this study were adjusted to pH 5.8 (85), whereas the M9 minimal used as the RNA-seq
control media is buffered at a pH of approximately 7. Recently, certain bacteria including P.
aeruginosa were found to further acidify the rhizosphere to suppress aspects of plant pattern-

triggered immunity (PTI) (79). Based on these enriched GO terms in the rhizosphere, |
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investigated the possible contributions of transition metal toxicity and acidic pH on the growth of

the AcolR mutant.

2.2.9 ColR is required for tolerance to the transition metals iron, zinc, and manganese

GO enrichment analysis of gene expression in the rhizosphere compared to M9 revealed
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Figure 10. Changes in functional gene expression in the rhizosphere compared to minimal
media. (A) Significantly enriched biological process GO terms assigned to up-regulated genes (+1.5-
fold change, padj < 0.05) and (B) select enriched biological process GO terms assigned to down-
regulated genes (-1.5-fold change, padj < 0.05) in PAO1 in the rhizosphere compared to minimal
media. The x-axis (Gene Ratio) represents the ratio of genes annotated to a given term to the total
number of genes annotated to the term in the PAO1 genome. Size of the circles corresponds to the
total number of genes annotated to the term in the PAO1 genome. Biological process GO terms were
obtained using GOfuncR, with FWER (family-wise error rate) < 0.1 and refined p-value < 0.005.

lower expression of many genes involved in metal uptake (Figure 10B). In addition, genes

encoding transition ion transporters for manganese (mntP), iron (fecA), and copper (copAl) were

dysregulated in the Aco/R mutant compared to wildtype PAO1 (Table 1, Figure 6). Because

ColRS is required for heavy metal tolerance in P. putida (64), this raised the question of whether
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sensitivity to the metals in the rhizosphere causes or exacerbates the rhizosphere colonization

defect of the PAO1 Aco/R mutant.

Table 3. MIC of zinc, iron, manganese, and copper to PAO1 and PAO1 AcolR. Bacterial
cultures were added to a 2-fold dilution series of metals in LB. Cultures were incubated for 24h
at 37°C before observing the bacterial growth and estimating the MIC. MIC assays were repeated
three times with two technical replicates. A range of MIC is shown if different MIC values were
observed between replicates.

Strain ZnS0O4 (mM) FeSO4 (mM) MnSO4 (mM) CuSO4 (mM)
PAO1 10 5 10 10
PAOI1 AcolR 5 1.25-2.5 5-10 10

To confirm the increased sensitivity of the Aco/R mutant towards the metals iron, zinc,
manganese, and copper, | determined the minimal inhibitory concentration (MIC) of these metals
in PAO1 and the AcolR mutant, where the MIC is the lowest metal concentration with greater
than 50% reduction in bacterial growth. I found that similar to P. putida, the P. aeruginosa
PAOI1 Acol/R mutant has lower tolerance to ZnSO4 and FeSOs, slightly lower tolerance to
MnSOys, and no change in the MIC for CuSO4 (Table 3). These data indicate that P. aeruginosa
colR is required for tolerance to some, but not all transition metals.

Using metal concentrations below the MIC in P. aeruginosa PAO1 AcolR, 1 performed
growth curves with PAO1 and the AcolR mutant (Figure 11). I used 3 mM CuSOs4 even though
the MIC for CuSOs4 for both PAO1 and PAO1 AcolR was 10 mM, because neither strain showed
detectable growth in > 5 mM CuSOs4 over 24 h (data not shown). Quantification of bacterial
doubling time during exponential phase and length of the lag phase are shown in Table 4. PAO1
AcolR had both significantly slower doubling times, and significantly longer lag phases than
PAO1 in 3 mM ZnSO4, 1 mM FeSO4, and 3 mM MnSOs, but no significant difference during
growth in 3 mM CuSOQy, as suggested by the MIC assay. Notably, PAO1 AcolR took

approximately ten times longer to reach exponential growth than PAO1 in 1 mM FeSOs. This
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confirms that ColR is required for tolerance to zinc, iron, and manganese, but not copper, in P.
aeruginosa.

Though the PAO1 AcolR mutant grows poorly compared to PAO1 in the presence of
millimolar concentrations of metals, the metal concentrations used for the growth curves were
much higher than concentrations present in /2X MS media, which are in the micromolar range
(85). As bacteria were inoculated into plant wells 2 days after media change to /2X MS, metal
concentrations are also likely to be lower in the rhizosphere than in the starting culture media.
Plants take up transition metals as essential micronutrients (111), and many root exudate
components including organic acids and amino acids have metal chelating activities (112). Taken
together, we speculated that metal toxicity was likely not the main contributor to the growth

defect of the Aco/R mutant in the rhizosphere.
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Figure 11. The P. aeruginosa PAO1 AcolR mutant has increased sensitivity to iron, zinc,
manganese, but not copper. Growth curves of PAO1 and the Acol/R mutant were conducted
in LB liquid media with the addition of the indicated concentrations of FeSOs, ZnSOs,
MnSOy4, or CuSOy4. Cultures were grown and ODsoo was measured every 15 min in 96-well
plates in a shaking plate reader at 37°C for 24 h. Growth curves were repeated at least three
times with similar results. Data from individual experimental replicates are shown with

averages and standard deviations of 6 technical replicates per time point.

Table 4. Quantification of wildtype P. aeruginosa PAO1 and the PAO1 AcolR mutant
doubling time and duration of lag phase in transition metals. Data points used to calculate
doubling time were based on growth during exponential stage, from the experiments visualized
in Figure 11 (See Methods for details). Data are the average + standard deviation of three

replicates.
Doubling time during exponential Start of exponential growth (min)
growth (min)
Media PAO1 PAO1 AcolR PAO1 PAO1 AcolR
LB 29.11+4.3 27.1+4.0 95.0+ 8.7 95.0+ 8.7
1 mM FeSO4 293+23 40.4 +£5.2% 90.0+ 0.0 925.0 £173.9*
3 mM ZnSO4 43.5+10.7 97.7+22.9* 195.9 +26.0 605.0 £239.2*
3mM MnSO4 | 38.6+6.1 65.3 £4.8% 90.0 £26.0 245.0 + 56.8%*
3 mM CuSO, 40.0+53 41.5+79 175.0£31.2 175.0+31.2

* significantly different from PAO1 (p < 0.05) by pairwise t-test
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2.2.10 P. aeruginosa PAO1 ColR is required for adaptation to low pH.

To test whether low pH affects the growth of the Aco/R mutant, growth curves with
wildtype PAO1 or the Aco/R mutant were performed in /2X MS media supplemented with either
equimolar succinate or L-gln as a carbon source, and adjusted to a pH of 5, 6, or 7 (Figure 12).
At pH 7 growth of the Aco/R mutant was indistinguishable from that of PAO1. At pH 5,
however, there was little to no detectable growth of PAO1 AcolR in 2X MS with neither L-gln
nor succinate, whereas PAO1 entered exponential phase after an average of 60.9 min in L-gln
and 42.4 min in succinate. The effect of pH on growth of the Aco/R mutant also depended on the
carbon source provided. At pH 6 with L-gln, PAO1 AcolR growth was not significantly different
than PAO1, whereas at pH 6 with succinate, PAO1 AcolR had a longer lag phase by an average
of 370 min (Table 5), in addition to lower peak bacterial density than PAO1 (Figure 12).
Quantification of bacterial doubling time during exponential phase, and time of the start of
exponential phase are shown in Table 5. These data indicate that ColR is required for P.
aeruginosa in growth at low pH, which has not been previously described. These results strongly
suggests that low pH of the rhizosphere is one of the factors inhibiting the growth of the P.

aeruginosa PAO1 AcolR mutant.
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Figure 12. The AcolR mutant has increased sensitivity to low pH. Growth curves of PAO1
and the AcolR mutant in /2X MS media supplemented with 16 mM L-gln or 20 mM succinate
at pH 5, 6, and 7. Growth curves were performed at least three times with similar results.

Single experimental replicates are shown with averages and standard deviations of 6 technical
replicates per time point.

Table S. Quantification of P. aeruginosa PAO1 and PAO1 AcolR doubling time and
duration of lag phase in 2X MS media at varying pH. Data points used to calculate doubling
time were based on growth during exponential stage, from the experiments visualized in Figure
12 (See Methods for details). Data are the average + standard deviation of three replicates.

Generation time during Start of exponential growth (min)
exponential growth (min)
Media p PAO1 PAO1 AcolR PAO1 PAO1 AcolR
LXMS16mM |5 60.9 +10.2 N/A 590.0 = 60.6 N/A
L-gin 6 62.1£6.5 65.7+11.0 395.0+95.3 355.0+75.5
7 514+74 46.7+ 1.8 295.0+22.9 295.0+22.9
BLXMS20mM | 5 42.4+10.8 N/A 225.0+15.0 N/A
succinate 6 36.9+6.7 50.1+£9.7 180.0 + 39.7 550.0 +£ 56.8*
7 46.4+£29 473144 155.0+17.3 170.0 + 8.7

* significantly different from PAO1 (p < 0.05) by pairwise t-test

N/A — Growth curve did not consistently reach exponential phase before end of 24h period.
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Chapter 3: Discussion

3.1 ColRS is a conserved regulator of rhizosphere colonization factors in Pseudomonas spp.
I found that like in P. fluorescens and P. simiae (50, 51), P. aeruginosa colRS is required
for colonization of the Arabidopsis rhizosphere (Figure 2; 50). This suggests that ColRS
regulates conserved genes required for growth of diverse Pseudomonas spp. in the plant
rhizosphere. Therefore, studying ColRS regulation in P. aeruginosa PAO1, a model
Pseudomonas strain with a well-annotated genome, has the potential to identify rhizosphere
colonization factors that are conserved in beneficial plant-associated Pseudomonas. My RNA-
seq results, and previous studies, indicate that dgk4 and the PAP2-encoding PA4382 are colR-
dependent in both P. aeruginosa (Figure 7) and P. putida (63), and I found that dgk4 and
PA4382 are required for P. aeruginosa rhizosphere colonization (Figure 9). Since ColRS is a
conserved rhizosphere colonization factor across Pseudomonas, both dgkA and PA4382

orthologs could function in rhizosphere colonization across diverse Pseudomonas spp.

3.2 The ColRS regulon is partially conserved between Pseudomonas spp.

A high degree of sequence similarity between P. putida ColR, P. fluorescens ColR, and
P. aeruginosa ColR (Figure 1), and similar growth defects of the co/R mutant in the rhizosphere,
iron, zinc, and manganese (Figure 2 and 11) strongly suggests that ColR regulates similar genes
and processes across Pseudomonas spp. (50, 64). Several colR-dependent genes in P. aeruginosa
identified by my RNA-seq analysis were previously found to be ColR-regulated in P. putida (63,
64), which serves as a validation for my RNA-seq experiment and indicates conservation of the
ColR regulon. P. aeruginosa dgkA, PA4382 and their orthologs in P. putida are examples of

genes that are co/R-dependent in both organisms (Figure 7; 63). A colR-dependent operon in P.
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aeruginosa, warAB (Figure 7), is also ColR-regulated in P. fluorescens and P. putida (53, 63).
PA4517 encodes a pEtN transferase in P. aeruginosa PAO1 and is colR-dependent in the
rhizosphere (Figure 7); its ortholog in P. putida, cptA, is ColR-regulated in high concentrations
of zinc (64).

The expression of most of the co/R-dependent genes in P. aeruginosa identified by RNA-
seq have not been previously shown to be col/R-dependent in P. putida or P. fluorescens. These
include #pbA, encoding a protein tyrosine phosphatase, mntP, encoding a manganese efflux
pump, and the agtABCD operon, encoding a polyamine ABC transporter (Figure 7, Table 2).
BLAST search results of the P. aeruginosa colR-dependent genes against P. putida KT2440,
identified P. aeruginosa genes that do not have an obvious homolog (below 30% identity, or no
significant similarity found) in P. putida, such as tpbA and mntP. Genes in the agtABCD operon
are conserved in P. putida (83-90% identity) but were not predicted to be ColR-regulated. There
are also ColR-regulated genes in P. putida that did not show co/R-dependence in my RNA-seq
analysis. These include oprQ encoding an outer membrane protein and pagL, encoding a lipid 3-
O-deacylase, which are directly repressed by ColR in P. putida (63). It is possible that these
ColR-regulated genes are not colR-dependent in the rhizosphere, or the ColRS regulon has
diverged between Pseudomonas spp.

RNA-seq analysis of P. aeruginosa PAO1 and PAO1 AcolR gene expression in the
rhizosphere identified co/R-dependent genes in P. aeruginosa that were previously identified in
P. putida, and genes that may be unique to the ColR-regulon of the different species.
Collectively, these results suggest a partial conservation of the ColR-regulon across

Pseudomonas spp.
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3.3 ColR induces the expression of multiple LPS modification enzymes in rhizosphere-
growing P. aeruginosa.

Consistent with the hypothesis that ColRS regulates outer membrane integrity, I found
colR-dependent expression of several genes involved in LPS modification. My RNA-seq analysis
found that three genes encoding predicted pEtN transferases in PAO1, ept4, PA3310, and
PA4517, had a colR-dependent increase in expression in the rhizosphere (Figure 7, Table 2).
EptA is the only predicted pEtN transferase among the three gene products that targets the lipid
A of LPS (70). PA4517 likely targets the LPS core sugars, as it has 63% amino acid sequence
identity to Salmonella enterica CptA (96). PA3310 could potentially target flagella and pili,
which are other targets of pEtN modification found in Gram-negative bacteria (113, 114). From
the characterized and predicted functions of the enzymes encoded by ept4 and PA4517, ColR
likely regulates the expression of genes required for pEtN transferase modification of both the
lipid A and core portions of LPS.

I also found that the warAB operon has co/R-dependent induction in the rhizosphere
(Figure 7) (57). P. aeruginosa WarA is a c-di-GMP-binding methyltransferase and WarB is a
putative LPS kinase (57). WarA and WarB likely function together to phosphorylate and
methylate the terminal reducing end of a growing O-antigen chain on LPS to terminate its
extension (57, 115). Deletion of warA4 in P. aeruginosa increased the average O-antigen chain
length, while overexpression of warA decreased the average O-antigen chain length (57).
Decreased expression of warAB in PAO1 AcolR compared to PAOT1 in the rhizosphere suggests
that PAO1 AcolR may have LPS with longer O-antigens.

Though differences in gene expression suggests that the PAO1 AcolR outer membrane

has an altered LPS profile, whether and how these LPS modifications contribute to P. aeruginosa
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fitness in the rhizosphere is unclear. Nuclear magnetic resonance (NMR) or matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) mass spectrometry analysis of LPS from
wildtype P. aeruginosa and the AcolR mutant should provide direct evidence of changes to LPS
composition (96). Though single transposon mutants in ept4, PA3310, PA4517, or warA did not
result in rhizosphere colonization defects (Figure 4B, Table 2), this could be explained by
functional redundancy within the ColR-regulon. In P. putida, deletion of 3 or more ColR-
regulated loci was required to have a significant impact on zinc sensitivity, suggesting that the
loss of one or two ColR-regulated genes could be compensated for by other genes in the regulon
(64). In Haemophilus ducreyi, another bacteria with three predicted pEtN transferases, only
deletion of all three genes encoding predicted pEtN transferases resulted in a significant decrease
in resistance to human defensins (116). Therefore, I speculate that the LPS modification enzymes
regulated by ColR could have functional redundancy in their contribution to PAO1 fitness in the

rhizosphere.

3.4 ColR and heavy metal tolerance

Heavy metal tolerance is a ColRS-regulated phenotype that has been extensively studied
in P. putida. Mutation in either colR or colS decreased the tolerance of P. putida to growth on
media with high levels of select heavy metals: zinc, iron, manganese, and cadmium, but not
cobalt, copper, or nickel (64). Consistent with this, I found that loss of colR also negatively
impacts growth of P. aeruginosa in media containing high levels of zinc, iron, and manganese,
but not copper (Figure 11). I found that high levels of ZnSO4, FeSO4, and MnSO4 decrease the
growth rate and increase the duration of lag phase of PAO1 AcolR relative to PAO1 (Table 4).

The increased lag phase of PAO1 AcolR in ZnSO4, FeSO4, and MnSO4 likely indicate slower
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adaptation to growth at high concentrations of these metals through ColRS-independent
mechanisms.

ColS in P. putida has been hypothesized to directly bind and sense the presence of Zn**
and Fe*" ions through a periplasmic ExxE motif (Figure 1) (64). Though I used Fe?* instead of
Fe** in FeSO4, Fe** quickly oxidizes to Fe** in the media (64). I observed that PAO1 AcolR
exhibited biphasic growth in FeSOa, with a short initial exponential growth phase followed by a
long lag, and a second exponential growth phase at approximately 925 min (Figure 11). I
speculate that PAO1 AcolR was initially not impaired in growth in Fe?*, but was unable to
quickly adapt after oxidation of Fe?" to Fe**.

It is intriguing that PAO1 AcolR had a pronounced growth defect in high levels of FeSO4
and ZnSO4 but not in high levels of CuSOg4 (Figure 11). Iron, zinc, and copper are essential
micronutrients, however iron is required at higher amounts to support bacterial growth, and
competition for iron is a frequent battle at the host-pathogen interface (117). Proteins that require
iron as cofactors are involved in essential intracellular processes including respiration and
nucleotide biosynthesis (117). Excess free iron is toxic to cells however, mainly through the
Fenton reaction, in which Fe?" reacts with hydrogen peroxide (H>0») to generate damaging
reactive oxygen species (ROS) (118). Because iron is both essential and toxic, P. aeruginosa has
extensive methods for iron acquisition, sequestering, and detoxification (104, 119). In contrast,
copper is a general antimicrobial agent is used in healthcare settings to reduce bacterial
contamination (120). Cu?" has the highest metal complex stability out of the divalent metals in
the first transition metal row of the periodic table (121), which means that free copper in the
cytoplasm has the highest tendency to replace metal cofactors in metalloproteins to cause

mismetallation. Therefore, the growth defects of PAO1 AcolR in FeSO4 and ZnSO4 were likely
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not due to a general increase in membrane permeability towards divalent cationic transition
metals; if this were the case, PAO1 AcolR should also have decreased tolerance to CuSOa. |
speculate that PAO1 AcolR may be unable to suppress the uptake of, or to sequester or export
specific metal ions including Zn?* and Fe**. Higher expression of fecA in PAO1 AcolR relative to
wildtype PAO1 (Table 1), a gene involved in citrate-mediated Fe3* import (122, 123), could

potentially contribute to the lower tolerance of PAO1 AcolR to Fe**.

3.5 Combination of low pH and soluble metals as abiotic stresses in the rhizosphere.

I have shown that the P. aeruginosa colR mutant has a growth defect at low pH. At pH 5,
there was no growth of PAO1 AcolR mutant, while at pH 7 the growth of PAO1 AcolR was
similar to wildtype PAO1 (Figure 12). How ColRS protects P. aeruginosa from low pH requires
further investigation. Two-component systems have been shown to sense and respond to acidic
pH in other bacteria. In Salmonella, the two-component system PhoPQ is activated by low pH
and induces a PhoPQ-dependent acid tolerance response (124). The sensor PhoQ may undergo a
conformational change after exposure to pH 5.5 due to protonation of histidine residues in the
periplasmic or the cytoplasmic domain (55, 125). Another two-component system, CpxRA,
regulates an acid tolerance response in E. coli (108). The sensor, CpxA, is also capable of
sensing low pH through protonation of periplasmic histidine residues (108). PhoPQ regulates
many lipid A modification enzymes (55), and CpxAR can respond to cell envelop stress by
regulating outer membrane porins OmpC and OmpF, and increasing production of unsaturated
fatty acids (108, 126), in their respective organisms. Given that ColR regulates several LPS
modification genes, it is possible that ColRS also contributes to acid tolerance by regulating

outer membrane composition.
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Because solubility of metals is dependent on pH (109, 127, 128), pH stress may also
increase soluble zinc, iron, and manganese. Low pH could directly function to inhibit the growth
of PAO1 AcolR in the rhizosphere, indirectly through increasing the concentration of soluble
transition metals in the rhizosphere, or both. Although I found that the FeSO4 and ZnSO4 MIC of
PAOI1 AcolR in LB were much higher than the concentrations present in 2X MS media (Table 3;
85), 2X MS is more acidic than LB. Lower pH of the rhizosphere may decrease the metal MIC
of PAO1 AcolR, and combined with the presence of multiple transition metals in the plant culture

medium, could serve to inhibit the growth of PAO1 AcolR in the rhizosphere.

3.6 Conclusion and future directions

In summary, I found that P. aeruginosa colR is required for Arabidopsis rhizosphere
colonization and in vitro tolerance to metals and low pH. Currently, it is not known which col/R-
dependent genes are responsible for conferring tolerance to metals or low pH. To dissect the
genetic basis of the co/R-dependent tolerance to zinc, iron, manganese, and to low pH, the
transposon insertion mutants in co/R-dependent genes PAO1 two-allele library could be tested
for impaired growth in high concentrations of metals or low pH. Because of the possible
functional redundancy in the ColR-regulon as previously described, mutations in multiple ColR-
induced genes may be required to see a significant defect in the in vitro phenotypes.
Identification of mutants that are impaired for growth in both the rhizosphere and in media with
high metal content or low pH would further strengthen the hypothesis that these abiotic stresses
inhibit the growth of PAO1 AcolR in the rhizosphere. It would also be interesting if any colR-

dependent genes required for rhizosphere colonization, such as tpbA, dgkA, and PA4382, were
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not required for growth in high concentration of metals or in low pH, as this would suggest that
ColR is required for adaptation to multiple distinct stresses in the rhizosphere.

Lastly, we showed that colR in a chronic infection isolate LESB58 positively influences
virulence in a mouse abscess model (Figure 3). We speculate that the reduced abscess area and
tissue necrosis could indicate that colR is involved in regulating virulence factors, or factors that
elicit murine innate immunity (17). ColR-dependent genes in the rhizosphere are also virulence
factor candidates in a mouse model. Characterization of abscess formation by deletion mutants in
colR-dependent genes could lead to the discovery of ColRS-regulated multi-host association

factors in P. aeruginosa.
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Appendices — Supplemental Figures and Tables
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Figure S1. Calibration curves used for the conversion of GFP fluorescence to ODgoo in the 48-
well GFP rhizosphere colonization assay. Overnight cultures of GFP-expressing bacteria were
diluted to ODeoo 0.01, 0.03, 0.1, 0.3, and 1, before aliquoting 300 pl of each dilution in duplicates
into 48-well plates and measuring GFP fluorescence. (A) The linear trend obtained using PAO1-
GFP was used to estimate rhizosphere ODgoo of all PAO1-derived mutants containing the pSMC21
GFP-expression plasmid. (B) The linear trend obtained using PAO1 Aco/R-GFP + pcolRnp and
used to estimate rhizosphere ODgoo of PAO1 and PAO1 AcolR containing pSMC21, and either EV
or pcolRnp.
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Figure S2. ColR is not required for growth in minimal media. Growth curves of PAO1 and
PAOI1 AcolR were conducted in M9 minimal media supplemented with 24 mM L-gln in 96-
well plates. Plates were incubated at 37°C, and ODgoo measurements were taken every 15 min
for 24 h. Three replicates were conducted with similar results. A single experimental replicate
is shown with averages and standard deviations of 6 technical replicates per time point.
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Figure S3. A plasmid encoding co/R with its native promoter complements zinc
tolerance defect of PAO1 AcolR and LESB58 AcolR mutants. Cultures of (A) PAOI or (B)
LESBS58 wildtype and Aco/R with empty vector (EV) or the co/lR complementation vector
(pcolRnp) were serially diluted and plated in duplicates on LB plates with and without 3 mM
ZnSOq. Plates were incubated at 37°C for 1 (PAO1) or 2 (LESB58) days. Experiments were
repeated at least twice, with representative images shown.
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Table S1. Strains and plasmids.

Strain or plasmid Genotype or description Source
E. coli strains
DH5a pir supE44 AlacU169 (®lacZAM15) recAl endAl hsdR17 thi-1 gyr496 reldl zdg- Lab stock
232::Tnl0 uidA: :pir+
SM10(Apir) thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu Km Apir Lab stock
P. aeruginosa
strains
PAOI1 H103 PAOIL subline H103; parental strain of PAO1 mutants and wildtype to the PA two- (14)
allele mutant library
PAOI AcolR PAOIL colR clean deletion; ColR response regulator mutant This study
PAO1 AcolS PAOL1 colS clean deletion; ColS sensor kinase mutant This study
PAOL1 AeptA PAOIL eptA clean deletion; pEtN transferase mutant This study
PAOIL transposon PA two-allele library generated by the Manoil lab (76)
mutants
LESBS8 Liverpool Epidemic strain (18)
LESB58 AcolR LESBS58 colR clean deletion; ColR response regulator mutant This study
Plasmids
pEXG2 GmR; Vector for Pseudomonas spp. allelic exchange (82)
pSMC21 CbR; ApR; Km®; Ptac-GFPmut2 (84)
PBBRIMCS-5 GmR; Broad host range cloning vector (83)
pAcolR PEXG2::AcolR-flanking; allelic exchange vector; used for generating co/R clean This study
deletion in both PAO1 and LESB58
pAcolS PEXG2::AcolS-flanking; allelic exchange vector This study
pAeptA pEXG2::Aept4-flanking; allelic exchange vector This study
pcolRnp PBBRIMCSS::colRyy; colR complementation vector with native promoter This study
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Table S2. Primers used for construction of strains and plasmid. For deletion constructs,
flanking regions of the gene were amplified and joined using overlap PCR. Primers used for
overlap extension PCR are listed in the following order: 1) upstream flanking region outside
primer, 2) upstream flanking region inside primer, 3) downstream flanking region inside primer,
4) downstream flanking region outside primer, 5) upstream confirmation primer, 6) downstream
confirmation primer. The last two rows are primers used for amplification of colR for
construction of the pcolRnp complementation plasmid.

Strain Primer Restriction Sequence (5° 2 3°)

name site

colR F1 HindIII AATCGAAGCTTAGCGCGAACAGGACGAATC

colR_R1 - CAGCAAGGCCACGGAGAATGGTCCCACTCCTTCGCAGGA
PAOI1/ colR_F2 - TCCTGCGAAGGAGTGGGACCATTCTCCGTGGCCTTGCTG
LESBS58 colR R2 Xbal AATCGTCTAGACAGCAGTTCGCATGAGGTGG
AcolR colR seqF - AAGTGCGCACCTTGCAGC

colR seqR - TCGCGCATCTCCTCGGTG

colS _FI HindIII AATCGAAGCTTTTCCTGCGAAGGAGTGGGAC

colS R1 - CGAACCGGCAGCCATGCGGCGAGGCTCTGCTTATACTCC

colS F2 - GGAGTATAAGCAGAGCCTCGCCGCATGGCTGCCGGTTCG
PAO1 AcolS  colS R2 Xbal AATCGTCTAGACAGCGGGATGAAATCGAGATGC

colS_seqF - CGAGCGTAGAGCCGGTG

colS seqR -

eptA _F1 Xbal ATCGATCTAGAGATCACGGTGATCACCGGC

eptA R1 - GAAATAGTCCTTTCGCCGAGTCGTAGGGCACGGATCTTCACTGAC
PAO1 Aeptd  eptA F2 - TACGACTCGGCGAAAGGACTATTTC

eptA _R2 BamHI ATCGAGGATCCATTGCCGGCGTGATAGTGG

eptA seqgF - ACCGATCGGATGGCTGAGGGC

eptA seqR - CCTCTCCAGCTCGTCCAGTGTCTGC
Plasmid Primer Restriction Sequence (5° 2 3°)

name site
pcolRnp colRnp F Xbal ACTGTCTAGACTGGGTCATGCGATCTCCAAC

colRnp R HindIII ACTGAAGCTTCTCTGCTTATACTCCATTCGGCTC

Table S3. Primers used for qRT-PCR.

Gene name Forward primer sequence (5° 2 3°) Reverse primer sequence (5° 2 3°)
PA0004 (gyrB) GGTGTTCGAGGTGGTGGATA TGGTGATGCTGATTTCGCTG
PA1972 (eptA4) AACGTCATGCAGACCAACCC CCAAGCAACGCCAGGTAGAC
PA2910 (mntP) GCCTGCACATGATCCACAAC TCACCGCGAGAATCCAGAAC
PA3310 GCGGTAATGGTAGGCAGCTT GTCGGGTTGATGAAGTGGGT
PA3223 (azoR3) CATGAACATGGGCCCGGAAT AAGGGAGGTGTCGGTTTCCA
PA3540 (algD) CCTGTCGCGCTACTACATGC ATAGGTGAGGGCGCGTACAT
PA3551 (algA) CGCTTCCAGGTCAAGCACAT CCGGAAACCACGATCCAGTG
PA3885 (tpbA) CATGAGCCCCACCCTCTATC TGAAGCTGACCACCGTCTTC
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