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ABSTRACT 
 

Pantoea is a genus of Gram-negative bacteria within the Enterobacterales. Much of what 

is known about Pantoea has been determined through studies focused on its 

phytopathogenicity and epiphytic associations. Limited research has been conducted on 

Pantoea to characterize its capacity for opportunism in humans, despite numerous reports 

of clinical infections. This thesis aims to identify genetic factors that could contribute to 

host association and thus, opportunistic infections by Pantoea. Chapter 1 provides a 

broad literature review of Pantoea, opportunism and virulence, model systems to assess 

virulence, and the field of genomics. Chapter 2 describes the adaptation of a model 

system using an amoebal predator, Dictyostelium discoideum, to screen bacteria for 

candidate virulence factors. Ten strains of Pantoea ananatis were screened for resistance 

to amoebal grazing, which was used as a potential indicator for virulence. A high-

throughput genetic screen was developed and performed with grazing-resistant P. 

ananatis BRT175. This screen identified genes involved in quorum sensing, periplasmic 

protein redox maintenance, anaerobic metabolism regulation, and nucleotide 

biosynthesis. A novel hexose-based glycolipid biosurfactant, produced by the rhlA and 

rhlB genes in P. ananatis BRT175, was identified as being key for both swarming 

motility and grazing resistance. However, the rhlA and rhlB genes were present in both 

grazing-resistant and -susceptible strains. Chapter 3 addresses the differential regulation 

of rhlA in Pantoea. Variants within the putative promoter region of rhlA were identified 

in the 10 P. ananatis strains with an allele being correlated with grazing resistance. The 

promoters of rhlA from both P. ananatis BRT175 and P. stewartii DC283 were cloned 
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into a lux reporter plasmid. The P. ananatis BRT175 rhlA promoter showed higher 

expression at 21°C compared to 30°C and 37°C. The P. stewartii DC283 rhlA promoter 

was less active, both in P. stewartii DC283 and P. ananatis BRT175, in hrp inducing 

medium than the native rhlA promoter from P. ananatis BRT175. Chapter 4 explores the 

genes associated with grazing resistance in the 10 P. ananatis strains using multiple 

comparative genomic techniques. This included kmer analysis with Neptune and gene 

presence/absence analyses with Roary and OrthoMCL to identify additional virulence 

factors to explain the spectrum of grazing resistance within P. ananatis. Multiple 

candidate genes were identified in subsets of resistant strains including formate 

dehydrogenase-N, which may increase fitness when dealing with phagocytes. P. ananatis 

virulence factors that differentiate it from P. stewartii were also determined. All 10 P. 

ananatis strains have the genes, yhcF and yhcA, which are part of putative fimbrial 

biogenesis cluster that may aid in host-specific adhesion. The pagC gene, a homologue of 

the Salmonella Resistance to Complement Killing (rck) virulence factor, was also present 

in P. ananatis but not in P. stewartii. SNP and indel analysis identified variation in the 

upstream region of the quorum sensing regulator eanI that was common to grazing-

susceptible strains. This thesis identified multiple virulence factors in P. ananatis that 

have the potential to facilitate opportunistic infections of humans. This work also 

describes the genetic versatility of P. ananatis and highlights that its ability to colonize 

and persist in multiple host niches lies within both the conserved core and open pan-

genome. 
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Chapter 1 Introduction 

1.1 Pantoea, a Ubiquitous and Versatile Opportunist  

Pantoea is a genus within Enterobacterales that is comprised of over 20 species 

with strains exhibiting diverse niche colonization capabilities (1, 2). Pantoea can be 

found throughout the environment in extremely different habitats from jet fuel to 

Antarctic soil (3), to rice paddies in India (4). The genus Pantoea was first defined in 

1989 when a phenotypically similar group, called the Enterobacter agglomerans-Erwinia 

herbicola complex, was separated taxonomically from Enterobacter and Erwinia (5). 

This separate group was defined using DNA-DNA hybridization using E. herbicola 

ATCC 14589 as a type strain with Pantoea agglomerans and Pantoea dispersa being the 

first two species described (5). The Erwinia are comprised primarily of plant associated 

bacteria (6), whereas many cases of opportunistic human infection have been associated 

with Enterobacter (7). This previous classification into both genera via phenotypic assays 

hints at the dual nature of many Pantoea species as both opportunistic and plant 

pathogens (1). However, much of the research on Pantoea has been driven primarily by 

its interactions with plants as a pathogen, epiphyte, and endophyte. 

Pantoea can form beneficial relationships with plants where the plant provides a 

suitable niche for growth and persistence and in return, Pantoea can promote growth or 

prevent other more virulent bacteria from gaining a foothold. Epiphytic strains of P. 

agglomerans, Pantoea vagans, and Pantoea ananatis produce an array of antibiotics 

including pantocins (8, 9), herbicolins (10, 11), and secondary metabolites (12) that are 

effective for antibiosis against the causative agent of fire blight, Erwinia amylovora (13–

15). Antibiotic producing strains of Pantoea have been formulated into products for 
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rosaceous orchards to control E. amylovora (11, 16). Pantoea may also form endophytic 

relationships with plants (17). P. ananatis B1-9 is a rhizosphere isolate that is capable of 

nitrogen fixation and producing indole-3-acetic acid to promote plant growth in peppers 

(18, 19). Similarly, the endophytic P. agglomerans YS19 produces phytohormones and 

promotes growth in rice (20). The newly defined species Pantoea alhagi LTYR-11Z 

forms an endophytic relationship with wheat plants where it improves drought tolerance 

through suspected modulation of stress responses in planta (21).  

Pantoea-plant interactions can also be detrimental to the plant host. Pantoea 

stewartii is one of the best characterized plant pathogen specialists in the genus. P. 

stewartii is a phytopathogenic species and is the causative agent of Stewart’s Wilt, a once 

potentially devastating corn disease before the development of resistant cultivars of corn 

(22, 23). P. stewartii has specialized virulence mechanisms to be able to infect and persist 

within susceptible corn. The bacterial type III secretion system (T3SS) is used to secrete 

harpin (HrpN) and WtsE within corn leaves to induce necrosis, wilting, and water-soaked 

lesions (24, 25). The yellow carotenoid pigment, typical of many Pantoea species, is used 

by P. stewartii to reduce sensitivity to H2O2  and is essential for plant pathogenesis (26). 

Quorum sensing is also implicated in assisting in virulence as the induction of virulence 

factors at the appropriate cell density and location is critical for pathogenesis in P. 

stewartii. Adhesion is favoured at low cell densities whereas production of the 

exopolysaccharide stewartan, responsible for blocking xylem and causing wilting, is 

induced only at high densities as it can interfere with the ability of the bacteria to adhere 

to the plant (27). Swarming motility (28), a type of coordinated movement that can be 
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observed on semi-solid agar surfaces, is also characteristic of some strains of Pantoea, 

and is known to be essential for P. stewartii to cause plant disease (29). 

There is strong evidence that Pantoea can acquire plant pathogenic capabilities 

through mobile genetic elements. P. ananatis has the potential for phytopathogenicity 

and has been typically characterized as an onion rotter (30–32). The virulence genes 

associated with onion pathogenicity are located in regions that are suspected to be 

plasmid borne and can be associated with mobile genetic elements, such as phage 

recombinases (32). These genes encode proteins related to acquisition of nutrients from 

onion hosts and overcoming plant defenses (32). Portions of this virulence region are also 

present in the endophytic P. ananatis BD-1 indicating that strains that are beneficial in 

one plant host may be pathogenic in another (32). P. agglomerans pathovar (pv.) 

gypsophilae is a plant pathogen restricted to gypsophila (Baby’s breath) and P. 

agglomerans pv. betae infects both gypsophila and beets where they both induce gall 

formations at the stem/soil interface (33). The pathogenicity of both strains can be traced 

to a single plasmid called pPATH that contains T3SS elements, mobile genetic elements, 

and phytohormone biosynthesis genes. The host-range restriction of P. agglomerans pv. 

gypsophilae is mediated by a single gene, pthG, on this plasmid as it elicits the 

hypersensitive response in beets that prevents gall formation (34). 

Pantoea can also form associations with insects (1, 35, 36). P. stewartii uses a 

T3SS, called Pantoea secretion island 2, to colonize and persist in the flea beetle vector 

(23, 36). This vector is critical for P. stewartii as it provides habitat for overwintering and 

depositing viable cells via feces near wound sites that allow for plant pathogenesis (23). 

P. stewartii can also be pathogenic towards insects with P. stewartii DC283, which is 
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normally non-pathogenic in the flea beetle, using the gene, ucp1, for virulence in aphids 

(35). This gene allows for colonization of the aphid crop and gut where the bacteria 

aggregate to cause a fatal blockage in the aphid’s digestive system. Wounds caused by 

the onion thrip plant pest were also found to increase the disease potential of P. ananatis 

(37). Tobacco thrips have been identified as a vector for onion pathogenic strains of P. 

ananatis (38, 39); however, the genetics of association appear to be not well 

characterized. The relationship appears to be commensal as the bacteria do not pose a 

fitness impact on the thrip and, like P. stewartii, fecal deposition is the mode of 

transmission to the plant (40).  

A comparison of the pan-genome (41), or the entirety of genes present in the 

strains compared, of P. ananatis identified genes with homology to insect associated 

bacteria including insecticidal peptides and biosynthetic genes (42). This comparative 

analysis also identified numerous animal associated virulence genes including 

hemolysins, toxins, and multiple secretion systems. Additionally, the type VI secretion 

system (T6SS) (43) that is known to be involved in animal and plant interactions (44–48), 

as well as bacterial competition (48–50), has been described in a comparative genomics 

study of P. ananatis (51). This study identified three different T6SS loci among 46 P. 

ananatis strains with one of the three loci being restricted to diseased plant isolates, 

which suggests that this secretion system could aid in host association. 

There have been numerous clinical reports of infection where Pantoea was 

isolated and described as the suspected causative agent, including strains of P. 

agglomerans (52–55), P. ananatis (4, 56), P. calida (57, 58), P. dispersa (59), P. eucrina 

(60, 61), and P. septica (60) species. Many Pantoea isolates are susceptible to a variety 
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of antibiotics used in clinical settings (54) but multi-drug resistant isolates have also been 

identified (62–64). Pantoea is closely related to genera of enteric pathogens including 

Escherichia, Salmonella, and Klebsiella (1). It is possible that these resistance genes are 

being horizontally acquired from these clinically relevant bacteria. The existence of these 

opportunistic clinical isolates of Pantoea is a confounding factor in using the bacteria as a 

biocontrol agent due to the possibility of horizontal gene transfer of pathogenicity factors 

(65–67). Phylogenetic relatedness does not appear to be a good predictor of fitness in 

plant or animal hosts with clinical strains often grouping within clades of environmental 

or plant isolates (68–70). There are limited studies on the mechanisms of virulence that 

may be involved with human pathogenesis caused by Pantoea, despite the mounting 

evidence that virulence factors for human pathogenesis are present within the genus due 

to multiple clinical reports of infection. The potential for opportunism in Pantoea 

necessitates further study of this diverse and versatile genus.  

1.2 Generalism and Specialization in Pathogenic Bacteria  

Evolutionary pressures have been driving prokaryotes for billions of years to 

adapt to new environments and competitors. The evolution of eukaryotic cells provided 

new opportunities to select for both mutualistic and antagonistic interactions with 

prokaryotes. Eukaryotic cells are larger and more complex with an increased abundance 

of nutritional resources for bacteria to exploit (71), but eukaryotic cells are not 

defenseless, with organisms like amoebae developing mechanisms to exploit bacteria as a 

food source through phagocytosis. This competition with phagocytic predators has led to 

an evolutionary arms race between bacteria and their predators (72, 73). Additionally, 
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interbacterial competition is a continuously evolving battle for limited nutritional and 

spatial resources. Microorganisms have developed strategies to sense, respond, and 

persist in niches through adaptation driven by continuous selective pressures or by 

maintaining a diverse genetic complement to deal with an array of challenges. Selective 

pressures can push microbes towards specialization in a specific host or towards 

generalism to adapt to multiple environments (74, 75). Defining the concepts of 

generalism and specialization in pathogens allows one to classify where Pantoea falls 

within this spectrum to identify appropriate comparative organisms and methods for 

assessment of virulence. 

Specialist pathogens have streamlined their genetic complement through 

generations of adaptation and reductionism to be able to replicate more efficiently in very 

specific niches, such as with the causative agent of syphilis Treponema pallidum (76). 

This organism is such a specialized pathogen that it cannot be effectively propagated 

outside of a mammalian host (76). The process of specialization is also evident in the 

pathogen Mycobacterium leprae where nearly half the genomic content has been reduced 

to pseudogenes (77). M. leprae has specialized to the point where it persists only within 

lower temperature periphery tissues in human hosts, which has necessitated the 

exploitation of armadillos as a model organism due to their lower body temperatures (78). 

It is hypothesized that this gene loss and niche selection were driven by the loss of sigma 

factors (79).  

Generalist pathogens retain a more diverse genetic repertoire to be able to adapt to 

different hosts and different environments within a host. Human pathogenic strains of 

Escherichia coli have maintained genes that allow for environmental persistence (80, 81)  
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as well as persistence in alternative host organisms (82, 83). E. coli is capable of 

infiltrating plants via their root systems and persist within leaf structures allowing for 

infection of susceptible human hosts after consumption (84). This adaptability is due in 

part to flexibility in metabolism to use a variety of nutrition sources in contrast to more 

specialized fastidious pathogens (78, 85) . 

Opportunistic pathogens are frequently generalists that maintain a large repertoire 

of genes to enable metabolic flexibility to adapt to a variety of environmental and host 

niches (74, 86, 87). Once established in a host, some opportunists can begin to become 

more specialized to their specific niche particularly in cases of chronic and persistent 

infections (88).There are trade-offs though as this specialization can limit the adaptability 

and ecological niches in which the organism can survive (75, 89). In some cases, the 

specialization of a single isolate after a chronic infection has been established, such as 

when Pseudomonas aeruginosa is shown to become less virulent over time, when 

assessed in  D. discoideum grazing model, in chronically infected cystic fibrosis patients 

(90). The process that allows for this specialization is called adaptive radiation where 

once established in a heterogeneous environment, selection occurs, which optimizes the 

genetic repertoire for specialization into niches while still allowing for persistence (86, 

91). 

Predatory phagocytes can act both as a reservoir for and a selective force on 

bacterial strains to develop opportunistic traits that increase their virulence potential. The 

relationship between Legionella pneumophila and Acanthamoeba is an excellent model 

of this phenomenon. L. pneumophila intracellular survival and virulence capabilities 

likely evolved due to the predator-prey relationship between the bacteria and the amoeba 
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(92). The bacteria are able to circumvent the fusion of the phagosome and lysosome to 

prevent breakdown during initial infection in both Acanthamoeba and macrophage (93, 

94). L. pneumophila is able to acquire nutrition from the host and replicate intracellularly 

(95, 96).The amoebae provide a safe environment for L. pneumophila to persist through 

harsh environmental conditions, such as chlorination, due to the ability of the amoebae to 

create cysts (92, 97, 98) and also carries the bacteria into a susceptible host via aspiration 

or inhalation (92, 99). This evolutionary relationship with amoebae has provided a cross-

adaptive ability to persist within macrophage in humans (100).  

Opportunism is frequently both host- and niche-dependent. Normally commensal 

strains of bacteria can become virulent within a host when the opportunity arises. 

Streptococcus pneumoniae normally colonizes the nasopharynx in healthy individuals 

without causing disease symptoms (101). However, an immunocompromised individual 

or those taking medication with an immunomodulating effect can be susceptible to 

invasive disease from the same commensal strain (101–103). Uropathogenic E. coli can 

persist within the human intestinal tract without causing disease symptoms but it can 

cause disease when shifted over to the urogenital tract (104). Pantoea exhibits 

opportunistic traits as infections are known to occur primarily in immunocompromised 

individuals (53, 54, 56, 105–107). The ability of Pantoea to associate with plants (54, 

108) also provides opportunity to infect healthy individuals after penetrative injury from 

thorns and splinters where it can cause localized infection (54, 109). 
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1.3 Virulence: Alternative Model Organisms for Assessment 

While often used interchangeably, pathogenicity and virulence have different 

definitions. Pathogenicity is a black and white concept; an organism is either pathogenic 

or it is not. It is the ability to cause some detriment in a host whether by its own 

mechanisms or via a host’s response to that organism (110). In contrast, virulence exists 

on a spectrum where it is the degree of damage caused to a host, along with the capacity 

for transmission (110). Pathogenic bacteria can cause damage to their host with virulence 

factors that subvert host defenses and assist in acquiring nutrition (111). Virulence factors 

allow for bacteria to either invade or persist within a niche in their host, which 

subsequently allows for the bacteria to feed on their host to grow and replicate (111, 

112). Virulence factors also allow for competition with the host microbiota so the 

infectious bacteria may colonize the host and monopolize the host’s resources (113). The 

infectious bacteria must be able to compete with the host microbiota, which help prevent 

other bacteria from usurping them from their respective niches, and therefore act as one 

of the host defense mechanisms (112, 114). These virulence factors can consist of a 

number of products produced through anabolic processes such as endotoxins, exotoxins, 

adhesion factors, capsules, and siderophores (111). There is evidence that strains within 

Pantoea have the capacity to be pathogenic towards humans but the degree of virulence 

and the genetic factors that allow for pathogenicity are not well defined (68, 70). 

The study of pathogenicity and virulence factors has necessitated the development 

of model systems to identify isolates with pathogenic traits and to allow for 

characterization of their virulence factors. Traditional models involve using cell culture 

with human or rodent macrophage cell lines for in vitro characterization. Whole organism 
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models that involve inoculating animal hosts are also used to assess pathogenicity 

through monitoring survival and colonization of host tissues. But even whole organism 

models are not always effective at assessing virulence for some pathogens (115). These 

traditional models can be resource intensive and may require specialized equipment, 

reagents, or facilities to be able to conduct experiments. Alternative host model systems 

provide efficient methods to develop hypotheses and identify virulence factors when 

assessing pathogenic organisms. These alternative host models are especially effective at 

assessing opportunistic pathogens that may use strategies that affect organisms across 

diverse phyla (116). 

Insect host models have been developed due to the similarities in innate immunity 

between insects and mammals (117), and how closely pathogenesis in insects reflects 

pathogenesis in animals (118). Insect models allow for whole organism based assays 

where competitive index assays can be performed to compare the growth of wildtype to a 

mutant strain to evaluate impacts on the mutant pathogen’s fitness (119, 120). 

Experimental methods have been developed to use Drosophila melanogaster to both 

assess pathogenicity and to identify virulence factors. Two main methods for high-

throughput screening have been developed. A needle-pricking method allows for thoracic 

or abdominal wounding and replicable inoculation of bacterial cells (121, 122). A feeding 

method involves using sucrose solutions mixed with the bacterial organism of interest as 

a way to inoculate the fly gut (122, 123). These assays are then amenable to analysis via 

survivorship counts and quantitative assessments of bacterial growth. D. melanogaster 

has been used to verify numerous virulence factors and phenotypes including twitching 

motility (124, 125). There are drawbacks however, as D. melanogaster experiments are 
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not performed at human physiological temperatures (121). Galleria mellonella is another 

insect model that has the advantages of tolerating incubation at 37°C and displaying 

obvious indicators of infection that allow for qualitative screens (126). These qualitative 

assessments are based on the response of G. mellonella larvae to infection where they 

produce melanin and subsequently turn completely black once dead (126, 127). 

Quantitative assessments can also be performed via homogenization of infected larvae 

and performing standard colony counts using the homogenate (127). Recent studies have 

also used bioluminescent markers introduced into pathogens to infer growth and to 

identify factors inducing virulence within G. mellonella via bioluminescent imaging (128, 

129). 

Dictyostelium discoideum has been studied extensively as a model organism due 

to its unique lifecycle that is at the threshold of multicellularity in single celled organisms 

(130, 131). D. discoideum exists as free-living vegetative phagocytic predatory cells that 

feed upon bacteria within the soil environment. It has evolved mechanisms to respond to 

starvation within the environment where cells congregate together to differentiate into 

specialized cells that form a fruiting body with spores (130, 131). The spores can persist 

until conditions are favourable for vegetative growth. This life cycle is amenable to the 

development of a model system where the inability for the amoebae to feed upon 

bacteria, or “grazing resistance”, can be used as an indicator of virulence potential (132). 

This grazing characteristic and the ability to culture D. discoideum without a bacterial 

food source (axenically) makes it particularly amenable for high-throughput 

experimentation (132–134). 
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D. discoideum has conservation of many basic cellular processes characteristic of 

mammalian cells including phagocytosis and motility (135). Genomic analysis has shown 

that D. discoideum has more genes known to be involved in human disease than 

Saccharomyces cerevisiae despite being more evolutionary divergent (136). The grazing 

resistance model allows for the identification of virulence factors with relevance to other 

models and humans due to some of these conserved processes (137). For example, the 

T6SS, a secretory system with a needle-like apparatus that can insert effectors into target 

cells (138), was first identified in Vibrio cholerae using a grazing resistance model (44). 

D. discoideum also shares similar host defense mechanisms with insect related models. A 

D. discoideum host defense gene necessary for feeding upon K. pneumoniae, phg1, was 

found to also be conserved in D. melanogaster  (139). Disruption of this gene in either 

organism significantly reduces their abilities to survive when challenged with K. 

pneumoniae  (139). Virulence traits identified using D. discoideum have also translated to 

virulence in murine and macrophage experiments (134, 140). One drawback of using D. 

discoideum is that it is limited to temperatures under 25°C, which may not induce 

temperature regulated virulence factors (141). The success of the D. discoideum grazing 

resistance model in studying virulence in other opportunistic pathogens indicates that this 

model would be suitable for assessing Pantoea virulence (134, 142, 143). 

1.4 Metabolism and Transcriptional Activation 

A significant proportion of gene products essential for virulence are actually 

enzymes involved in metabolism  (144, 145). For example, pyrimidine and purine 

biosynthesis are essential for growth and virulence of multiple pathogenic bacterial 
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strains within hosts (146, 147). A virulence factor mutagenesis screen using D. 

melanogaster and G. mellonella identified that the pyrimidine and purine biosynthetic 

pathways of Burkholderia cenocepacia were essential for virulence (148).Virulence and 

metabolism are intimately linked, as the nutritional status of a bacterium can determine 

what virulence pathways are activated to drive growth and replication. Understanding the 

regulatory cross-talk between metabolism and virulence within Pantoea can elucidate 

metabolic traits within the genus that may be adaptive for virulence in humans. 

The host environment provides cues to bacteria via metabolite availability that 

impacts the induction of virulence factors. Carbon catabolite repression is a regulatory 

mechanism used by bacteria to favour one carbon source over another (149). These 

mechanisms allow bacteria to first metabolize carbon sources that can be used most 

efficiently while repressing pathways responsible for processing secondary carbon 

sources (149, 150). This repression can link the carbon sources available within a host 

environment to virulence and resistance pathways (149, 151). There are multiple 

mechanisms of repression that can differ between families of bacteria (149). 

Nevertheless, these regulatory systems generally involve post-translational control, post-

transcriptional modulation, and transcriptional regulation that often ties in with 

expression of virulence factors and increases colonization potential in specific hosts.  

Transcriptional activation is a critical factor in controlling the induction virulence 

associated pathways in response to environmental cues. The growth stage and metabolic 

state of Gram-negative bacteria impacts what sigma factors are available to induce gene 

transcription. RNA polymerase requires the sigma 70 family factors to initiate 

transcription (152–154). The RpoD (sigma 70) sigma factor is the primary sigma factor 
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responsible for general transcription of genes (154, 155). Gram-negative bacteria have a 

varying assortment of alternative sigma factors to initiate transcription of genes necessary 

for responding to specific stimuli or metabolic status (156, 157). This includes the RpoS 

sigma factor that is part of the stress and stationary growth response (156, 158). RpoS can 

impact the production of secondary metabolites necessary for virulence (158, 159). RpoS 

can modulate virulence by inducing virulence associated genes (158), although it can 

have a suppressive effect such as in Pectobacterium carotovorum (synonymous, Erwinia 

carotovora) where rpoS mutants are more virulent (160). RpoN or sigma 54 family sigma 

factors are often involved in nitrogen metabolism and can induce virulence (156, 161). 

Sigma 54 factors recognize an alternative promoter architecture than sigma 70 factors and 

require a secondary activator protein to initiate transcription (162). RpoN is necessary for 

transcriptional activation of virulence-associated genes including motility in P. 

aeruginosa and V. cholerae and the T3SS in Pseudomonas syringae (156, 161, 163).  

One of the key links between metabolism and virulence is the stringent response, 

which is activated to produce a nucleotide derived signal in response to nutritional 

deficiency in bacteria and increases their resistance to environmental stressors (salt 

concentrations, pH, heat, and oxidation) (164–166). These environmental stressors can be 

cues to adapt to challenges posed by a host environment and being able to respond to 

stress within a human host would be an important indicator of virulence potential within 

Pantoea. The stringent response is characterized by the accumulation of the alarmones, 

guanosine 5′-diphosphate-3′-disphosphate and guanosine 5′-triphosphate-3′-disphosphate 

((p)ppGpp), which are synthesized from GDP or GTP, respectively (166). The 

mechanisms of synthesis and degradation of (p)ppGpp can vary; however, most Gram-
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negative bacteria accumulate (p)ppGpp in response to metabolic stress to upregulate 

biosynthetic and metabolic genes and downregulate growth related genes with so called 

stringent promoters (164, 166). The mechanism of how (p)ppGpp affects the RNA-

polymerase complex and transcription is not well understood, but it is known to usually 

be associated with an accessory protein (DksA) that binds the RNA-polymerase (166, 

167). The stringent response directly inhibits many of the growth related house-keeping 

genes that are regulated by RpoD (166). This  allows for the elevated transcriptional 

output of genes regulated by alternative sigma factors, such as RpoS (156, 159, 166). 

RpoS-dependent promoters also require high levels of (p)ppGpp to be maintained for 

transcription, but RpoS itself also directly inhibits stringent promoters (168). RpoS and 

alternative sigma factor gene upregulation is thought to be accomplished through a 

competitive mechanism. The presence of high concentrations of (p)ppGpp inhibits sigma 

70 dependent RNA-polymerase complex formation (or traps the complex to promoters) 

to allow for increased interaction between RNA-polymerase and alternative sigma factor 

regulated promoters (166, 167). However, not all sigma 70 specific genes are repressed 

when the stringent response is induced. Stringent inhibition of sigma 70 genes is based on 

the GC content of the promoter region of genes where low GC content allows for 

transcription under the stringent response whereas GC-rich promoters are suppressed 

(166). 

1.5 Swarming and Biosurfactants 

Motility is an important trait for pathogenic bacteria as it assists in migration 

towards target environments and the subsequent invasion of host tissues. P. ananatis 
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LMG20103 causes disease in onion by using swimming motility via flagella to move 

towards host tissue and pili-mediated twitching motility to then spread across the surface 

of the onion (30). Another form of motility, called swarming motility, is an important 

mechanism for invasiveness in some opportunists (167, 168). Limited knowledge exists 

on the swarming capabilities within Pantoea, however, a form of swarming motility has 

been identified in P. stewartii that is important for pathogenesis in corn (28). Swarming 

motility is a coordinated movement of bacteria across a semi-solid agar surface (typically 

0.4-0.7% agar) (28). This motility can allow for diffuse growth across the surface of the 

growth medium to increase growth efficiency and is differentiated from swimming 

motility where bacteria move through the medium (28, 169). Nutritional requirements 

during swarming can vary between strains and may require specific carbohydrates, such 

as glucose (170, 171). Swarming motility is also often density dependent where it is 

governed via quorum sensing (28). Quorum sensing can be a complex multi-level 

regulatory network important in both plant and animal pathogens (172, 173). The general 

premise is that an inducer protein generates a molecule recognized by a regulatory 

protein that alters its role in repressing or inducing gene networks (174).  

 Biosurfactants are secondary metabolites produced by microbes, including both 

Gram-negative and Gram-positive bacteria, that can be used to aid in swarming motility 

by wetting and reducing surface tension on the agar surface to facilitate movement (175). 

Bacterial biosurfactants have been studied for their ability to solubilize hydrocarbon 

contaminants in the environment (176, 177). Bacteria produce surfactants in water and 

soil environments to make these contaminants, which are rich carbon sources, miscible 

for uptake and breakdown (177–179). There are lipopeptide-based biosurfactants such as 
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surfactin and serrawettin that are produced by Bacillus subtilis (180, 181) and Serratia 

marcescens (182), respectively, that aid in swarming motility. Glycolipid-based 

biosurfactants are produced by yeasts and Gram-negative bacteria where a hydrophilic 

sugar moiety is associated with hydrophobic hydrocarbons (177, 183). 

 Rhamnolipids are glycolipid secondary metabolites that are produced by multiple 

genera including Burkholderia (184, 185) and Pseudomonas (186, 187). They are 

probably best characterized for their involvement in swarming and virulence in 

Pseudomonas aeruginosa (188, 189). The general rhamnolipid structure consists of one 

or two rhamnose sugars associated with fatty acids of varying chain lengths but there are 

multiple structural variants, or congeners, produced by these strains (177). RhlA produces 

3-(3-hydroxyalkanoyloxy) alkanoic acids (HAA) from precursors involved in fatty acid 

biosynthesis (190, 191). Originally it was thought that these precursors were generated by 

RhlG (190, 192), but it now appears that alternative genes may be necessary in P. 

aeruginosa (193, 194). The rmlBDAC (195) operon is necessary for the dTDP-L-

rhamnose sugar used for rhamnolipid synthesis (191).  

Glycolipid and lipopeptide-based biosurfactants can also be used for defense 

against predators within the environment (196, 197). The serrawettin W2 lipopeptide 

produced by S. marcescens acts as a chemical repellant for predatory nematodes (196). 

Similarly, rhamnolipids have been shown to protect P. aeruginosa from D. discoideum 

grazing (197). Rhamnolipid biosurfactant production is also cross-adaptive for 

neutralizing predatory immune cells (198) and increases bacterial invasiveness by 

altering epithelial cellular junctions (189). Strains of Pantoea have been found to produce 
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biosurfactants as a secondary metabolite (1, 3). However, limited research has been 

performed on the impact of Pantoea biosurfactant production on fitness and opportunism. 

1.6 Genomics and Pathogenomics 

 The advent of next generation sequencing (NGS) systems has made the 

burgeoning field of genomics an accessible and affordable way to study prokaryotic 

organisms. The first prokaryotic genome to be completely sequenced was Haemophilus 

influenzae Rd. in 1995 (199). This sequencing was completed with PCR products from 

plasmid libraries using dye-terminator and capillary electrophoresis Sanger sequencing, a 

laborious and expensive process. Prokaryotic genomes can now be sequenced in less than 

a day for the fraction of the cost (200, 201).  Whole genome sequencing (WGS) is now 

affordable for academic laboratories to routinely sequence microbial isolates with high 

depth of coverage. 

Multiple competing NGS strategies are used for routinely sequencing prokaryotic 

genomes (202). Much of the NGS data generated has been short reads of fewer than 200 

bp, relative to longer Sanger sequencing reads of approximately 1000 bp, generated by 

technologies that report the addition of single nucleotides to a DNA template via 

“sequencing by synthesis”. Illumina uses this sequencing by synthesis method where 

fluorescence from the addition of nucleotides is detected (203). Illumina sequencing has 

the disadvantage of short read lengths that complicate assemblies across repetitive 

elements; however, mate-pair (204) and paired-end (205) sequencing and read lengths of 

up to 300 bp have helped to improve genome contiguity in de novo assemblies. The Ion 

Torrent PGM is a chip-based sequencing by synthesis machine that measures voltage 
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changes induced by pH flux caused by the addition of nucleotides (206). This sequencing 

method lacks the resolution to routinely correctly sequence homopolymers of nucleotides 

(207) and is probably best suited to genome re-sequencing projects where a reference 

genome is available for mapping reads. PacBio sequencing technology has the advantage 

of being able to generate long sequencing reads of over 10,000 bp, which allows for 

reading through most repetitive elements within prokaryotic genomes (208). Complete or 

nearly complete prokaryotic genomes can be assembled from a single sequencing run 

which can be used as a reference genome for mapped short read assemblies of related 

strains (208). However, PacBio is error prone (about an 11% error rate) so it requires 

high-depth of coverage or hybrid assemblies with other sequencing technologies to 

minimize sequencing errors (209). This high coverage requirement is relatively easily 

met with small prokaryotic genomes. The availability and affordability of HiSeq and 

MiSeq sequencers, based on Illumina technology, and the capability to generate quality 

draft genomes make this method suitable for de novo sequencing of Pantoea. 

The assembly of prokaryotic genomes from millions of short reads of nucleotides 

into annotated complete genomes is a challenging problem where bioinformatic strategies 

have been developed to generate accurate outputs. Multiple programs are available to 

manipulate NGS data, assemble short reads into contigs, and then annotate those contigs. 

First one must trim contaminating adapter sequences and assess the sequencing reads to 

assure quality (210). Tools like Cutadapt and FastQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ ) can assist with this process 

(211). Many assemblers, such as SPAdes (212) and ABySS (213), have error correcting 

algorithms to process reads before contig assembly. Typically, prokaryotic genomes with 
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short read assemblies benefit from at least 50× coverage during assembly, with some 

assemblers like ABySS being able to handle larger read sets (213, 214). A standard tool 

for annotation is the National Center for Biotechnology Information (NCBI) prokaryotic 

genome annotation pipeline (PGAP). PGAP now uses a pan-genomic approach to 

annotation where other strains within the species are used to guide the annotation of a 

submitted genome. Subsequently, PGAP uses the GeneMarkS+ software, an updated 

version of GeneMarkS (215), to predict genes with guidance from patterns within a 

species’ pan-genome (216). Prokka is a stand-alone software program for quick genome 

annotations in multiple output formats (217). Prokka uses Prodigal (218) for gene 

predictions and has many options to customize reference databases for annotations and 

optional modules for annotating elements like tRNAs. 

The cost reduction and ease of generating quality draft genomes of prokaryotic 

organisms allows for more effective means of identifying organisms (200, 203). Bacteria 

have been traditionally typed based upon phenotypic characteristics such as nutritional 

and temperature requirements for growth, motility, and colony morphology. The 

standards in clinical diagnostics and taxonomy have moved towards DNA-based methods 

to complement phenotypic assays (219). In conjunction with phenotypic assays, 70% 

genomic DNA-DNA hybridization has been used as the gold-standard cut-off value to 

define bacteria to the species level (220–222). PCR amplification of the 16S rRNA has 

also been used as a genetic marker for classifying strains via similarity cut-offs of at least 

97% and via phylogenetic trees using the 16S rRNA alignment (219). However, in 

Pantoea the 16S rRNA lacks discriminatory power to reliably type strains to the species 

level so additional conserved housekeeping genes are used to generate a concatenated 
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alignment for Multi Locus Sequence Analysis (MLSA) (223). MLSA is a technique that 

expands upon the Multi Locus Sequence Typing (MLST) method where isolates are 

characterized by allelic variation within defined conserved regions of housekeeping genes 

(224). Instead, MLSA uses phylogenetic models on these concatenated alignments to 

delineate strains and has been shown to provide results congruent with DNA-DNA 

hybridization (223, 225). Newer techniques for establishing relationships have been 

developed that take advantage of the ease and availability of WGS. Average Nucleotide 

Identity (ANI) is a technique that compares the whole genomic sequences of multiple 

organisms to determine relatedness. ANI values of 95% or higher between two strains 

have been shown to be congruent with the 70% DNA-DNA hybridization standard (226–

228). These ANI values are determined by alignments of homologous DNA sequences. 

The ANIb method (227) uses BLAST to generate alignments, and is preferred for more 

divergent strains (<90% ANI) while a ANIm MUMmer based method has been 

developed for more closely related strains ( > 90% ANI) (226).  

The field of pathogenomics has been greatly expanded due to the availability of 

NGS WGS data (229). Pathogenomics explores the genetics of what defines a pathogen 

and how bacteria evolve to become pathogenic to their hosts through genetic changes. 

The acquisition of new genes from other bacteria is one mechanism of adaptation. 

Horizontal acquisition of pathogenicity islands can occur through the conjugal transfer of 

plasmids and via lysogenic phage that encode virulence determinants. Corynebacterium 

diphtheriae can be converted from a non-pathogenic strain to a highly virulent pathogen 

through the acquisition of a phage carrying the diphtheria toxin encoded by the tox gene 

(230). Likewise, commensal E. coli strains can be similar to pathogenic strains, with the 
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latter being differentiated by the presence of plasmid associated virulence factors (231). 

Natural competence is also a strategy employed by some bacteria to take up foreign 

DNA, via specialized competence gene networks, where it can be recombined into the 

host genome (232). V. cholerae uses its T6SS to destroy other bacteria and acquire new 

effectors and resistance genes via natural competence, which provides a fitness advantage 

relative to non-adaptive strains (233–235). In addition to gain, bacteria can adapt to new 

host environments through gene loss. Genes that are not necessary for growth in a 

specific environment will be lost by natural selection since the fitness of the organism 

will increase by eliminating the genetic load the gene imposes (236). Genes may also be 

associated with increased immunogenicity, so mutations or gene loss may improve 

adaptation to the host (237), such as with flagellin in animal pathogens (238, 239). Gene 

loss can fine-tune horizontally acquired genes to a specific host during a process called 

pathoadaptation (240, 241). Non-adaptive genes can be pseudogenized through mutation 

or disruption by mobile genetic elements due to a lack of selective pressure for their 

maintenance (242–244). The presence of many pseudogenes within a bacterial genome is 

a strong indicator of recent adaptation to a new environment and/or host (243, 245, 246).  

There has been a rapid expansion of computational tools to analyze and compare 

microbial genomes. Genome wide association studies (GWAS) are a promising method 

to be able to use statistical methods to correlate genotypic changes with phenotype (247). 

GWAS can be performed both on categorical data, such as gene presence or absence 

patterns (248), as well as on sequence polymorphisms at the nucleotide and kmer level 

(247, 249–251). However, a caveat of using GWAS is that large sample sizes are needed 

for statistical analyses, such as pair-wise comparisons (248, 252, 253). A kmer-based 
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approach like Neptune can still be used to identify regions of interest for more in-depth 

analysis to assess phenotypic significance (251). OrthoMCL (254) identifies networks of 

orthologous proteins after proteomes are compared via all-vs-all BLASTP to identify the 

reciprocal best hits within and between species. The flexibility of OrthoMCL also allows 

for the inclusion of curated databases, such as the Virulence Factor Database (145), to 

group proteins with a reliable dataset to prevent ruling out orthologous clusters as 

potential virulence determinants due to misannotations that can occur from automated 

annotation. 

The pan-genome is a theoretical concept that consists of all the genes present 

within a defined group of bacteria, typically a species (41). It has become a well studied 

area of comparative genomics as it can be used as a tool to assess the versatility and 

variability of the genomes within a species group (255). From the pan-genome, one can 

determine the core genome that defines shared phenotypic traits within a species (41). 

The experimental generation of a core genome provides a powerful tool for phylogenetic 

studies to reliably delineate relationships between closely related isolates (256–258). 

Roary is a pipeline that can be used to generate both pan-genomes, core genome 

alignments, and gene presence/absence tables (257). Roary can accomplish this task with 

large datasets due to using a computationally efficient method. Clustering methods often 

rely on an initial all-vs-all BLAST, which is computationally intensive. Roary pre-

clusters similar sequences via CD-HIT (259, 260) so that all-vs-all BLAST comparisons 

are between smaller groups of proteins and then uses this information to cluster groups of 

homologous proteins. These groups are then separated further into orthologues and 

paralogues by using a conserved gene neighbourhood analysis and separated into 
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accessory and core genes. The defined core gene set can then be aligned for subsequent 

phylogenetic analysis. 

The use of traditional phylogenetic methods has been unable to differentiate 

strains with clinical potential from those that are environmental commensals or plant 

pathogens in many Pantoea species (68–70). Comparative genomics may help elucidate 

more subtle variations within Pantoea to determine whether acquisition or modification 

of specific effectors allow for pathogenesis in individual strains. Horizontal gene 

acquisition, strain-specific recombination impacting putative virulence effectors, and 

nucleotide polymorphisms that could impact regulation or function can be detected using 

pathogenomics tools. The comparison of whole genomes may also provide additional 

genetic signal to identify phenotypically similar groups within species via ANI analysis. 

1.7 Thesis Objective 

The overall goal of this work is to evaluate the opportunistic potential of Pantoea 

using a model system to identify strains exhibiting virulent traits and subsequently 

identify genetic factors that can contribute to virulence and opportunism. Analysis of the 

distribution of these genetic factors among Pantoea strains and understanding of their 

regulation and purpose in a context relevant to human physiological conditions also 

contributes to the general understanding of the pathogenic potential of Pantoea. 

1.7.1 Specific Aims 

1) To develop a D. discoideum-Pantoea grazing resistance model system to identify 

virulent Pantoea. (Chapter 2) 
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2) To conduct a genetic screen of Pantoea using the D. discoideum grazing 

resistance model to identify and characterize candidate virulence associated 

genes. (Chapter 2)  

3) To analyze the expression and regulation of genes in Pantoea that enable grazing 

resistance. (Chapter 3) 

4) To use a comparative genomics approach to analyze variations in the genetic 

complement between Pantoea strains with phenotypic variation in D. discoideum 

grazing resistance. (Chapter 4) 
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Chapter 2 A Novel Glycolipid Biosurfactant Confers Grazing 

Resistance to Pantoea ananatis BRT175 Against the Social Amoeba, 

Dictyostelium discoideum 
 

Modified from: Smith, D.D.N., Nickzad, A., Déziel, E., and Stavrinides, J. 2016. A 

novel glycolipid biosurfactant confers grazing resistance to Pantoea ananatis BRT175 

against the social amoeba, Dictyostelium discoideum. mSphere 1(1):e00075-15. 

doi:10.1128/mSphere.00075-15. 

2.1 ABSTRACT 

Pantoea is a versatile genus of bacteria with both plant and animal-pathogenic strains, 

some of which have been suggested to cause human infections. There is, however, 

limited knowledge on the potential determinants used for host association and 

pathogenesis in animal systems. In this study, we used the model host Dictyostelium 

discoideum to show that strains of P. ananatis exhibit differential grazing susceptibility, 

with some being resistant to grazing by the amoebae. We carried out a high-throughput 

genetic screen of one grazing-resistant strain, P. ananatis BRT175, using the D. 

discoideum pathosystem to identify genes responsible for the resistance phenotype. 

Among the 26 candidate genes involved in grazing resistance, we identified rhlA and 

rhlB, which we show are involved in the biosynthesis of a biosurfactant that enables 

swarming motility in P. ananatis BRT175. Using LC-MS, the biosurfactant was shown to 

be a glycolipid with monohexose-C10-C10 as the primary congener. We show that this 

novel glycolipid biosurfactant is cytotoxic to the amoebae and is capable of 

compromising cellular integrity leading to cell lysis. The production of this biosurfactant 
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may be important for bacterial survival in the environment and could contribute to the 

establishment of opportunistic infections. 

2.2 INTRODUCTION 

 Pantoea is a genus of Gram-negative bacilli in the Enterobacterales, and a close 

relative of human-pathogenic Klebsiella and Enterobacter. Pantoea includes epiphytic 

and pathogenic members that have been identified throughout the environment, including 

clinical settings. Infections caused by members of Pantoea are known to occur primarily 

in immunocompromised individuals with pre-existing conditions, and can result in 

abscesses, pneumonia, or bacteremia (53, 54, 56, 106, 107, 261); however, healthy 

individuals may be infected through penetrative injury by plant vegetation, which can 

result in cutaneous infections or develop into septic arthritis (54, 109). More concerning 

are the clinical cases of fatal bacteremia in neonates caused by contaminated parenteral 

nutrition as well as bacteremia in immunocompromised adults (53, 54, 56, 107, 261, 

262). Many members of Pantoea, such as Pantoea ananatis, while considered common 

environmental microbes, have been suggested to be opportunists with human pathogenic 

potential (1, 108).   

 P. ananatis was originally isolated from pineapple as the causative agent of 

fruitlet brown rot (263). Many strains have also been found to cause disease in a wide 

range of plant species, but are also reported to colonize humans opportunistically (108). 

A study examining virulence potential showed that a P. ananatis pineapple isolate was 

especially virulent in an embryonated hen egg model when compared to five clinical 

Pantoea agglomerans strains (68). Similarly, quantitative growth assays have shown that 
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closely related strains of P. ananatis can vary greatly in their growth potential in plant 

and insect model hosts (69), suggesting the presence of specific genetic factors that 

mediate host association (35, 264, 265). This has been explored further in a comparative 

genomics analysis of eight P. ananatis genomes, which determined that strains readily 

exchange genetic factors involved in host and niche-specific colonization (42). Candidate 

disease factors were suggested to include a putative adhesin, multiple type VI secretion 

systems (T6SS), and even type I fimbriae (42, 51).  The presence of animal cell-specific 

type III secretion systems (T3SS) have also been noted in several strains, although their 

involvement in host association and specificity is still unclear (67, 266). There is 

currently limited functional information on these and other genetic factors in this species 

that may contribute to opportunism and human pathogenicity. 

 Model pathosystems are excellent tools for identifying candidate disease factors 

in pathogenic bacteria. Dictyostelium discoideum has been used as a model host for host-

pathogen interactions due to its tractability, similarities in cellular response to virulence 

factors as in mammalian cells, and its ability to phagocytose bacteria (90, 134, 137, 142, 

267). Resistance to D. discoideum grazing can be used to identify isolates with possible 

virulence potential (132). Pseudomonas aeruginosa and Burkholderia pseudomallei 

mutants that are attenuated for virulence in the D. discoideum model are also attenuated 

in more complex model hosts like fruit flies and mice (134, 142). The D. discoideum 

pathosystem has been used to identify and assess the involvement of a variety of animal-

specific virulence factors in host association including the T6SS, T3SS, and various 

cytotoxins (49, 142, 143, 197, 268). In this study, we used D. discoideum as a model host 

to screen for genetic factors that may enable P. ananatis to exploit animal hosts. One 
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strain, P. ananatis BRT175, which was shown to have a grazing-resistant phenotype, was 

subjected to a genetic screen to identify the genetic determinants involved in resisting D. 

discoideum feeding. We show that two genes, rhlA and rhlB, are involved in producing a 

novel biosurfactant that is cytotoxic to D. discoideum. 

2.3 METHODS 

2.3.1 Cell Growth and Culturing 

Overnight cultures of Pantoea and Escherichia coli were grown at 30°C and 

37°C, respectively, in Miller LB broth (BD, Franklin Lakes, New Jersey) with shaking at 

220 rpm under appropriate antibiotic selection and conditions (Table 2.1) (kanamycin 50 

µg/ml, ampicillin 150 µg/ml, rifampicin 50 µg/ml, 38 µg/ml chloramphenicol). 

Dictyostelium discoideum AX2-214 cultures were incubated at 21°C and maintained in 

Petri dishes containing 10 ml HL5 (Formedium, Hunstanton, UK) medium with vitamins 

and micro-elements, supplemented with 13.5 g/l glucose, 300 µg/ml streptomycin, and 

150 µg/ml ampicillin. Cells were passaged every 4 to 6 days following a 100-fold 

dilution, and fresh stocks were prepared axenically from spores after 3 to 4 weeks of 

passaging (133). Spores were harvested from SM/5 plates (2 g/l glucose, 2 g/l Bacto 

Peptone (BD), 0.2 g/l yeast extract (BD), 0.2 g/l MgSO4⋅7H2O, 1.9 g/l KH2PO4, 1.0 g/l 

K2HPO4, 1.5% agar (BD), pH 6.5) with E. coli B/r as a food source (133). Cultures for 

downstream assays were prepared via a 100- to 200-fold dilution of confluent cells in 

Erlenmeyer flasks containing HL5 at no more than 20% of the maximum volume. The 

cells were incubated at room temperature and shaken at 180 rpm. Cells were harvested 

during log phase growth (typically 3 × 106 to 6 × 106 cells/ml) by centrifuging 15 to 50 
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ml of cell culture three times at 500 × g for 5 minutes and re-suspending the pellet each 

time in Sorensen's buffer with calcium (SorC) (2 g/l KH2PO4, 0.29 g/l Na2HPO4, 50 µM 

CaCl2, pH 6.0). The final pellet was re-suspended in 1 ml of SorC. Cells were 

enumerated in a haemocytometer and diluted to appropriate concentrations for 

downstream applications.   

2.3.2 Qualitative Screen for Grazing-resistant Strains   

A collection of Pantoea strains (69) was evaluated for grazing resistance 

(Appendix C2-1) using a modified qualitative D. discoideum assay (132). Cells from an 

overnight Pantoea culture were centrifuged at 10,000 × g for 5 minutes and re-suspended 

in an equal volume of SorC twice. To ensure consistency of inoculations across 

qualitative grazing plates, bacterial cell densities were standardized to a final optical 

density at 600 nm (OD600) of 1.0 in SorC by taking absorbance readings from 200 µl 

samples using a Biotek Epoch Microplate Spectrophotometer (Biotek, Winooski, 

Vermont) in 96 well plates (Greiner Bio-One, Model 655180, Monroe, North Carolina). 

Fifty µl of each bacterial suspension was spotted and allowed to dry onto 24 well plates 

containing 1.5 ml modified SM agar per well (269) (10 g/l glucose, 10 g/l Bacto Peptone 

(BD), 1 g/l yeast extract (BD), 1 g/l MgSO4·7H2O, 1.9 g/l KH2PO4, 0.6 g/l K2HPO4, 

1.5% agar (BD), pH 6.5). Suspensions of D. discoideum were pipetted in 5 µl aliquots 

onto the center of each well at 10,000, 1000, and 100 total cells. Escherichia coli B/r, 

which is used as the food source for D. discoideum, served as a control. Strains were 

identified as grazing-resistant if plaque formation was reduced or absent and sporulation 

did not occur after exposure to 10,000 D. discoideum cells after seven days of incubation 
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at 21°C (in darkness). The experiment consisted of two replicates, and experiments were 

repeated twice with similar results. 

2.3.3 Genetic Screening and Mutant Characterization 

Mutagenesis was carried out using a triparental mating approach, whereby the 

RK600 helper plasmid was used to introduce the pBSL118 plasmid, carrying a mini-Tn5 

transposon (kanamycin resistance), into P. ananatis BRT175 (rifampicin resistance) 

(Table 2.1). Aliquots of each overnight culture (1 mL) were pelleted and re-suspended in 

100 µl LB and mixed in a 1:1:1 ratio.  This tri-parental mixture (100 µl) was spotted on 

LB agar plates and incubated overnight at 30°C. A portion of the bacterial lawn was then 

scraped from the plate with the edge of a sterile spreader and spread on a LB plate 

containing rifampicin and kanamycin. Following incubation for 24 to 48 hours at 30°C, 

individual transposon mutants were picked and grown overnight at 30°C with shaking at 

150 rpm in 96 well plates containing 100 µl modified SM broth (recipe as above, without 

agar, pH 6.0 to 6.4) per well. The following day, 5 µl from each well was plated on a 

corresponding 96 well modified SM agar plate, allowed to dry, and overlaid with 2 µl of 

D. discoideum at 500 cells/µl. Plates were monitored for up to seven days for wells 

containing susceptible mutants, which were characterized by enhanced plaque formation 

and/or sporulation. Susceptible mutants were retested in replicates of eight for 

confirmation of the phenotype (Table 2.2).   

The location of the transposon insertion in each mutant was determined by inverse 

PCR (270). Briefly, DNA was extracted from each mutant using the E.Z.N.A® Bacterial 

DNA Kit (Omega Bio-Tek, Norcross, Georgia) as per the manufacturer’s directions. 
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About 1 to 2 µg of genomic DNA was digested for 2 hours at 37°C using HincII or PstI 

(New England Biolabs, Whitby, Ontario) in a 20 µl reaction volume using 20 units of 

enzyme and according to the manufacturer’s instructions. Ten µl of heat-inactivated 

digest was added to 3 µl T4 DNA ligase (New England Biolabs), 167 µl ddH2O, and 20 

µl 10× T4 buffer to be incubated 16 hours at 16°C. Ligations were purified using the 

E.Z.N.A® Cycle Pure Kit (Omega Bio-Tek) and eluted into a 30 µl volume. Typically, 5 

µl of purified ligation had sufficient template to be amplified in a 25 to 50 µl PCR 

reaction using EconoTaq® DNA Polymerase (Lucigen Corp., Middleton, Wisconsin) as 

per the manufacturer’s instructions, using the primers NPT+772 (5′ -

TTCGCAGCGCATCGCCTTCTATC - 3′) and NPT-41 (5′ -

AGCCGAATAGCCTCTCCACCCAAG - 3′). Cycling conditions were: one denaturation 

cycle of 94°C for 120s, followed by 40 cycles of 94°C for 30 s, 63°C for 30 s, and 72°C 

for 240 s, and one polymerization cycle of 72°C for 300 s. Amplification was verified by 

gel electrophoresis, and single amplicons were excised and gel purified from any 

reactions with multiple amplicons using the E.Z.N.A® Gel Extraction Kit (Omega Bio-

Tek) as per the manufacturer’s instructions. Amplicons were sequenced by Génome 

Québec (Montréal, Québec). Insertion sites were confirmed by BLAST analysis against 

the annotated P. ananatis BRT175 genome (271). 

2.3.4 rhlA-rhlB Mutant Phenotypic Characterization Assays 

To determine the relative differences in grazing susceptibility caused by the 

interruption of rhlA and rhlB, cultures of P. ananatis BRT175, rhlA::Tn5 (mutant 28C8), 

and rhlB::Tn5 (mutant 32C5) were grown overnight at 30°C in modified SM broth. A 0.5 
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ml sample of each strain culture was added to 5 ml of fresh modified SM broth and 

incubated for another 40 minutes at 30°C to dilute the cultures and increase the 

proportion of live cells. Cell densities were standardized to OD600 ~0.125 from 200 µl 

samples using the plate spectrophotometer in 96 well plates (as above). D. discoideum 

cells were diluted half-fold eight times starting at 1600 cells/µl. A 12.5-µl volume of 

bacteria was spotted on modified SM agar and dried. Five microliters of each of the 

dilution series of D. discoideum cells was placed on separate dried bacteria spots in order 

of decreasing concentration. Experiments were performed twice with two replicates each. 

To create conditioned culture media for the cytotoxicity assays, P. ananatis 

BRT175, P. ananatis BRT175 rhlA::Tn5 (mutant 28C8), and P. ananatis BRT175 

rhlB::Tn5 (mutant 32C5) were each grown at 21°C for six days with shaking at 220 rpm 

in modified M9 medium (2 mM MgSO4, 20 g/l glucose, 0.1 mM CaCl2, 1/5 dilution of 5× 

M9 salts [64 g/l Na2HPO4, 15 g/l KH2PO4, 2.5 g/l NaCl, 13.78 g/l NaNO3]). Sodium 

nitrate was substituted for ammonium chloride as it has been shown to be a preferred 

nitrogen source in Pseudomonas aeruginosa for surfactant production (272). Filtration 

was performed to retain products exported by the bacteria, while excluding bacterial 

cells. Cultures were centrifuged, the bacterial pellet discarded, and supernatants filter-

sterilized using 0.2 to 0.22 µm polyethersulfone (PES) bottle top filters. The supernatants 

and control media were adjusted to pH 6.52± 0.02 and re-sterilized using 0.2 to 0.22 µm 

PES syringe filters to standardize pH values for downstream assays. Supernatants were 

kept at 4°C between experiments.   

These supernatants were then used in plaque forming unit assays to assess D. 

discoideum cell viability after exposure to conditioned culture medium. Overnight 
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cultures of E. coli B/r were centrifuged twice for 2 minutes at 12,000 × g and 

resuspended in 1 ml SorC each time. The final E. coli suspension was then diluted to 

OD600 ~0.1 (200 µl, 96 well plate). The D. discoideum cells (harvested as above) were 

diluted to 15 cells/µl in SorC. Aliquots of 90 µl of modified M9 culture medium 

conditioned by P. ananatis BRT175, P. ananatis BRT175 rhlA::Tn5 (mutant 28C8), or P. 

ananatis BRT175 rhlB::Tn5 (mutant 32C5), or unconditioned culture medium as the 

control were prepared. Ten microliters of amoebae (~150 cells) were then added to the 90 

µl of medium and incubated for 25 minutes at 21°C. Three hundred microliters of the 

prepared E. coli suspension was added after incubation. The entire volume was pipetted 

on a 60 mm petri dish containing SM/5 medium and dried while on a rotary shaker to 

help evenly distribute the liquid. The plates were incubated at 21°C and plaque counts 

were taken after 3 to 4 days. Statistical comparisons were performed using the Kruskal-

Wallis test and Dunn’s test (273) for pairwise comparisons of the mean plaque counts 

from three independent experiments between the control and each treatment.  

Cell viability was assessed using a trypan blue viability assay. This was 

performed by re-suspending pelleted D. discoideum cells in 125 µl of filtered conditioned 

culture media from either P. ananatis BRT175, P. ananatis BRT175 rhlA::Tn5, or P. 

ananatis BRT175 rhlB::Tn5, with unconditioned modified M9 media as a control. A 

stock of D. discoideum cells was prepared at ~4000 cells/µl for creating 250 µl aliquots 

for each replicate. The cells were centrifuged for 5 minutes at 500 × g and the supernatant 

was discarded. D. discoideum cells were re-suspended and exposed to the conditioned 

culture media and control for a minimum of 20 minutes at room temperature. One 

hundred twenty-five microliters of 0.4% trypan blue was added and total and unstained 
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cells were enumerated by counting 25 of the 0.040 mm2 squares on a haemocytometer. 

Each treatment was performed in triplicate. Most cells in the wildtype conditioned culture 

medium treatment could not be enumerated as they were reduced to cellular debris. 

Statistical comparisons were performed using the Kruskal-Wallis test and Dunn’s test 

(273) for pairwise comparisons of the mean viability counts from three independent 

experiments between the control and each treatment. 

Swarming trials were performed by inoculating a single colony in the center of a 

modified SM agar plate containing 0.5% agar (w/v) and incubating at 21°C for 24 hours. 

P. ananatis BRT175 mutants were monitored for up to 48 hours for swarming. Swarming 

assays were also performed on modified M9 agar plates containing 0.5% agar (w/v) by 

centrifuging cultures grown at 30°C and re-suspending the bacterial pellet in the medium 

to an OD600 ~0.4 (200 µl, 96 well plate). Ten microliters of concentrated culture was 

applied to the centre of the agar plates and incubated at 21°C for 48 hours. All images in 

this study were captured using an Epson Perfection V330 Photo scanner at 600 to 1200 

DPI. 

2.3.5 Biosurfactant Production and Extraction 

[Performed and interpreted by co-authors, Nickzad, A. and Déziel, E as described in 

Smith, D.D.N., Nickzad, A., Déziel, E., and Stavrinides, J. 2016. A novel glycolipid 

biosurfactant confers grazing resistance to Pantoea ananatis BRT175 against the social 

amoeba, Dictyostelium discoideum. mSphere 1(1):e00075-15. 

doi:10.1128/mSphere.00075-15] 
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2.3.6 Liquid Chromatography/Mass Spectrometry Analyses 

[Performed and interpreted by co-authors, Nickzad, A. and Déziel, E as described in 

Smith, D.D.N., Nickzad, A., Déziel, E., and Stavrinides, J. 2016. A novel glycolipid 

biosurfactant confers grazing resistance to Pantoea ananatis BRT175 against the social 

amoeba, Dictyostelium discoideum. mSphere 1(1):e00075-15. 

doi:10.1128/mSphere.00075-15] 

2.3.7 Surface Tension and Emulsification Assays 

[Performed and interpreted by co-authors, Nickzad, A. and Déziel, E as described in 

Smith, D.D.N., Nickzad, A., Déziel, E., and Stavrinides, J. 2016. A novel glycolipid 

biosurfactant confers grazing resistance to Pantoea ananatis BRT175 against the social 

amoeba, Dictyostelium discoideum. mSphere 1(1):e00075-15. 

doi:10.1128/mSphere.00075-15] 

2.3.8 Phylogenetic Analyses 

 Homologs of the P. ananatis BRT175 rhlA and rhlB genes were identified using 

BLAST against both complete and draft genome sequences available at NCBI. 

Alignments were made using ClustalX2 with default parameters using iteration after each 

alignment step. Neighbour-joining phylogenies were constructed using MEGA 6 (274) 

with the Jones-Taylor-Thornton amino acid model, complete gap deletion and 500 

bootstrap replicates. The rhlA and rhlB genes from P. ananatis 15320, BRT98, Cit30-11, 

26SR6, and 17671 have been deposited in GenBank under accession numbers 
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KM819089, KM819090, KM819091, KM819092, KT455465, KT455466, KT455467, 

KT455468, KT455469, and KT455470. 

2.3.9 Growth Comparisons of P. ananatis BRT175 Mutants 

P. ananatis BRT175 and Tn5 mutants were inoculated into 10 ml of modified SM 

broth in a 15 ml conical tube, which was then tightly sealed and incubated overnight at 

30°C without shaking (275). Overnight cultures were standardized to OD600 ~0.2 (300 µl, 

96 well plate). Of the standardized culture, 50 µl was added to 250 µl of modified SM 

broth in a 96 well plate to be grown at 30°C for 18 hours with continuous medium 

shaking and OD600 readings taken every 20 min in a Biotek Synergy HT plate reader. 

Each experiment was performed three times independently with six replicates per strain. 

Nine mutants were tested per plate with P. ananatis BRT175 being used as a reference 

control for each set of mutants. Only one mutant per affected gene was tested (Table 2.2). 

Appendix C2-2 was generated in R using ggplot2 (276, 277). 

2.4 RESULTS 

2.4.1 Qualitative Assay Identifies Grazing-resistant P. ananatis Strains  

An initial screen against a collection of Pantoea using the D. discoideum grazing 

resistance model identified multiple grazing resistant strains within P. ananatis 

(Appendix C2-1). The grazing resistance of ten phylogenetically characterized  P. 

ananatis strains (69) was then further evaluated using a qualitative assay in which the 

plaque formation and sporulation on E. coli B/r, the standard food source for D. 

discoideum, were used as a reference (Table 2.1). Grazing resistance was variable 
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between the P. ananatis strains and ranged from minimal plaque formation through to 

full plaque formation and sporulation. P. ananatis BRT175 was the most resistant strain 

with minimal plaque formation and no sporulation when challenged with 10,000, 1000, 

or 100 D. discoideum cells on modified SM agar (Figure 2.1). Similarly, P. ananatis 

M232A, LMG20103, and 15320 also showed a grazing-resistant phenotype with no 

sporulation. P. ananatis B7, BRT98, and 26SR6 showed an intermediate phenotype with 

large plaque formation occurring even when only 100 D. discoideum cells were applied. 

Both P. ananatis Cit30-11, LMG5342, and 17671 were completely susceptible to D. 

discoideum grazing with large plaques forming and sporulation occurring in all 

treatments. Interestingly, the sister taxon strain to P. ananatis BRT175, P. ananatis 

17671, was one of the least grazing-resistant strains with plaque and spore formation 

being evident throughout the lawn. Grazing resistance and susceptibility did not appear 

correlated with phylogenetic relatedness within the P. ananatis species group (69) as 

strains at both extremes of grazing resistance are closely related.  

2.4.2 Transposon Mutagenesis Identifies Multiple Genes Linked to Grazing 

Resistance 

To identify the genetic factors involved in grazing resistance, the grazing-resistant 

P. ananatis BRT175 was selected for mutagenesis and a high-throughput genetic screen 

was initiated for D. discoideum grazing susceptibility. A total of 3789 mutants of P. 

ananatis BRT175 were screened, and 36 wells were identified as containing a grazing-

susceptible mutant, as indicated by large plaque formation and/or sporulation. These 36 

mutants were shown to represent 26 candidate genes that influence bacterial grazing 

resistance. Representative mutants from each of the 26 candidate genes were tested for 
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growth deficiencies, with many of the mutants showing little or no defect in growth rate 

or growth density relative to the wildtype (Appendix C2-2). These 26 genes included 

quorum sensing-related autoinducer synthase homologues of phzI and eanI, as well as 

purine and pyrimidine biosynthesis genes, guaB and pyrC, pyrD, and carB (Table 2.2). 

Also identified was the dsbB gene, which is involved in a two component system that 

forms disulfide bonds in periplasmic proteins (278–280), as well as the thioredoxin 

system component trxB, which plays an important role in replication during intracellular 

growth (281).  

The screen also identified rhlA and rhlB as being important for grazing resistance.  

The rhlA and rhlB genes, which were recovered once and four times, respectively (Table 

2.2), are adjacent genes in the P. ananatis BRT175 genome. Homologs of these rhlA and 

rhlB genes encode enzymes responsible for the biosynthesis of rhamnolipids in 

Pseudomonas aeruginosa and a few Burkholderia species (282). The transposon insertion 

in rhlA::Tn5 (mutant 28C8) occurred near nucleotide 385 of the 837-bp open reading 

frame, which would induce a polar mutation if the genes are co-regulated and in a 

putative operon (283, 284). The transposon insertion in rhlB::Tn5 (mutant 32C5) 

occurred near nucleotide 531 of the 1173-bp open reading frame. Both rhl mutants had 

severe impairment in grazing resistance, with amoebal sporulation being evident after 

seven days of grazing as compared to no sporulation and minimal plaque formation on 

wildtype P. ananatis BRT175. The rhlA::Tn5 mutant was even more susceptible, 

showing complete grazing susceptibility with as few as 500 amoebae being sufficient for 

sporulation, whereas 2000 or more amoebae were necessary for sporulation on rhlB::Tn5 

(Figure 2.2 A). 
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2.4.3 rhlA is Involved in Biosynthesis of a Glycolipid Biosurfactant 

[Performed and interpreted by co-authors, Nickzad, A. and Déziel, E as described in 

Smith, D.D.N., Nickzad, A., Déziel, E., and Stavrinides, J. 2016. A novel glycolipid 

biosurfactant confers grazing resistance to Pantoea ananatis BRT175 against the social 

amoeba, Dictyostelium discoideum. mSphere 1(1):e00075-15. 

doi:10.1128/mSphere.00075-15] 

We measured and compared surface tension and emulsification activities of 

culture extracts from P. ananatis BRT175 and the rhlA::Tn5 mutant to establish the 

involvement of a biosurfactant in reducing surface tension. Wild type culture extracts 

were found to reduce the surface tension of water from 72 to 40 mN/m, whereas the 

rhlA::Tn5 culture extracts could only reduce the water surface tension to 62 mN/m. 

Accordingly, the mutant extracts had almost no emulsification activity compared to wild 

type (Figure 2.3). These results suggested the production of an extracellular biosurfactant 

and the involvement of the rhlA product in its synthesis.   

To determine if the biosurfactant was a rhamnolipid, we analyzed the extracts 

from wild type and the rhlA::Tn5 cultures using LC/MS protocols developed for 

rhamnolipids. Wild type extracts had three peaks with m/z of 519, 547, and 575 

pseudomolecular ions [M−H]−, which were absent from the rhlA::Tn5 culture extracts 

(Figure 2.4), but none of these corresponded to any of the approximately sixty different 

known rhamnolipid congeners (177). To investigate this unexpected result, we used 

tandem mass spectrometry (MS/MS) fragmentation to further analyze m/z 519 

pseudomolecular ion, the most abundant molecule requiring rhlA for its biosynthesis. 

This biosurfactant was determined to be a monohexose-C10-C10, although the exact nature 
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of the sugar moiety is still undetermined (Figure 2.5). The two other identified masses 

(m/z 547 and m/z 575) appear to correspond to congeners containing hydroxy-dodecanoic 

(C12) and hydroxy-tetradecanoic (C14) acid moieties as side chain fatty acids. Further 

investigation will be required to fully identify the exact nature of these new 

biosurfactants. 

2.4.4 rhlA, but not rhlB is Essential for Full Swarming Motility 

Because rhamnolipids can aid in swarming motility in some species (185, 187, 

190), we compared the swarming proficiency of the rhl mutants relative to wildtype. 

Wildtype P. ananatis BRT175 exhibits a characteristic dendritic pattern on 0.5% 

modified SM agar (Figure 2.2 B,C), whereas the rhlA::Tn5 mutant is deficient in 

swarming on 0.5% modified SM agar and 0.5% modified M9 agar (Figure 2.2 B,C).  The 

rhlB::Tn5 mutant was still capable of swarming on both media types (Figure 2.2 B,C). 

The three other rhlB::Tn5 mutants (25E4, 24H12, 40C2), each of which appeared to have 

a unique transposon insertion site, also retained swarming activity on 0.5% modified SM 

agar. To determine whether swarming motility was an indicator for grazing resistance, all 

strains in the P. ananatis group were tested for swarming proficiency. Grazing-

susceptible P. ananatis Cit30-11, LMG5342, and E. coli B/r showed no motility (Figure 

2.6), whereas P. ananatis 17671, a grazing-susceptible strain, had a different motility 

phenotype as it appeared to move mostly linearly from the point of inoculation. P. 

ananatis 17671 did not form dendrites, nor did it form what is commonly referred to as a 

“featureless mat” (28), which is one of the motility patterns formed by some swarming 

bacteria. P. ananatis LMG20103, M232A, B7, 15320, BRT98, and 26SR6, which 
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represent both grazing-resistant and intermediate strains, formed primarily a “featureless 

mat” phenotype with some dendritic-like protrusions visible in B7, LMG20103, M232A, 

and BRT98 trials (Figure 2.6). 

2.4.5 The Biosurfactant Produced by P. ananatis BRT175 is Cytotoxic to D. 

discoideum  

To evaluate whether the new biosurfactant produced by P. ananatis BRT175 has 

a cytotoxic or inhibitory effect at concentrations produced within culture media, D. 

discoideum cells were exposed to cell-free culture medium conditioned with either wild 

type P. ananatis BRT175, rhlA::Tn5, or rhlB::Tn5 (Kruskal-Wallis, significant P = 0.02). 

In three independent plaque assay experiments, no plaques formed on plates seeded with 

amoebae that had been exposed to wild-type-conditioned culture medium (P = 0.0305) 

(Figure 2.7 A). Amoebae exposed to rhlA::Tn5-conditioned medium formed plaques 

similar to the number seen in control (P = 0.2728). Interestingly, the rhlB::Tn5-

conditioned medium also prevented plaque formation similar to the wild type conditions 

(P = 0.0305). Amoeba cell viability assays using trypan blue staining were consistent 

with these results (Kruskal-Wallis, P = 0.04), with exposure to the wildtype-conditioned 

culture media leaving mostly cellular debris (P = 0.0064) (Figure 2.7 B). Cells exposed to 

the rhlB::Tn5-conditioned medium were still largely intact, but many cells showed trypan 

blue uptake indicating loss of membrane integrity (P = 0.1065). There was also no 

significant difference between the rhlA::Tn5-conditioned medium and the control (P = 

0.4549). 
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2.4.6 rhlA and rhlB are Distributed Among Strains of P. ananatis 

 A survey of the distribution of the P. ananatis BRT175 rhlA and rhlB genes using 

BLAST identified the closest homologs in several other sequenced strains of P. ananatis, 

including P. ananatis LMG20103 (285), LMG5342 (286), AJ13355, PA13, as well as in 

unpublished draft genomes of P. ananatis 15320, BRT98, 26SR6, Cit30-11, and 17671. 

Homologs were also identified in P. stewartii subsp. stewartii DC283, which is a sister 

species to P. ananatis (69). Independent genealogies of the two genes constructed using 

representative sequences from a variety of species show partial congruence of the major 

clades, with monophyly of the P. ananatis-P. stewartii homologs; however, the most 

recent common ancestor of the P. ananatis rhlA gene is shared with Lonsdalea quercina, 

whereas the P. ananatis rhlB gene is more closely related to the Serratia marcescens 

homolog (Figure 2.8). In the Serratia and Dickeya lineages, the rhlA and rhlB genes are 

not adjacent to each other as in the P. ananatis strains. 

2.5 DISCUSSION 

This work explored the genetic factors responsible for grazing resistance and/or 

virulence of P. ananatis in a D. discoideum pathosystem. The qualitative grazing assay 

identified four out of ten strains as having a resistant phenotype (limited plaque 

formation), three with intermediate phenotypes (plaque formation, but no sporulation), 

and three with a susceptible phenotype (plaque and spore formation) (Figure 2.1). Sister 

strains, P. ananatis BRT175 and P. ananatis 17671, showed phenotypes on the two 

extremes of the grazing resistance spectrum, supporting the presence of specific genetic 

factors that contribute to this phenotype. It has been shown that there are differences in 
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the flexible genomic complement of P. ananatis strains, such that the species appears to 

have an open genome (42), which facilitates the introduction of substantial genetic 

variability and the acquisition of strain-specific virulence traits. In the case of grazing 

resistance, the method by which such factors confer the grazing-resistant phenotype may 

be through one of several mechanisms. The plaque formation with no sporulation, for 

example, may suggest that the bacteria interfere with the D. discoideum lifecycle, as 

shown with Salmonella enterica subsp. Typhimurium (287). S. enterica inhibits the D. 

discoideum starvation response through the T3SS (287) thereby preventing sporulation. 

We were unable to identify any T3SS in P. ananatis BRT175 that might function 

analogously (271). However, strains within the P. ananatis group may use other secretion 

systems, which are known to be responsible for producing cytotoxic factors by some 

bacteria (44, 51). It is also possible that bacteria produce anti-feeding factors, such that 

the amoebae starve to death. Serratia marcescens produces serrawettin W2, a surfactant 

that causes Caenorhabditis elegans to avoid feeding on the bacteria (196). Another 

mechanism to explain the grazing phenotype is the direct killing of the predatory 

amoebae. A wide variety of toxins and virulence factors are activated in a density-

dependent manner through quorum sensing regulation in a number of pathogenic bacteria 

(288–290), which may directly target the amoebae. Several of the 26 candidate loci 

implicated in grazing resistance were genes involved in biosynthetic pathways that had 

been shown previously to be involved in virulence in humans and animal model systems 

(Table 2.2).  

Of the candidate genes identified, the rhamnolipid biosynthesis genes, rhlA and 

rhlB, were of particular interest due to their involvement in the production of 
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rhamnolipids and their importance in the virulence of the opportunistic human pathogens, 

P. aeruginosa and Burkholderia spp. (189, 198, 291). Typically, rhlA and rhlB are in an 

operon (184, 292) and this may be the case for P. ananatis BRT175 based on the 

collinearity and close proximity of the two coding regions in the genome sequence (271). 

In other systems, these genes direct the production of rhamnolipids, which act as wetting 

agents that enable swarming motility, but which also have cytotoxic properties (190, 

198). RhlA is necessary for the synthesis 3-(3-hydroxyalkanoyloxy) alkanoic acids 

(HAA) (190). RhlB is the rhamnosyltransferase that transfers a dTDP-L-rhamnose to 

HAA to form a mono-rhamnolipid, while RhlC can transfer an additional rhamnose sugar 

to create a di-rhamnolipid (190, 292, 293). Interestingly, these glycolipidic biosurfactants 

have only been anecdotally reported in cultures of Enterobacteriaceae (177). In P. 

ananatis BRT175, the products of rhlA and rhlB are responsible for the biosynthesis of a 

novel, hexose-based surfactant. The lipid moieties primarily consist of hydroxy-decanoic 

(C10) acid, much like the rhamnolipids produced by P. aeruginosa (294), but other 

congeners were detected that likely consisted of hydroxy-dodecanoic (C12) or hydroxy-

tetradecanoic (C14) acid. This glycolipid also exhibits emulsification and surface tension 

reduction properties, which are known characteristics of rhamnolipid biosurfactants 

(177). 

The culture medium conditioned by the growth of P. ananatis BRT175 was 

cytotoxic based on our observations in a plaque forming unit assay and trypan blue 

staining of exposed cells. The cytotoxicity of the wildtype-conditioned medium is 

consistent with previous work in P. aeruginosa that showed rapid lysis of D. discoideum 

cells (197) and polymorphonuclear leukocytes (198) after exposure to rhamnolipid 
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extracts. While we did not observe plaque formation after exposure to rhlB::Tn5 

supernatant, trypan blue staining revealed compromised cells, suggesting the retention of 

some level of cytotoxicity likely due to the production of the fatty acid component of the 

biosurfactant by RhlA (Figure 2.2 A). In P. aeruginosa, the HAA precursor still 

possesses some surfactant properties (187, 190), which also explains the capacity for 

rhlB::Tn5 to still swarm, albeit differentially from wild type (Figure 2.2 B,C). 

Rhamnolipid-free and HAA-dependent P. aeruginosa swarming can lead to a reduced 

swarming zone (190) and  altered motility patterns (187). Another study examining the 

influence of rhamnolipids and HAA on swarming motility patterns identified that HAA 

can inhibit dendritic tendril formation and can cause repulsion of cells away from 

concentrations of HAA (295).  

Our analysis of the distribution of the rhlA and rhlB homologs revealed that these 

two genes are common to all P. ananatis strains analyzed. The qualitative differences in 

the grazing resistance phenotype between P. ananatis BRT175, P. ananatis BRT98, P. 

ananatis LMG20103, P. ananatis LMG5342, P. ananatis Cit30-11, P. ananatis 26SR6, 

P. ananatis 17671, and P. ananatis 15320 is not attributable solely to the presence rhlA-

rhlB genes as all eight genomes carry the genes (Figure 2.8). This suggests that 

differences in regulation, other unidentified genetic factors, or combinations thereof are 

involved in the P. ananatis-D. discoideum interaction. Nonetheless, the persistence of 

these genes in the P. ananatis lineage suggests they play an important role in the biology 

of this species. Furthermore, the presence of these genes in the sister species, P. stewartii, 

could suggest acquisition by the P. ananatis-P. stewartii common ancestor, although 

additional P. stewartii strains will need to be surveyed to test this hypothesis. The origin 
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of acquisition is not entirely clear, particularly given that the closest homolog of the             

P. ananatis-P. stewartii rhlA gene is that from the enteric L. quercina, whereas the P. 

ananatis-P. stewartii rhlB gene is closest to the homolog from a different enteric, S. 

marcescens (Figure 2.8). Because the homologs are not adjacent in the Serratia genome, 

this could indicate that the P. ananatis rhlA and rhlB have come from different sources. 

Alternatively, the Pantoea homologs may have been transferred to some of the other 

enterics individually, although there are insufficient representative sequences from this 

group to determine whether this is the case.   

The evolutionary arms race between microorganisms competing for the same 

environmental niche is thought to be an evolutionary driver for opportunistic pathogens 

(72–74). This predatory relationship of environmental amoebae with bacteria, for 

example, may select for traits in prey that confer resistance to phagocytosis, but which 

have the potential for exaptation as virulence factors that function against the cells of the 

innate immune system (72, 140, 197, 198). Such determinants may enable those same 

strains to exploit additional hosts, effectively expanding their host range to include 

animals and humans. Unraveling the key genetic factors that enable strains of Pantoea 

spp. to colonize different hosts will provide important insight into the pathogenic 

capabilities of this highly versatile group.   
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2.6 TABLES AND FIGURES 

Table 2.1 Bacterial and eukaryotic strains used in this study  

 

Species Strain Selection Source 

Pantoea ananatis 15320  Rice1 

 17671  Rice1 

 26SR6  Maize leaf2 

 B7 Rifampicin Maize2 

 BRT175 Rifampicin Strawberry3  

 BRT98 Rifampicin Strawberry2 

 Cit30-11 Rifampicin Naval orange leaf2 

 M232A 

LMG20103 

LMG5342 

 Maize2 

Eucalyptus4 

Human wound4 

Escherichia coli HB101 (RK600) Chloramphenicol  (296) 

 VPE42 (pBSL118) Kanamycin  

Ampicillin 

(284) 

 B/r  DBS0305924 (297) 

Dictyostelium discoideum AX2-214  Streptomycin 

Ampicillin  

DBS0235534 (297) 

1International Collection of Microorganisms from Plants; 2Dr. Steven Lindow, UC Berkeley; 3Dr. Gwyn 

Beattie, Iowa State;4 Dr. Teresa Coutinho, University of Pretoria 
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Table 2.2 Locations of Tn5 transposon gene insertions in grazing-susceptible 

mutants 

 
Grazing  
Phenotype*  

Locus  Gene Predicted Function Swarming Mutant 
Number 

+ L585_12500 ompR transcriptional regulator Y 28H12 

 L585_05285 cpxA histidine kinase Y 35D8, 18A11 

 L585_21390 phzR/luxR 

sdiA 

[intergenic space – upstream] transcriptional regulator  Y 10E5 

 L585_04860 ptsN PTS sugar transporter subunit IIA  Y 19E7 

 L585_22810 nagC/nagD transcriptional regulator (polar mutation of nagC) Y 26A5 

 L585_16630 dsbB disulfide bond formation protein  Y 26H9 

 L585_21750 serC 3-phosphoserine/phosphohydroxythreonine 

aminotransferase  

Y 28G12 

 L585_20040 srmB RNA helicase  N 36D8 

 L585_10945 yagG [intergenic space - upstream] uncharacterized member 

of the GPH family of galactose-pentose-hexuronide 

transporters (symporter)  

Y 31C1 

 L585_00065 motA flagellar motor protein  N 36E1 

 L585_00075 flhD [intergenic space - upstream] transcriptional regulator 

and flagellar apparatus operon 

N 42A7, 42H1** 

 L585_10950 eanI acyl-homoserine-lactone synthase  Y 22A12 

++ L585_10305  hypothetical protein (rrf2 domain, badM-like 

transcriptional regulator) 

Y 16A5, 16A2**, 

16A1**, 

16H12** 
 L585_04880 arcB [intergenic space – downstream] aerobic respiration 

control sensor protein  

Y 24A2, 

24A5*** 

 L585_16795 prc carboxy-terminal protease  Y 14G9 

 L585_21810 trxB thioredoxin reductase Y 39D5 

 L585_03130 rhlB rhamnosyltransferase I, subunit B  Y 32C5, 24H12, 
25E4, 40C2 

 L585_21385 phzI autoinducer synthase  Y 25E1, 26F4** 

 L585_03125 rhlA rhamnosyltransferase I, subunit A  N 28C8 

 L585_04515 pyrB aspartate carbamoyltransferase catalytic subunit  Y 36A4 

 L585_03535 carB carbamoyl phosphate synthase large subunit  Y 24G12 

 L585_19770 guaB inosine 5'-monophosphate dehydrogenase  Y 4H11 

 L585_21595 pyrD dihydroorotate dehydrogenase  Y 28H8 

 L585_04660 pnp polynucleotide phosphorylase/polyadenylase   N 30D8 

 L585_15360 prfC peptide chain release factor 3   N 8F6 

 L585_21170 pyrC dihydroorotase  Y 35F10 

*Mutants exhibiting plaque formation were scored as a grazing susceptible mutant (+), whereas mutants in 

which 4 out of 8 test wells exhibited spore formation were classified as an enhanced grazing susceptible 

mutant (++). The NCBI accession for the draft annotated whole genome shotgun sequence is 

ASJH01000000. 

**Mutant not tested for swarming capability. 

***Mutant did not swarm.   
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Figure 2.1 Qualitative assay of resistance of P. ananatis strains to D. discoideum 

grazing 

10,000, 1000, and 100 Dictyostelium discoideum AX2-214 cells were applied to dried 

bacterial lawns and monitored for 7 days for plaque formation and sporulation. E.coli B/r 

is used as the food source for D. discoideum and was included as a reference. The 

medium SorC was used for the no-amoeba control.   
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[Colour] 

 

Figure 2.2 Grazing and swarming phenotypes of Pantoea ananatis BRT175 

rhamnolipid mutants 

The predicted operon is shown at the top for each strain, with a red “X” indicating the 

disrupted gene. A: Grazing of P. ananatis BRT175, at different cell densities (250 to 

8000 cells) of D. discoideum AX2-214 after 7 days incubation. B: Swarming after a 24-

hour incubation on 0.5% modified SM agar. C. Swarming after 48 hours on 0.5% 

modified M9 agar. 
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[Colour] 

Figure 2.3 Emulsification activity of culture extracts of P. ananatis strains against n-

hexadecane 

Wildtype extract exhibits emulsifying activity, whereas the extract from the rhlA::Tn5 

(mutant 28C8) culture lacks any emulsifying activity, with the height of the hydrophobic 

phase being identical to the negative control (reagent grade water).  

 

Figure 2.4 Triple-quadrupole ESI-MS spectra of P. ananatis culture extracts 

obtained in negative ionization mode 

Pseudomolecular ions [M−H]− are observed at m/z 519, 547 and 575 for (A) the wildtype 

strain, which are absent in culture extracts of the (B) rhlA::Tn5 (mutant 28C8). Y-axis: 

Relative abundance considering the highest ion as 100%; X-axis: m/z for each ion. The 

pseudomolecular ion at m/z 271 corresponds to 16-hydroxyhexadecanoic acid which was 

added as internal standard. 
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Figure 2.5 Daughter ions produced upon fragmentation of the m/z 519 

pseudomolecular ion, using tandem MS/MS 

The proposed structure and fragmentation pattern are illustrated. 
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[Colour] 

 

Figure 2.6 Swarming motility patterns of wild type P. ananatis strains and E. coli 

B/r 

All images represent the motility patterns observed after incubation for 24 hours at 21°C 

following a single point inoculation on 0.5% modified SM agar. B7-A and B7-B 

represent two different swarming phenotypes of P. ananatis B7. 
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Figure 2.7 Mean plaque and cell viability counts after exposure to conditioned 

culture medium 

Figure was generated in R using ggplot2 (276, 277). A: Plaque forming units were 

enumerated after 25 min of room temperature exposure to media conditioned with either 

wildtype P. ananatis BRT175, rhlA::Tn5 (mutant 28C8), or rhlB::Tn5 (mutant 32C5). 

Each data point represents the mean of three independent experiments with standard error 

reported. * denotes statistical significance using Dunn’s test, P = 0.0305. B: D. 

discoideum AX2-214 cells were enumerated after exposure to media conditioned with 

either wildtype P. ananatis BRT175, rhlA::Tn5 (mutant 28C8), or rhlB::Tn5 (mutant 

32C5) for 20 minutes at room temperature. Each data point represents the mean of three 

independent experiments with standard error reported. * denotes statistical significance 

using Dunn’s test, P = 0.0064. 
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Figure 2.8 Phylogenetic trees of RhlA and RhlB homologs 

Radial (unrooted) neighbour-joining phylogenies of representative RhlA (A) and RhlB 

(B) homologs, constructed using the Jones-Taylor-Thornton amino acid model, with 

complete gap deletion. Only bootstrap values greater than 70% are shown. In addition to 

the P. ananatis strains used in this study, other representative taxa included Burkholderia 

cenocepacia H111 (CDN64069), Burkholderia glumae BGR1 (ACR31008), 

Burkholderia pseudomallei 1106a (ABN94800), Dickeya dadantii 3937 

(YP_003882762), Lonsdalea quercina (WP_026742016), Pantoea stewartii subsp 

stewartii DC283 (EHU02365), Pseudomonas aeruginosa PAO1 (NP_252169), and 

Serratia marcescens FGI94 (AGB82844).
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Chapter 3 Investigation into the Conditions for rhlA Induction and its 

Possible Impacts on Pantoea Fitness 

3.1 ABSTRACT 

Pantoea is ubiquitous throughout the environment, and capable of surviving in diverse 

habitats such as soil, plant surfaces, insects, and animals. The ability of Pantoea to 

produce biosurfactants has only been recently been discovered with little information 

available on the regulation or role these compounds play in fitness. A glycolipid 

biosurfactant produced by Pantoea ananatis BRT175 via the rhlAB biosynthetic genes 

was recently identified as being essential for grazing resistance against predation by 

amoebae. We explored the nutritional environmental conditions necessary for expression 

using a lux reporter construct fused with the rhlA promoter region from P. ananatis 

BRT175. Expression of rhlABRT175 was higher at 21°C in complex SM medium with 

glucose rather than modified M9 minimal medium. A homologue of rhlA was also 

identified in the sister taxon to P. ananatis, P. stewartii subsp. stewartii DC283. The 

promoter region from rhlADC283 showed differential expression from rhlABRT175 in both 

SM and hrp inducing medium. Sequence variation in the putative promoter regions of 

grazing susceptible strains relative to those of six of seven grazing-resistant strains were 

identified. An alternative putative ribosome binding site was identified in P. stewartii 

strains as well as a disruption of the rhlA gene in P. stewartii DC283. Heterologous 

expression of the P. ananatis BRT175 rhlAB genes in P. agglomerans Tx10 increased 

resistance to amoebal grazing, but complementation in P. ananatis strains had minimal to 

no impact on resistance. These results provide insights into the conditional expression of 

rhlA and may suggest fine-tuning of rhlA expression for different environments.   
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3.2 INTRODUCTION 

Pantoea is a genus of bacteria ubiquitous in the environment and capable of 

colonizing plants, insects, and animals (1, 36, 69, 108). Pantoea species are known to 

produce secondary metabolites that assist in host-colonization and competition with other 

organisms (10, 12, 298). Pantoea ananatis produces a glycolipid biosurfactant that 

contributes to surface motility and is cytotoxic to Dictyostelium discoideum (299). The 

surfactant is produced by rhlAB genes that are necessary for Pantoea ananatis BRT175 

(BRT175) to resist amoebal grazing (299). Homologues of rhlAB have been studied 

extensively in Pseudomonas aeruginosa where both genes are known to be essential for 

producing rhamnolipids (190, 292, 300–303). Rhamnolipids can vary in structure as 

mono or di-rhamnose associated with one to three fatty acid chains with lengths varying 

from eight to sixteen carbons (177). The BRT175 glycolipid differs from rhamnolipids 

due to the presence of a hexose sugar, rather than rhamnose, with a primary congener of 

two ten carbon fatty acid chains (monohexose-C10-C10) (299). Glycolipid biosurfactants 

have been demonstrated to have roles in biofilm disruption (302), antipredation (197, 

299), suppression of host defenses (189, 300, 304), solubilization of nutrients (3, 179), 

and antimicrobial activity (305–307). 

The production of virulence associated secondary metabolites, such as 

biosurfactants, are tightly regulated to allow for expression in the appropriate 

environment conditions (308–311). Virulence factor production in the wrong host or at 

the wrong time can negatively impact fitness. Temperature can induce regulatory 

responses that allow for niche-appropriate virulence factor expression during colonization 
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(141, 312–319). This allows for selective pressures that can limit the expression of genes 

necessary for host adapted environments, such as in warm-blooded mammals. P. 

aeruginosa and Vibrio cholerae exhibit this adaptation with RNA thermometers encoded 

into the untranslated region of mRNA transcripts that requires above typical 

environmental temperatures (37°C) to melt secondary structures for efficient translation 

(188, 320). Similarly, colder temperatures experienced in the environment or ectothermic 

organisms can be required for optimal translation of cold shock protein A (CspA) (321, 

322). Temperature regulation is important to suppress phenotypic responses that are 

deleterious in a host or environment. Density can also be important in that cells may need 

to reach a sufficient threshold to produce enough of a secondary metabolite to have a 

desired impact to subvert host defenses rather than induce a negative response (323). In 

P. aeruginosa, rhamnolipid production is tied to quorum sensing where the autoinducer 

RhlI produces N-butyryl-homoserine lactone (C4-HSL) in a cell-density-regulated manner 

(288, 324). The presence of C4-HSL allows the RhlR regulator to activate transcription of 

rhlAB (324–326). Homologous regulators also exist in P. ananatis where the EanI/EanR 

and PhzI/PhzR (RhlI/RhlR) regulators have been shown to be important in coordinating 

virulence factors (30, 327). P. stewartii also uses quorum sensing to coordinate 

situational expression of virulence factors (26, 27).  

Metabolic signals such as limited iron (328–330) and available carbon and 

nitrogen sources can be used to elicit an appropriate response to a host or environment 

(149, 303, 331–333). These responses occur through complex regulatory networks. P. 

stewartii uses the HrpX/HrpY two-component regulatory system to induce virulence 
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genes (334). This is primarily accomplished through phosphorylation of the HrpY 

response regulator by HrpX and possibly other unknown regulators in response to 

changes in central metabolism and nitrogen limitation (334, 335). HrpY binds to a 

regulatory region next to the hrpS promoter for induction (335). HrpS is key for induction 

of the RpoN nitrogen limitation sigma factor and subsequently the HrpL alternative 

sigma factor that is necessary for type III secretion system (T3SS) activation (334–337). 

This entire virulence system is under tight regulation to ensure it is active in the 

appropriate host environment. 

Currently, the roles of biosurfactants and the situations in which they are produced 

is not well understood in Pantoea. By testing variations in environmental conditions, we 

can hope to provide some insights into the production of glycolipids in Pantoea. In this 

study, we use a lux reporter construct to determine temperature and nutritional 

requirements for inducing P. ananatis rhlA expression. We also explore differences in 

expression between the BRT175 rhlA promoter and the promoter from a homologous 

rhlA gene in Pantoea stewartii subsp. stewartii DC283 (DC283). Comparative analysis 

was performed on the rhlA promoter regions from P. stewartii as well as grazing-resistant 

and grazing-susceptible P. ananatis strains. We then attempted heterologous expression 

of BRT175 rhlAB to attempt to induce grazing resistance in susceptible strains. 
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3.3 METHODS 

3.3.1 Culturing and Growth Conditions 

Overnight cultures of Pantoea and Escherichia coli were grown at 30°C and 

37°C, respectively, in Miller LB broth (LB) (BD, Franklin Lakes, New Jersey) with 

shaking at 220 rpm. Antibiotics were supplemented, as appropriate (Table 3.1), at the 

following final concentrations: kanamycin 50 µg/ml, ampicillin 100 to 150 µg/ml, 

rifampicin 50 µg/ml, 38 µg/ml chloramphenicol, streptomycin 100 µg/ml, gentamicin 15 

to 30 µg/ml.  

3.3.2 pCS26 Constructs 

The pCS26 (329) plasmid encoding the lux genes was used for the expression 

assays. pCS26 in E. coli W3110 was purified from overnight cultures using commercially 

available plasmid purification kits (Mo Bio Laboratories, Carlsbad, CA and Omega Bio-

tek, Norcross, GA). Due to the low copy number of the plasmid, a midi-prep kit (Mo Bio 

Laboratories) was used for plasmid extraction followed by concentrating 10 preps into 

one using a Nanosep 30K Omega column as per the manufacturer’s instructions (Pall, 

Mississauga, ON).  Higher yields were obtained from single midiprep extractions from E. 

cloni® 10G (Lucigen, Middleton, WI) carrying pCS26, possibly due to DNase activity of 

the original E. coli W3110 host strain. The purified pCS26 plasmid was subjected to a 

double (sequential) digest for 2 hours with BamHI (or BamHI-HF) and XhoI as per the 

manufacturer’s instructions (New England Biolabs, Whitby, Ontario), but with XhoI 

being added after the first hour to ensure efficient cleavage of the BamHI site. Calf 
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intestinal alkaline phosphatase (CIP) was added directly to the digest after 2 hours (with 

no inactivation of the enzymes) and incubated at 37°C for 30 minutes. 

 The rhlA promoter region was amplified from P. ananatis BRT175 (BRT175) 

genomic DNA with Phusion DNA polymerase (NEB), as per the manufacturer’s 

directions, using the primers XhoI_RhlAPr+5p573 and BamHIRhlAPr-5p1 (Table 3.2) 

with a 64°C annealing temperature. A positive control was created with the nptII 

promoter (283) amplified from a pUC18TK construct. This nptII gene was amplified 

from pUC18TK using Phusion DNA polymerase (NEB) with the primer pair Npt+XhoI+ 

and Npt5'+41Bam- with an annealing temperature of 68°C. Both inserts were digested in 

a standard digest reaction with BamHI (BamHI-HF) and XhoI (as above).  Inserts and 

digests were cleaned using E.Z.N.A Cycle Pure kits (Omega Bio-tek) and were ligated 

with T4 DNA ligase (NEB) in a standard reaction, as per the manufacturer’s instructions. 

Electrocompetent cells were made using cells between OD600 (1 cm pathlength) of 0.4 to 

0.7 that were concentrated 20- to 200-fold after four to six successive centrifugations 

with ice cold 10% glycerol washes. The final pellets were suspended in 10% glycerol and 

used either immediately or stored at −80°C for later use. The ligations and pCS26 

constructs were transformed via a MicroPulser Electroporator (Bio-Rad Laboratories 

Ltd., Mississauga, ON) into electrocompetent cells with 0.1 cm cuvettes using 1.8 kV 

with a single pulse for 5 msec (typically 90 µl of cells were used in the cuvette). 
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3.3.3 Temperature and Nutritional Conditions Affecting rhl Induction 

The experiments were performed in white-walled 96 well plates (#265302, 

Thermo Fisher Scientific, Rochester, NY) with each row containing a blank and three 

replicates each of P. ananatis BRT175 with pCS26 (negative control), pCS26-npt 

(positive control containing the nptII promoter from pUC18TK), and pCS26-

BRT175rhlA. Gas-permeable rayon films that minimize evaporation and prevent well 

contamination were used, but automated optical density (OD) readings that provide a 

measure of bacterial growth cannot be taken with the rayon film on the plate, 

necessitating manual readings.  Readings were taken at 0, 4, 8, 16, 20, 24, and 28 hours. 

Simultaneous experiments were incubated at 21°C, 30°C, and 37°C to determine the 

impact of temperature. The following growth media were used to evaluate expression: 

SM (modified), SM with 2% glucose, modified M9 medium (M9Mod), M9Mod with 1 

g/l yeast extract (YE), M9Mod with 10 g/l bactopeptone (BP), M9Mod with 1 g/l YE and 

10 g/l BP, and SM/5 with recipes as previously described (299). The relative light units 

(RLU) were standardized with OD600. 

3.3.4 Acitvity of rhlA Promoters in SM and hrp Inducing Medium  

The pCS26 construct containing the rhlA promoter region from DC283, pCS26-

DC283rhlA, was created by amplifying the promoter via colony PCR with GeneDireX 

Taq DNA polymerase (Froggabio, North York, ON) using the primers 

XOId283rhlA+5p474 and BMHIdc283rhlA-5p1 with a 60°C annealing temperature. The 

insert and plasmid were prepared for sticky ligation as above (BamHI and XhoI digest) 

and were transformed into chemically competent E. cloni® 10G cells as per the 
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manufacturer’s instructions. The construct was then extracted from E. cloni® 10G for 

transformation via the electroporator into recipient Pantoea strains. Amplicons of the 

pCS26 constructs flanking the insert were generated with EconoTaq DNA polymerase 

(Lucigen) and GeneDireX Taq DNA polymerase using the pCS26_LuxC-5p1 and 

pCS26_LuxC+5p70 primers with a 62°C annealing temperature. The amplicons were 

sequenced by the McGill University and Génome Québec Innovation Centre to confirm 

presence and orientation of the promoter inserts. 

Bacterial cultures containing pCS26 constructs were grown with kanamycin 

overnight at 30°C in a closed 15 ml conical or 16 ml glass screw-cap tube containing 10 

ml of LB (Table 3.1). Cultures were pelleted in 1 ml volumes at 12,000 × g for 2 minutes 

in 1.5 ml microfuge tubes. The culture medium was decanted, and the remaining liquid 

was removed with a P200 pipette after a quick pulse in the centrifuge. The cells were 

then resuspended in 1 ml of the appropriate medium (modified SM broth at pH 5.0, pH 

5.5, and pH 6.0, and hrp inducing medium (IM) (338) which consisted of 2 mM 

(NH4)2SO4, 1 mM KH2PO4, 1 mM MgSO4, 100 mM 2-(N-morpholino) ethanesulfonic 

acid, 0.1% casamino acids (Acros Organics, Thermo Fisher Scientific) and 1% sucrose 

with a pH of 5.5 adjusted with NaOH. Cell density was adjusted to an OD600 of 0.200 (as 

measured with 300 μl in a 96 well plate, BioTek Epoch plate reader). The cells were then 

diluted by adding 50 μl of the prepared cells to 250 μl of fresh medium in a UV sterilized 

(CL-1000 Ultraviolet Crosslinker UVP 350,000 μJ/cm2) 96 well plates (#265302, 

Thermo Fisher Scientific). Each condition was replicated six times on each plate, and 

outside wells were avoided to minimize edge effects including evaporation.  Both OD600 
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and luminescence readings were taken in a BioTek Synergy HTX (BioTek Canada, 

Winooski, VT) plate reader with the following settings: 20-minute intervals with medium 

shaking for 16 minutes, whole, bottom optic, gain 150, ambient temperature. SM and IM 

RLU readings were standardized by OD600. 

3.3.5 R Data Analysis 

All luminescence plate reader data were exported from the Gen5 software 

(BioTek) and imported into R v. 3.4.1 (276). The following packages were used to 

analyze the plate reader data: ggplot2 v. 2.2.1 (277), dplyr v. 0.7.1 (H. Whickham, 

https://cran.r-project.org/web/packages/dplyr/index.html), plyr 1.8.4 (339), Rmisc v. 1.5 

(R. Hope, https://cran.r-project.org/web/packages/Rmisc/index.html), reshape2 v. 1.4.2 

(340), extrafont v. 0.17 (W. Chang, https://cran.r-project.org/web/packages/extrafont/). 

3.3.6 Alignment of Promoter Regions 

 The rhlA intergenic sequences were acquired from draft and published genomes 

of the P. ananatis and P. stewartii strains described in Table 3.1 (See Chapter 4 for 

details of genome submissions). For P. ananatis LMG20103 (LMG20103), an alternative 

start codon is predicted for rhlA in the NCBI submission (NC_013956.2). The DC283 

intergenic region was trimmed to 474 bp upstream of the gene start as this was the region 

used in the pCS26 expression construct. Alignments of all rhlA promoters was performed 

using ClustalW using default parameters as implemented in MEGA v. 7.0.26 (341). The 

intergenic regions were analyzed with a promoter prediction tool that uses a neural 

network algorithm to define a putative promoter region and transcription start site (342). 

https://cran.r-project.org/web/packages/extrafont/
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Putative transcription factor sequence motifs were identified using predictive software 

that uses weighted matrices of consensus sequences (343). 

3.3.7 Construction of rhl Integration and Knockout Vectors 

The integration vector was constructed by cloning the open reading frames and 

predicted upstream promoter region of rhlA-rhlB from BRT175 into the mini-Tn5 suicide 

vector, pBSL118. The region was amplified in a colony PCR reaction using 

GeneDireXTaq DNA polymerase with the BamHIRhlAPr+5p573 and EcoRVRhlB-3p42 

primer pair with a 3-minute extension and a 60°C annealing temperature. Cloning was 

performed as above, but with NEB buffer 3 being used for a 2-hour double digest of 

EcoRV and BamHI. The insert and plasmid were gel purified using the E.Z.N.A Gel 

Extraction kit (Omega Bio-tek). Ligations, performed as described above, were 

electroporated into E. coli ST18. Presence of the insert within E. coli ST18 and construct 

was confirmed using the above primers and reaction. 

The rhlA integration vector was constructed using pKNOCK-Gm. The rhlA gene 

fragment was amplified in a colony PCR from BRT175. The reaction used GeneDireX 

Taq DNA polymerase with BamIBRT175RhlA+51 and BamBRT175RhlA-785 primers 

with a 60°C annealing temperature. The insert and plasmid were digested with BamHI-

HF for 1.5 hours and the plasmid was treated with CIP. The insert and plasmid were gel 

purified (as above), and a ligation reaction performed as described above. The ligation 

was electroporated into E. coli ST18 with selection on 30 µg/ml gentamicin. Strains with 

incorporated plasmid were maintained with 15 µg/ml gentamicin. Successful ligation of 
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the insert into pKNOCK-Gm was confirmed using the BamIBRT175RhlA+51 to 

Gent+391 primer pair using an annealing temperature of 60°C. 

The pKNOCKGM-RhlA51-785 and pBSL118-3A-RhlAB constructs were 

integrated into recipient strains using a biparental mating strategy with E. coli ST18. 

Overnight cultures were mixed in a 10:1 ratio of donor to recipient, pelleted and 

resuspended in ~50 to 100 µl of LB. This suspension was plated on an LB plate and 

incubated overnight at 30°C. Positive transformants were selected on gentamicin in the 

absence of 5-aminolevulinic acid, the latter being required for growth for the auxotrophic 

ST18 parent (299).  

3.3.8 Grazing Resistance and Swarming Assays 

Bacteria were grown overnight in modified SM (SM) broth at 30°C at 220 rpm 

without antibiotics. Cultures were diluted in SM broth to a final OD600 ~ 0.200 (as 

measured with 200 μl in a 96 well plate, BioTek Epoch plate reader). D. discoideum 

AX2-214 cells were propagated and handled in medium and conditions as previously 

described (299). Cells were harvested after three days growth at room temperature in a 

sterile Erlenmeyer flask containing HL-5 (299) without antibiotics at 180 rpm. They were 

pelleted by centrifugation at 500 × g for 10 minutes, decanted, and resuspended in an 

equal volume of SorC, centrifuged again for 500 × g for 10 minutes, decanted, and 

resuspended in ~ 1 ml of SorC to be diluted for enumeration in a haemocytometer. Cells 

were then diluted to the appropriate concentrations in SorC. The bacteria were spotted in 

12.5-μl volumes on modified SM 2.0% agar, allowed to dry, after which 5 μl of amoebae 
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were added to respective spots at 4000, 2000, 1000, 500, 250, and 125 amoebae with 

SorC as a negative control. Swarming assays were performed as described previously 

(299) by toothpicking isolates onto SM 0.7% agar and observing swarming motility at 24 

hours. Plates were parafilmed and maintained at 21°C.  Images were taken on an Epson 

Perfection V330 Photo Scanner at 600 DPI.  

3.4 RESULTS 

3.4.1 The rhlA Promoter Showed Highest Activity at 21°C in SM Medium 

The impacts of temperature and nutrition on rhlA expression in P. ananatis were 

first explored. Three temperature conditions (21°C, 30°C, 37°C) and different growth 

media (SM, SM 2% glucose, SM/5, M9Mod, M9Mod with YE, M9Mod with BP, 

M9Mod with YE and BP) were varied to identify their impact on expression of the rhlA 

promoter as measured through relative light units (RLU) that were standardized per 

OD600 unit (RLU/(OD+1)) (Figure 3.1, Appendix C3-1). Peak rhlA expression occurred 

at the 16-hour reading at 21°C and at the 8-hour reading for both 30°C and 37°C 

conditions. At 21°C, highest expression levels were observed with BRT175 grown in SM 

and SM with 2% glucose. Expression levels declined in all conditions except in M9Mod 

at 20 hours, which then stabilized until the final reading at 28 hours. BRT175 growing in 

M9Mod at 21°C exhibited minimal expression levels that began to increase at the 24-

hour reading. At 30°C, rhlA expression levels dip after the 8-hour reading in M9Mod 

with YE, BP, and both YE and BP. SM/5 had the highest expression levels per OD unit 

and began to decline at 20 hours. Both SM and SM with 2% glucose maintain higher 
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expression levels than the M9Mod conditions and relatively stable expression between 8 

and 28 hours, with expression increasing between 16 and 20 hours. M9Mod expression 

begins to increase between 16 and 20 hours and remained stable up to the 28-hour 

reading, but was still substantially lower than all other growth conditions. There was low 

growth in M9Mod compared to even the nutrient-limited SM/5 at all temperatures. The 

npt control showed a lag-time for induction in M9Mod relative to the other growth 

conditions tested that is particularly evident at 37°C (Appendix C3-1). At 37°C, 

expression was limited in all conditions with SM with 2% glucose having the highest 

activity. The peak RLU/(OD+1) readings at 37°C was ~1/6th, of the highest observed 

RLU/(OD+1) readings at 21°C.   

3.4.2 The BRT175 rhlA Promoter had Higher Activity than the DC283 rhlA 

Promoter when Expressed in both Strains 

The rhlA promoter region from DC283 was cloned into pCS26 to compare 

induction with the native rhlA promoter from BRT175. Attempts to amplify the 

homologous 573 bp upstream from the start codon of rhlA in DC238 failed due to 

mispriming caused by repetitive elements (transposases) in the DC283 genome. A shorter 

474 bp promoter/intergenic region was amplified for the pCS26-DC283 rhlA construct. 

Induction of rhlA was first evaluated in SM adjusted to pH 5.0, pH 5.5, or pH 6.0 to 

evaluate the impact of pH. The pH of an environment is known to be important for 

induction of virulence genes in plant pathogens (344, 345). The maximum RLU/(OD+1) 

readings of rhlADC283 expressed in BRT175 and DC283 were similar at pH 5.5 and pH 

6.0 but was lower at pH 5.0 in BRT175 (Figure 3.2, Appendix C3-2). Peak induction of 
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both rhlABRT175 and rhlADC283occurred earlier in DC283 in all three pH conditions relative 

to BRT175. Peak expression of rhlABRT175 was lower in SM pH 6.0 than pH 5.0 and pH 

5.5 in DC283. The peak difference in expression between rhlABRT175 and rhlADC283 in 

BRT175 was greater in all conditions with a maximum of 11.5-fold higher expression of 

rhlABRT175 versus a maximum of 3.5-fold higher relative expression in DC283 (Appendix 

C3-3). Another interesting difference is that DC283 expression of both constructs in SM 

reached peak expression earlier than BRT175.  The hrp inducing medium, IM, was used 

to measure whether there was a difference in activity between the two rhlA promoters in 

a medium known to induce plant virulence genes. The use of this medium caused 

occasional flocculation with BRT175 and resulted in fluctuations in OD600. The relative 

difference in expression between the rhlABRT175 and the rhlADC283 constructs within 

BRT175 was similar in IM as it was in SM (Figure 3.3). Peak expression of rhlABRT175 

was 7.8-fold greater than rhlADC283 in BRT175 when grown in IM. However, the peak 

expression of rhlABRT175 was only 1.9-fold greater than that of rhlADC283 in DC283 grown 

in IM. Expression of the npt control in DC283 increased initially and began to decline 

after read 10 whereas the npt control in BRT175 declined immediately. There was lower 

peak expression for both promoters in BRT175 in IM as compared to SM.  Higher peak 

expression of rhlADC283 occurred in IM relative to SM in all 3 pH variations in DC283. 

The rhlABRT175 promoter consistently had higher RLU at each reading than rhlADC283 in 

equivalent growth conditions for both BRT175 and DC283. 
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3.4.3 Variation in the rhlA Promoter and Upstream Intergenic Regions from P. 

ananatis is Correlated with Grazing Resistance 

The upstream regions and coding sequences of the rhlA genes were analyzed for 

variation that could account for phenotypic differences between strains. An initial 

alignment of the rhlA genes from both P. stewartii and P. ananatis showed that there 

were differences in length that were suspected to be caused by annotation artifacts. The 

rhlA gene has a typical length of 278 amino acids in P. stewartii subsp. stewartii 

(DC283), P. stewartii subsp. indologenes 626 (626), P. ananatis 15320 (15320), P. 

ananatis 17671 (17671), P. ananatis 26SR6 (26SR6), P. ananatis B7 (B7), P. ananatis 

BRT98 (BRT98), BRT175, P. ananatis Cit30-11 (Cit30-11), P. ananatis LMG5342 

(LMG5342), LMG20103, and P. ananatis M232A (M232A) except for in LMG20103 

and DC283. The GenBank submission of rhlA in LMG20103 (ADD75921.1) has a 

predicted alternative start site that is not consistent with other strains of P. ananatis. An 

in-frame internal start codon reconstitutes the 278 amino acid sequence, which is the 

same length as BRT175 rhlA (L585_03125) with 96% identity, instead of the 297 amino 

acid sequence annotated in GenBank. The DC283 rhlA is predicted to be a pseudogene 

with a premature stop codon as predicted in GenBank with 239 amino acids total 

(CKS_5211, an alternative annotation under DSJ_06425 is 225 amino acids in length 

with no stop codon). The rhlA functional domain (COG0496) is predicted to be impacted 

by this truncation since it lies between the 31st and 257th residues as reported by the 

Conserved Domain Database. A motif begins at the 2nd nucleotide of the codon for 

residue 237 of the annotated rhlA in DC283. The first 50 bp in the 5′ to 3′ coding strand 

orientation are shown in Figure 3.4. A BLASTn of this region identifies over 100 
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identical matches of up to 163 bp throughout the chromosome and plasmids of DC283. 

This motif is frequently found in the neighbourhood of transposases and/or pseudogene 

annotations. The rhlAB genes are flanked by three transposases upstream of rhlA 

(DSJ_06430, DSJ_06435, DSJ_06440) that are associated with this motif throughout the 

DC283 genome. Interestingly, a premature stop codon is also present in the rhlB gene of 

17671 due to a T to A transversion that changes a leucine to a stop codon at position 201.  

The upstream intergenic regions of rhlA were aligned and compared. A conserved 

putative ribosome binding site (RBS) of “AAGGAG” was identified in all P. ananatis 

strains with the P. stewartii strains having a conserved “GGGGAG” in the same relative 

upstream location (−13 to −7 of start codon) (Figure 3.4, Appendix C3-3). A putative 

promoter region −109 to −60 nucleotides upstream of the rhlA start codon was conserved 

among six of seven previously identified grazing-resistant strains of P. ananatis (299): 

15320, 26SR6, B7, BRT175, BRT98, and M232A. Additional analysis of the promoter 

region (343) identified a CspA specific sequence  (5′-CCAAT-3′)  (346) in the −109 to 

−60 promoter region identified in all P. ananatis strains except for LMG20103. The 

grazing-resistant LMG20103 has two SNPs in this region relative to the six resistant 

strains. Grazing-susceptible LMG5342 has a single adenine deletion within this 

conserved region and the other susceptible strains, 17671 and Cit30-11, have a predicted 

alternative promoter region further upstream between nucleotides −148 and −100. The 

region homologous to that of the six resistant strains (−109 to −60 from the rhlA start 

codon) is conserved except for a SNP after the predicted transcription start of 17671 and 

a single SNP in the aligned region for Cit30-11. Both 626 and DC283 have an identical 
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predicted promoter region at −109 to −60 from the rhlA start codon with 5 SNPs relative 

to the promoter region of the six resistant strains. 

3.4.4 Transfer of the BRT175 rhlAB via Transposition was not Sufficient to 

Confer Grazing Resistance to Other P. ananatis Strains 

The rhlAB genes from BRT175 were transferred to the grazing-susceptible 17671, 

LMG5342, and P. agglomerans Tx10 (Tx10) to determine whether the rhlAB genes 

under their native BRT175 promoter could confer grazing resistance. The native rhlA 

gene in these P. ananatis strains was first disrupted using the pKNOCKGM-RhlA51-785 

suicide vector. The disruption of rhlA previously eliminated swarming in BRT175 (299) 

and could be complemented with pBSL118-3A-RhlAB (Figure 3.5), and was therefore 

used as a phenotypic indicator to confirm successful disruption of rhlA. Swarming 

motility was not observed in 17671 with rhlA KO and pBSL118-3A-RhlAB. Swarming 

motility was not observed after the introduction of pBSL118-3A-RhlAB into Tx10 

(Appendix C3-4).  

All strains were then subjected to a grazing assay to determine whether the rhlAB 

genes conferred grazing resistance. In LMG5342 and 17671, the introduction of the 

BRT175 rhlAB genes was indistinguishable from the controls and wildtype when grazed 

upon by D. discoideum as the bacteria were consumed by the amoebae and sporulation 

occurred in all dilutions at seven days (Figure 3.6). The complementation of the rhlA 

knockout in BRT175 with pBSL118-3A-RhlAB did not appear to reconstitute full 

wildtype grazing-resistance, although there may be a subtle difference in resistance 

relative to the controls. Tx10 with pBSL118-3A-RhlAB exhibited a grazing-resistant 
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phenotype relative to wildtype Tx10, as no plaque formation or sporulation was evident, 

whereas the controls were grazed upon at seven days (Figure 3.7).  

3.5 DISCUSSION 

This work explored the expression and genetics of the biosurfactant producing 

rhlAB genes within Pantoea and their impact on the grazing resistance phenotype. The 

influences of nutrition and temperature on expression of rhlABRT175 were first explored. 

The data showed that a complex SM medium containing complex proteins from peptone 

and micronutrients from yeast extract supplemented either with 1% or 2% glucose and an 

incubation temperature of 21°C allowed for the highest activity of the rhlABRT175 

promoter within the 28-hour testing window and temperatures tested. Expression of 

rhlABRT175 was reduced in BRT175 when grown at 30°C and 37°C. The impacts of 

reducing nutrient concentrations were evident with SM/5 showing a reduction in 

luminescence at 21°C relative to SM and SM with 2% glucose.  The suppression of 

expression at higher temperatures, in contrast to rhamnolipid production occurring 

readily at 37°C in P. aeruginosa (169, 347), indicates that P. ananatis rhlAB is likely 

expressed more readily in the general environment rather than within warm-blooded 

organisms. In P. aeruginosa, rhlAB can be temperature controlled through an RNA 

thermometer motif in the transcript that only allows for translation at higher temperatures 

via secondary structure melting (188). However, this does not seem a likely mechanism 

in P. ananatis due to lower induction at 30°C and 37°C but there is the possibility of a 

more stable transcript at colder temperatures, which occurs with the cold shock protein A 

(322). The addition of yeast extract to M9Mod also increased expression, contrary to the 
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suppression of rhamnolipid production from P. aeruginosa when yeast extract is added to 

minimal medium (272). M9Mod without supplementation appeared to not allow for 

sufficient growth in the timeframe explored at all temperatures as the npt control shows 

lag-time for expression relative to the other conditions tested (Appendix C3-2). However, 

extended incubation times with small volumes of liquid would not be conducive to this 

experimental set up due to evaporation with continuous reads.  

The presence of rhlAB in the grazing-susceptible sister taxon of P. ananatis, P. 

stewartii DC283, led to additional analyses of whether differential expression occurred 

relative to BRT175. DC283 is a specialized corn pathogen with insect colonization 

capabilities for persistence and transmission (23, 36) whereas BRT175 was isolated as a 

strawberry epiphyte (271).  The rhlADC283 promoter consistently showed less activity in 

SM at pH 5.0, pH 5.5, and pH 6.0 relative to the expression of rhlABRT175 in the same 

strain. The rhlABRT175 promoter did show reduced peak expression at pH 6.0 in DC283. 

Conversely, expression of rhlADC283 was reduced at pH 5.0 in BRT175. The general trend 

observed is that the differential between rhlABRT175 and rhlADC283 may be increasing with 

lower pH in SM, with peak expression of rhlADC283 being particularly repressed in 

BRT175 in pH 5.0 SM. The apoplast of corn can have a pH of ~5 and will increase 

apoplast pH in response to stress (348). An increase to pH 6.0 has been measured in the 

apoplast in response to infection (344). These data suggest that pH may have an influence 

on expression and may possibly be linked to adaptation of each respective strain to its 

environment.  
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Inducing medium has a pH of 5.5 (338) and is known to induce hrp regulated 

genes (345), which are important for DC283 pathogenicity in corn. Expression of both 

promoter types was substantially higher in DC283 relative to BRT175 in IM indicating 

that hrp inducing conditions are more effective at inducing expression of both promoters 

in DC283. Higher expression levels of rhlADC283 and rhlABRT175 when growing in hrp 

inducing medium relative to SM may indicate that nitrogen limitation may be involved in 

regulation in DC283. A key regulator of hrp is HrpS (WtsA) that is activated via nitrogen 

limitation and induces rpoN (sigma 54) as well as the alternative sigma factor hrpL that 

recognizes hrp boxes in hrp regulated genes (334, 336). This regulation may be indirect 

as a HrpL and HrpS box were not identified in the DC283 promoter region (336). 

However, there could be upstream impacts, through RpoN for example, that could be 

influencing expression of both promoters (Appendix C3-5). RpoN could assist with 

expression of nitrogen starvation or assimilation pathways thus allowing cells to persist 

while still producing surfactant (156, 163). The flocculant observed with BRT175 in IM 

could be a pellicle forming, which is associated with nitrogen fixation in some P. 

ananatis strains (18, 349). 

The expression of rhlABRT175 and rhlADC283 occurs throughout exponential and into 

stationary phase of growth in both DC283 and BRT175. There appears to be a trend, 

however, after peak expression where there is a decrease and then a stabilization in 

overall expression. There may be a lag in reaching steady-state as the slope after peak 

expression, in some instances, shows a decrease similar to a half-life reduction of the 

luxAB proteins necessary for luminescence. This half-life has been reported to be as high 
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as 240 minutes but this was not tested with our pCS26 construct (350, 351). DC283 

expression of both promoters appears to be trending downwards in SM after peak 

expression whereas IM appears to stabilize within the timeframe explored. The RpoS 

sigma factor may be involved in this switch to stable expression during stationary phase. 

RpoS is essential for rhlAB expression in P. aeruginosa as transcription primarily occurs 

during stationary phase and is repressed during exponential growth (352). RpoS is also 

necessary for heterologous expression of P. aeruginosa rhlAB in E. coli during stationary 

phase, although some expression occurs during exponential phase (352–354). 

Interestingly, RpoS translation can also be induced at low temperatures in E. coli via the 

DsrA temperature sensitive non-coding RNA (355, 356). 

Variants identified in the rhlA promoter region were found to be correlated with 

grazing resistance in six of seven resistant strains. The grazing-susceptible P. ananatis 

strain LMG5342 shows a deletion within the predicted promoter region, which could 

impact promoter recognition. The neural network predictive methods identified an 

alternative promoter site in grazing-susceptible 17671 and Cit30-11 and an alignment of 

the intergenic region showed multiple SNPs relative to the conserved promoter region of 

the grazing-resistant strains, which could suggest alternative regulation and/or impaired 

recognition of the conserved promoter region. P. stewartii 626 and DC283 also show 

variation in the putative promoter region and an alternative RBS.  

The predicted promoter region contains a cold shock protein (CspA) specific 

sequence in nine out of ten P. ananatis strains that is not present in P. stewartii. The 

conserved CspA motif is important for aiding transcription in response to reductions in 
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temperature within E. coli (346, 357). The lack of this motif in LMG20103 may indicate 

a difference in temperature regulation of the rhlA promoter. Multiple homologous cold 

shock proteins exist within Gram-negative bacteria and not all are involved in responding 

to cold conditions (314, 358). Swarming motility at 25°C was repressed in cold shock 

protein mutants in Listeria monocytogenes (314) and cspA is upregulated in Proteus 

mirabilis swarmer cells (359) incubated at 30°C. Previously, pnp that encodes 

exoribonuclease polynucleotide phosphorylase (PNPase) was disrupted in BRT175 where 

it led to non-swarming and grazing-susceptible phenotype. The PNPase is responsible for 

mRNA degradation at low temperatures (360). PNPase degrades cold shock protein 

mRNA that is stabilized at lower growth temperatures as it can trap ribosomes and it 

allows for growth adaptation to lower temperatures (313, 361). The disruption srmB also 

had a similar phenotypic impact on BRT175 (299), which could be explained by the 

importance of SrmB for 50S ribosomal assembly at low temperatures (362).  

The role of quorum sensing in the production of rhlA is still unclear in P. 

ananatis. Previously isolated mutants of eanI (esaI homologue) and both phzI and phzR 

(rhlI and rhlR homologues) failed to abolish swarming motility in BRT175 (299). 

However, motility is altered and reduced in DC283 when esaR is knocked out (29). The 

lux-like box (5′-NRCTGSRXYASRWYNCAGYN-3′) recognized by the P. stewartii and 

P. ananatis quorum sensing regulators EsaR and EanR (30, 363) was not present in the 

pCS26 cloned promoter regions of either BRT175 and DC283. A secondary regulator, 

LrhA (EHT99835.1), is known to supress flagella, motility, and chemotaxis at low cell 

densities in E. coli (364, 365). In Pantoea, its regulatory function differs as LrhA binds to 
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its own promoter region but does not bind to the flhDC flagellar regulator promoter in 

DC283, which may indicate a separation from motility regulation in DC283 and possibly 

P. ananatis (309). LrhA is transcriptionally activated by EsaR in P. stewartii with this 

activation being removed when esaI produces enough N-3-oxo-hexanoyl-l-homoserine 

lactone (AHL) to convert EsaR to an inactive conformation (366, 367). Recent studies 

have shown that the rhlA homologue in DC283 is strongly repressed by LrhA, indicating 

secondary regulation through quorum signalling (364). In P. ananatis¸ this repression 

may not be occurring due to variation within the upstream intergenic region, or the 

repression is not sufficient to completely inhibit surfactant production. The BRT175 eanI 

mutant swarmed but had a grazing-susceptible phenotype (299), which may have been 

due to reduced surfactant production if LrhA (WP_013026515.1) is involved in rhlA 

regulation in P. ananatis or perhaps due to leaky expression from the autoregulatory 

capabilities of LrhA shown in DC283 (309). Interestingly, reports have shown LrhA also 

supresses translation of the stationary phase sigma factor, RpoS (368). Perhaps the 

mechanism of suppression via LrhA impacts RpoS as RpoS can associate with RpoD 

promoters as well (369, 370). 

The P. ananatis homologues of carbon storage regulator (CsrA) and regulator of 

secondary metabolites (RsmA) require additional investigation for a possible role in rhlA 

regulation. CsrA was identified as a repressor of glycogen metabolic pathways and is 

important for glycolysis in E. coli (371, 372). The putative RBS for rhlA in all P. 

ananatis strains is identical to that of csrA in BRT175 (ERM13011.1), DC283 

(ARF48822.1), 626, and 17671, whereas the rhlA RBS in P. stewartii is different 



 

81 

 

(Appendix C3-1). The regulator interacts with GGA motifs near or in the RBS in mRNA 

to impede or aid translation (310). Homologues of this regulator can have opposing 

regulatory roles in organisms. For example, the CsrA/RsmA regulatory increases motility 

in E. coli, Salmonella, and Yersinia (310, 331) but inhibits motility in Erwinia carotovora 

(311). CsrA is negatively regulated by small non-coding RNAs, such as CsrB and CsrC, 

through sequestration. The Pseudomonas aeruginosa RsmA homologue positively 

regulates rhamnolipid production through an unknown mechanism (303). Swarming 

motility in Serratia sp. ATCC 39006, mediated by a rhlA homologue, was observed when 

PigX, a homologue of a regulator protein that targets CsrB and CsrC for degradation, was 

disrupted (373, 374). Interestingly, SrmB also induces csrB which is a negative regulator 

of CsrA (375). Further experimentation would be necessary to determine whether impacts 

on growth at low temperature are more important for impacting grazing resistance and 

swarming motility or if regulatory cross-talk occurs with CsrA. Additionally, variations 

in the putative RBS region can impact translation efficiency of the rhlA gene within 

Pantoea (376). 

One caveat of promoter region comparisons is that these assumptions are being 

made based upon homologous regions to what was cloned into pCS26. The assumptions 

surrounding these regions are made using predictive software without in-vitro 

experiments. Regulatory motifs are often drawn from consensus sequences in other 

organisms, such as E. coli, which may differ in Pantoea (343). There could be further 

upstream regulatory motifs that were not included or even alternative promoters that 
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could impact the expression of rhlAB in-vivo. However, these predictions are useful for 

hypothesis generation for future experiments. 

Introduction of the BRT175 rhlAB and its promoter into other P. ananatis strains 

had several surprising results. The pBSL118-3A-RhlAB construct allowed for 

complementation as swarming motility was restored in the BRT175 rhlA mutant. The 

17671 strain normally exhibits a motility phenotype where it appears to slide in a single 

direction rather than having the intricate dendritic branching phenotype of BRT175 (299). 

The rhlA disruption may have had an impact on this phenotype as motility appeared to be 

altered. Tx10 does not have a rhlA homologue and does not exhibit coordinated 

swarming motility on SM swarming agar with or without rhlAB. The introduction of 

pBSL118-3A-RhlAB into grazing-susceptible P. ananatis strains did not have an 

observable impact on grazing phenotype under the conditions tested. Additionally, a 

spatial effect was observed in the grazing resistance assay. Bacterial spots towards the 

center of the plate seemed to be impacted more despite being challenged by fewer 

amoebae. This was observable in both BRT175 and Tx10 where some degree of grazing 

resistance was exhibited. This spatial discrepancy was observed on multiple replicates. 

Disrupting rhlA by integration followed by complementation by transposition 

may have induced a genetic load on the cells from antibiotic production to be able to 

reconstitute a grazing-resistant phenotype. Additionally, the disrupted native rhlA gene 

may be competing for factors and promoters required for efficient translation and 

transcription. There may also be other regulatory differences in 17671 and LMG5342 that 

still inhibit the production of biosurfactant. A marker-less deletion of the rhlAB region 
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method would be ideal to test this hypothesis in future studies. Targeted and/or marker-

less insertion of the BRT175 rhlAB genes and promoter into a relatively neutral genomic 

site may have removed some ambiguity from this experimental technique as well. The 

possibility of induced grazing-resistance in Tx10 requires further exploration, but the lack 

of gene load and a competing native rhlA promoter element may explain why this 

technique may have been more successful in this strain. 

It was initially thought that the presence of the rhlAB genes in plant pathogens 

may be involved in nutrient acquisition and leaf persistence (377). However, the 

disruption of rhlA in plant pathogenic DC283 suggests that this gene may be either 

neutral or deleterious. The DC283 genome has signatures of a selective sweep as 

evidenced by multiple transposable elements having a disruptive effect throughout the 

genome (378). This may indicate host-niche adaptation in DC283 given that gene loss is 

often linked to adaptation to new host environments (379, 380). A recent RNA-seq 

analysis identified a 6.27 fold repression of the DC283 rhlA gene expression in planta 

from a harvested xylem biofilm relative to cells grown on a rich minimal medium plate, 

but a difference was not identified between liquid LB inoculum and the in planta assay 

(381). Glycolipid biosurfactants, such as rhamnolipids, have also been shown to induce 

plant immune responses, which may be detrimental to DC283 establishing infection 

(382). Evidence for the limited impacts of DC283 rhlAB on phytopathogenic fitness was 

recently demonstrated in a study where deletion of both genes had no observable impact 

on motility and plant virulence in a wounding assay (309). Previous studies have 

identified a type of unidirectional swarming motility in DC283 (29), but it appears that 



 

84 

 

this motility is mediated by stewartan and/or alternative wetting agents rather than a 

glycolipid biosurfactant as seen with BRT175 (28, 299, 383).   

Production of the biosurfactant syringafactin is known to be advantageous in plant 

pathogenic Pseudomonas syringae, since it allows for increased persistence on waxy leaf 

cuticles during changes in humidity by preventing drying and aiding in nutrient 

acquisition (377, 384). The epiphytic source of isolation for BRT175 may indicate that 

the surfactant could improve fitness in epiphytic environments. Soil and environmental 

persistence P. ananatis strains could be impacted by the production of the surfactant due 

to its ability to kill predatory amoebae and solubilize hydrocarbons (3, 299). The 

glycolipid biosurfactant could also be used to prevent establishment of other competitors 

due to the antimicrobial nature of glycolipid biosurfactants (179, 382). The insect vector-

adapted lifestyle of DC283 negates the usefulness of biosurfactant as a wetting agent as 

leaf persistence may no longer be as necessary. The corn flea beetle is important as a 

winter habitat for P. stewartii but also serves as a transmission vector by creating wound-

sites during feeding for bacterial entry into the plant, thus limiting the need to persist on 

the leaf surface (23, 36). The production of the glycolipid biosurfactant may somehow 

negatively impact the P. stewartii-flea beetle association. Cit30-11 and 17671 show 

defects in swarming motility but are capable of persisting in Drosophila melanogaster, 

whereas BRT175 swarms and resists amoebal grazing through glycolipid biosurfactant 

production and is not recoverable five days post inoculation (69, 299).The rhlB gene in 

17671 is a probable pseudogene. Previously, we determined that the surfactant produced 

by BRT175 rhlA alone shows reduced toxicity to D. discoideum, but still had surface 
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active properties that allowed for motility (299). This may indicate that there could be a 

fitness compromise through attenuation in 17671 while still allowing for some surfactant 

activity from rhlA produced  3-(3-hydroxyalkanoyloxy) alkanoic acids (190). 

Alternatively, a spontaneous mutation occurred in this specific isolate that was not 

deleterious to the fitness of 17671 as a rice pathogen. 

Regulatory networks within Gram-negative bacteria are continuously being fine 

tuned by selection and facilitate adaptation to host and environmental niches. This work 

showed that that rhlA promoters in DC283 and BRT175 are expressed differentially, 

possibly having an impact on fitness in their respective niches. Many more interesting 

questions arose from this research concerning the regulation and roles of this 

biosurfactant. Development of effective tools for genetic manipulation in Pantoea as well 

as additional verification of regulatory networks in the P. ananatis species should provide 

more insight into the utility and roles of rhlAB in Pantoea. 
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3.6 TABLES AND FIGURES 

Table 3.1 Organisms and constructs used in this study 

Species Strain Plasmids Selection Source 

Pantoea ananatis 15320   Rice1 

 17671   Rice1 

 26SR6   Maize leaf2 

 B7  RmR Maize2 

 BRT175  RmR Strawberry3  

 BRT175 pCS26, pCS26-BRT175rhlA, 

pCS26-npt, pCS26-DC283rhlA 

KmR   This study 

 BRT98  RmR Strawberry2 

 Cit30-11  RmR Naval orange 

leaf2 

 M232A 

LMG20103 

LMG5342 

  Maize2 

Eucalyptus4 

Human wound4 

Pantoea stewartii subsp. stewartii 

DC283 

 NalR Maize5 

 subsp. stewartii 

DC283 

pCS26, pCS26-BRT175rhlA, 

pCS26-npt, pCS26-

DC283rhlA 

KmR   This study 

 subsp. indologenes 

626 

  Maize1 

Escherichia coli S17-1 pKNOCK-Gm GmR (385) 

 CC118(λpir) pCS26, pCS26-BRT175rhlA, 

pCS26-npt 

 (386) 

 E. cloni®10G pCS26, pCS26-DC283rhlA KmR   Lucigen 

 ST18  5AA (387) 

 ST18 pKNOCKGM-RhlA51-785 5AA, GmR This study 

 ST18 pBSL118 5AA, KmR, 

AmR 

This study 

 ST18 pBSL118-3A-RhlAB 5AA, KmR, 

AmR 

This study 

 
VPE42 pBSL118 

5AA, KmR, 

AmR 
(284) 

 W3110 pCS26 KmR (329) 

 B/r   DBS0305924 

(297) 

Dictyostelium 

discoideum 
AX2-214   SmR, AmR 

DBS0235534 

(297) 
1International Collection of Microorganisms from Plants; 2Dr. Steven Lindow, UC 

Berkeley; 3Dr. Gwyn Beattie, Iowa State;4 Dr. Teresa Coutinho, University of Pretoria; 
5Dr. David Coplin, Ohio State. KmR  = Kanamycin resistance, RmR = Rifampicin 

resistance, AmR = Ampicillin resistance, SmR = Streptomycin resistance, NdR = Nalidixic 

acid resistance, GmR = Gentamicin resistance, 5AA = 5-aminolevulinic acid,  
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Table 3.2 Primers used in this study 
Primer Sequence (5’-3’) 

pCS26_LuxC-5p1 ATTTGCCATCCATTTTGCGGC 

pCS26_LuxC+5p70 GTATCACGAGGCCCTTTCGTC 

XOId283rhlA+5p474 ATACTCGAGCGCTTACAATCAGCCGCCC 

XOId283rhlA+5p573 ATACTCGAGGGAGCCATGTCCGGTGTTTC 

BMHIdc283rhlA-5p1 ATAGGATCCATCACTCTCCCCACCAGAAAACAT 

ECoRVRhlB-3p42 ATTAAGATATCCCAGCCAGGGTAAATCATGC 

BamHIRhlAPr+5p573 ATTGGATCCCTTATTATGCGCTGCAAACC 

XhoI_RhlAPr+5p573 ATTCTCGAGCTTATTATGCGCTGCAAACC 

BamHIRhlAPr-5p1 ATTGGATCCATCACTCTCCTTACCAACG 

Gent+391 ACCGAAAAGATCAAGAGCAGC 

BamBRT175RhlA-785 ATTGGATCCCGGCTAACTTTTCCTTCCAGATC 

BamIBRT175RhlA+51 ATTGGATCCGGAATTAGTGAAATGCAGCGTG 

Npt+XhoI+ TATCTCGAGGGTCTGACGCTCAGTGGAACGAAAAC 

Npt5'+41Bam- TATGGATCCAGCCGAATAGCCTCTCCACCCAAG 
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Figure 3.1 Activity of rhlABRT175 promoter under different temperatures and 

nutritional conditions 

Luminescence from the pCS26-rhlA construct in BRT175 was measured over multiple 

time intervals (0, 4, 8, 16, 24, and 28 hours) after cells were grown at ambient 

temperature (~21°C), 30°C, and 37°C. Luminescence was standardized to OD600 to 

account for growth differentials between media types. The shaded ribbons represent a 

95% confidence interval of adjusted RLU from three replicates. 
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Figure 3.2 Activity of rhlA promoters from P. ananatis BRT175 and P. stewartii 

subsp. stewartii DC283 in SM 

Luminescence from the pCS26 constructs were measured at regular 20-minute intervals 

with cells grown at ambient temperature (~21°C). The cells were grown in SM adjusted 

to pH 5.0, 5.5, and 6.0. Luminescence was standardized to OD600 to account for growth 

differentials between media types. The shaded ribbons represent a 95% confidence 

interval of adjusted RLU from six replicates. 
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Figure 3.3 Activity of rhlA promoters from P. ananatis BRT175 and P. stewartii 

subsp. stewartii DC283 in hrp inducing medium 

Luminescence from the pCS26 constructs were measured at regular 20-minute intervals 

with cells grown at ambient temperature (~21°C) in hrp Inducing Medium. The shaded 

ribbons represent a 95% confidence interval of adjusted RLU from six replicates. 
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Figure 3.4 The rhlA upstream putative promoter region in P. ananatis and P. stewartii 

The intergenic regions upstream of rhlA were aligned and the promoter region was predicted using a neural network 

algorithm. Coloured boxes upstream of rhlA represent different predicted elements identified and identical colours  

indicates perfect conservation of sequence. All elements have the same nucleotide coordinates upstream of the start  

codon unless otherwise indicated. Sequences and additional putative sites are listed in Appendix C3-3.
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Figure 3.5 Complementation with pBSL118-BRT175rhlAB construct restores 

swarming phenotype in P. ananatis BRT175 

Swarming assays were performed by tooth picking a colony onto modified SM 0.7% agar 

and incubating at room temperature for 24 hours. The rhlA knockouts (KO) were 

generated using pKNOCK-GM-RhlA51-785 construct. The rhlA KO with pBSL118 

integration is a control for the integration of the pBSL118-3A-RhlAB (BRT175rhlAB) 

for complementation. 
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Figure 3.6 Testing for grazing resistance in strains complemented with BRT175 

rhlAB 

Grazing resistance assays were performed on wildtype (WT), rhlA knock outs (KO) 

(rhlA::pKNOCKGM-RhlA-51-785), rhlA KO with a random pBSL118 integration, and 

rhlA KO complemented with pBSL118-3A-RhlAB (BRT175rhlAB) in 17671, LMG5342, 

and BRT175. Assays were performed on modified SM, with images being taken after 7 

days. D. discoideum cells were serially diluted (log 2 dilution) from 4000 to 125 cells in 

SorC buffer and added to dried bacterial spots (along with SorC no-amoeba control spot).  
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Figure 3.7 Heterologous expression of rhlAB in P. agglomerans Tx10 

Grazing resistance assays were performed on wildtype (WT), Tx10 with integrated 

BRT175rhlAB from pBSL118-3A-RhlAB, and a random pBSL118 integration control.  

Assays were performed on modified SM, with images being taken after 7 days. D. 

discoideum cells were serially diluted (log 2 dilution) from 4000 to 125 cells in SorC 

buffer and added to dried bacterial spots (along with SorC no-amoeba control spot).  
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Chapter 4 Using Comparative Genomics to Identify Grazing 

Resistance Associated Genes in Pantoea 

4.1 ABSTRACT 

Pantoea ananatis is species of bacteria with widespread distribution and broad niche 

colonization capabilities. Multiple strains of P. ananatis were found to exhibit a grazing-

resistant phenotype when challenged with the phagocytic predator, Dictyostelium 

discoideum. Ten strains were scored as either grazing-resistant or -susceptible. A 

comparative genomic analysis was performed to identify the genetic basis of the grazing-

resistant phenotype. The core genome of the ten strains was determined to be 

approximately 70% of the genetic complement, with the remainder being variable 

accessory genes. There were no genes that were found to be common across all resistant 

strains; however, the genes to produce formate dehydrogenase-N, a possible virulence 

factor that increases resistance to antimicrobial peptides, are present in five out of seven 

resistant strains. A subsequent variant analysis was performed to identify upstream 

variants and missense mutations. An indel was identified in the putative promoter region 

of the quorum sensing regulator, eanI, which was common to all three susceptible strains. 

To account for any annotation-specific bias, a kmer analysis was performed. This 

analysis identified a variable region in the C-terminal domain of a predicted Rhs protein 

that was correlated with grazing resistance. These proteins have multiple roles in 

mediating interactions between eukaryotic and prokaryotic organisms and are often 

associated with type VI secretion systems. This comparative genomics study provides 

context to P. ananatis BRT175 mutants permissive to amoebal grazing and has generated 

additional hypotheses for P. ananatis virulence mechanisms. 
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4.2 INTRODUCTION 

Pantoea ananatis is a versatile species that inhabits a wide variety of niches. 

Currently, much of the research involving P. ananatis is geared towards the species 

capacity for antibiosis (12, 271, 388), biotechnology (389–392),  and its associations with 

plants (17, 30, 48, 108, 393). P. ananatis virulence models have been focused largely in 

plant systems where motility and quorum sensing have been identified as important for 

pathogenesis (30, 31). An onion infection model was also recently used to identify 

genomic regions in P. ananatis that permit disease (32); however, there have been 

multiple clinical case reports of P. ananatis opportunistic human infection including an 

infection after corneal injury, a case of bacteremia, and an isolate from a wound (4, 56, 

286). There have been few models used to assess P. ananatis virulence, but one striking 

example was in an embryonated hen egg model where a P. ananatis pineapple isolate 

was one of the most virulent isolates tested relative to multiple Pantoea agglomerans 

clinical isolates (68).  Few studies, however, have explored the genetic basis of this 

animal pathogenicity. A previous study used a D. discoideum amoebal grazing resistance 

model as a measure of virulence potential in animals (134, 197, 267), and identified a 

glycolipid biosurfactant that confers grazing resistance in P. ananatis BRT175 

(PanaBRT175) (271, 299).  Also identified were genes involved in metabolism, motility, 

outer membrane stress resistance, and quorum sensing (299).  

Comparative genomic approaches have also been used to identify genes involved 

in animal pathogenicity and opportunism. Three versions of the type VI secretion system 

(T6SS) have been identified in P. ananatis through comparative and functional studies 
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with at least one of the variants existing in each strain studied thus far (48, 51, 66, 394). 

This system consists of a needle-like assembly (43, 138, 395, 396) that can transport 

virulence effector proteins into eukaryotic (44) and prokaryotic (49) cells. This system 

has been shown to be essential for competition and virulence for Pseudomonas 

aeruginosa and Vibrio cholerae. The cytotoxic VgrG-1, a T6SS structural component in 

V. cholerae, has an actin cross-linking domain that inhibits phagocytosis in predatory 

cells and allows for intestinal inflammation in human infections (45, 46, 397). The P. 

aeruginosa effector Tse2 has specific antimicrobial activity to isolates that do not have 

the cognate Tsi2 immunity protein (50). There are also effectors that are polymorphic 

toxins, called RHS proteins, that are virulence-associated (398). For P. ananatis, the 

distribution and roles of such proteins in resisting predation have not been explored.    

De novo whole genome sequencing has become affordable and routine in clinical 

(200) and academic settings. The availability of data has led to the development of 

comparative genomics tools that allow for broad comparisons of genomic content (144, 

399, 400) and statistical analyses to generate hypotheses to explain phenotypic variation 

between strains or clonal isolates (17, 32, 394). Some of these tools are annotation 

dependent where they perform protein-to-protein comparisons to cluster proteins into 

orthologous groups and identify core genomes (248, 254, 257). Analyses can be 

performed on these data to find correlations between gene presence/absence and 

phenotype (248). Alternative annotation independent strategies involve performing 

genome-wide statistical analyses to correlate indels and SNPs (249, 250, 253) as well as 

genetic signatures from kmer analysis (251) with phenotype. Comparative genomics 
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strategies have proven to be useful in plant model systems with P. ananatis as they 

allowed for the discovery of multiple loci, called onion virulence regions, that correlate to 

the different capacities for virulence in an onion model (32).  

In this study, multiple Pantoea genomes were sequenced, assembled, annotated 

and compared to identify P. ananatis factors involved in the grazing-resistant phenotype 

exhibited by many strains. The relationships between 10 P. ananatis strains, previously 

characterized in a grazing resistance assay were first established through a core genome 

phylogenetic tree and nucleotide identity. Variant analysis was then performed, which 

identified variation within the putative promoter region of the quorum sensing regulator 

eanI that was associated with grazing-susceptible strains. Also identified were anaerobic 

metabolism pathways and a putative Rhs polymorphic toxin that may play a role in the 

fitness of some grazing-resistant strains.  

4.3 METHODS 

4.3.1 Computation 

The OrthoMCL analysis and HiSeq assemblies were performed on Ubuntu Linux 

14.04 LTS with the following packages: BioPython v. 1.63 (401), Python v. 2.7.6, 

BioPerl v. 1.006923 (402), Perl v.5.18.2, mcl v. 14-137 (403), and R v. 3.02 (276). All 

other genomic analyses and assemblies were completed on Ubuntu Linux 16.04 LTS with 

the following packages and dependencies: BioPython v. 1.66 , Perl v 5.22.1, CD-HIT v 

4.6 (259, 260), mcl v. 14-137, bedtools v.2.25.0 (404) , PRANK v.150803 (405), GNU 
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parallel v. 20141022 (406), FastTree v. 2.1.9 (407), R (3.3.3), Python  (2.7.12), BioPerl v. 

1.007001, SciPy v. 0.19.0 (408), and SAMTools v. 0.1.19-96b5f2294a (409). 

4.3.2 Genomic Sequencing and Assembly  

Genomic DNA was isolated from overnight LB-Miller cultures of Pantoea strains 

incubated at 30°C with shaking at 220 rpm, using microbial genomic DNA isolation kits 

(Mo Bio Laboratories, Carlsbad, CA and Omega Bio-tek, Norcross, GA). Quantification 

and quality assessment of the extracted DNA was performed using a Nanodrop 2000c 

(ThermoFisher, Waltham, MA) along with gel electrophoresis to determine the extent of 

DNA shearing.  Initially, PanaBRT175, P. ananatis BRT98 (PanaBRT98), and P. 

ananatis 15320 (Pana15320) were sequenced with Illumina HiSeq 2000 with 100 bp 

paired-end (PE) sequencing by McGill University and Génome Québec Innovation 

Centre (Génome Québec) where they used TruSeq DNA with PCR for library 

preparations (Table 4.1). For all other strains of Pantoea (Table 4.1), MiSeq PE 250 bp 

sequencing by Génome Québec where the gDNA library was prepared with KAPA 

amplification, with initial DNA quality and quantification being carried out using a 

Take3 Micro-Volume Plate with the Biotek Epoch (Biotek, Winooski, VT) reader. 

The different sequencing technologies required different assembly and pre-

processing strategies for optimal contiguity. The raw FASTQ HiSeq 2000 PE reads were 

used as is with the internal quality control (QC) protocols built in to the ABySS 

assembler v. 1.3.5 (213) and multiple kmer values were tested for each read set to 

optimize for the minimum number of contigs with the highest N50 value, lowest number 

of contigs, and genome size consistent with the majority of assemblies. The SPAdes 
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assembler v. 3.7.0 (212) was used for all MiSeq PE samples as it is optimized for MiSeq 

prokaryotic assemblies. The MiSeq reads required multiple quality control and 

downsampling steps before assembly. Paired reads were filtered with cutadapt v. 1.9.1 

(211) for quality and read length (Table 4.2) and when necessary, were downsampled  to 

~70 to 90 fold coverage with seqtk v. 1.0-r31 (H. Li, https://github.com/lh3/seqtk/) using 

a seed value of 100. MiSeq reads were also assessed with FastQC v. 0.11.4 (S. Andrews, 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) pre- and post-trimming. 

Processed reads were used for assembly with SPAdes using the recommended kmer 

values (-k 21,33,55,77,99,127) and the “careful” flag with “cov-cutoff” set at two to 

remove spurious assemblies. The optimal cutadapt and seqtk values were determined 

based on the highest quality assembly, generally with the lowest number of contigs, 

consistent estimated genome size, and highest N50 value, as assessed by Quast v. 4.4.1 

(410) post-assembly. All genomes were annotated with the National Centre for 

Biotechnology Information (NCBI) Prokaryotic Genome Annotation Pipeline (PGAP) 

(216). The P. ananatis LMG20103 (PanaLMG20103) (285) and P. ananatis LMG5342 

(PanaLMG5342) (286) reference genomes and the Pantoea stewartii subsp. stewartii 

(PsteDC283) draft genome were annotated by PGAP v. 3.0 (216). 

4.3.3 Comparative Genomics Analysis 

The comparison of Pantoea genomes and grouping of orthologous proteins was 

performed using the OrthoMCL software distribution v. 2.0.9 (254). A curated database 

of virulence factors (145, 411) (VFDB all, accessed 2016/05/25) was also included to 

identify virulence factors common to P. ananatis strains. This software has multiple 
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dependencies and required a custom MySQL database (MySQL Server 5.6) to be 

installed on the system (see “Computation” above). NCBI-BLAST v. 2.3.0+ (412, 413) 

was used with legacy BLAST formatting using the included legacy_blast.pl script with 

the following shell script, where the value of the z parameter (83859) was set to the 

number of proteins in the all-v-all BLAST database:  

legacy_blast.pl blastall -p blastp -F 'm S' -v 1000000 -b 1000000 -z 83859 -e 1e-5 -m 8 -d 

goodProteins.fasta -i goodProteinsO.fasta -o allvallLEGACY.fasta -a 7 

Annotated GenBank files were converted to FASTA format using standalone 

genbank_to_fasta.py v. 1.1, 

(http://rocaplab.ocean.washington.edu/tools/genbank_to_fasta) as follows:  

genbank_to_fasta.py -i *.gb -o CDS.fasta -f CDS -d pipe -q locus_tag,product 

Locus tags and product names were then separated using: 

 grep \> CDS.fasta > STRAINNAME-locus-product.fasta  

where STRAINNAME was replaced with the appropriate strain designation.  

All the locus tags for each genome compared were concatenated into one file using: 

cat *locus-product.fasta > all-locus-product.fasta  

OrthoMCL output was parsed using the nml_parse_orthomcl.pl script 

(https://github.com/apetkau/orthomcl-pipeline/tree/master/scripts) using the following 

parameters: 

http://rocaplab.ocean.washington.edu/tools/genbank_to_fasta
https://github.com/apetkau/orthomcl-pipeline/tree/master/scripts
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perl nml_parse_orthomcl.pl -i groups.txt --draw -g genome_groups.txt -o 

parsedgroups.txt -s –gene 

The “genome_groups.txt” file contained sets of strains that were classified based on 

grazing resistance phenotype (resistant or susceptible) and the “groups.txt” file is the 

output from OrthoMCL. A custom Python script (Appendix C4-1) was used to match hits 

identified via locus tag from the “nml_parse_orthomcl.pl” output.  

A pan-genome comparative analysis was completed using Roary v. 3.8.0 (257). 

Prokka v. 1.12 (217) was first used to reannotate all genomes as described by the authors 

of Roary (257). The required dependencies were used with Barrnap v. 0.7 (T. Seemann, 

https://github.com/tseemann/barrnap) and SignalP v. 4.1 (414). An annotation database 

was created with “prokka-genbank_to_fasta_db” on 100 annotated Pantoea genomes 

(Appendix C4-2) and using CD-HIT with the flags -T 0 -M 0 -g 1 -s 0.9 -c 0.9 on the 

concatenated “.faa” file to create the BLAST amino acid database for Prokka. Relevant 

Prokka flags used were as follows: 

--kingdom Bacteria --compliant --genus Pantoea --gram neg --usegenus.  

Roary was run using the default parameters using PRANK for the P. ananatis genomes 

(Table 4.1) and FastTree using the flags “-nt –gtr” was used to generate the phylogenetic 

tree of the core genome based on the PRANK alignment of core genes. Scoary v. 1.6.11 

(248) was used to determine whether there was any significant correlation between 

grazing resistance phenotype and the presence/absence of genes. The protein annotations 

https://github.com/tseemann/barrnap
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for the P. ananatis strains (Table 4.1), as well as the core and accessory genomes 

identified by Roary, were functionally annotated with the EggNOG-Mapper online tool 

(415, 416). The gene presence/absence matrix was generated using roary_plots.py (M. 

Galardini, https://github.com/sanger-pathogens/Roary/tree/master/contrib/roary_plots). 

Neptune (v. 1.2.5) (251) was used to identify sequences associated with grazing 

resistance in an annotation-independent manner. Grazing-resistant strains were compared 

to grazing-susceptible strains to find sequences present only in the subset of resistant 

strains. Default parameters were used initially with the “inhits” flag adjusted to 4 to 

increase the stringency in calling genomics signatures of interest. 

4.3.4 Variant Analysis 

The SPANDx v. 3.2 (249) pipeline together with its included dependencies and 

GATK v. 3.7.0 (417) was used to identify SNPs in P. ananatis relative the reference 

strain PanaLMG5342. The reference strain variant call file was acquired from the SNPeff  

v. 4.3 (418) database, a tool used to annotate SNPs and predict their impacts. The quality 

controlled (described above) MiSeq reads used for genomic assemblies were used with 

the pipeline. HiSeq reads were filtered to those of 75 bp or longer and Q30 with cutadapt. 

PanaBRT98 reads were also randomly down sampled to 28% of the original reads due to 

a high number of sequences. The following parameters were used for PanaLMG5342:  

-r LMG5342 -m yes -i yes -a yes -w 100 -v GCA_000283875.1.21 -p PE -z yes 
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4.3.5 Phylogenetics and Average Nucleotide Identity 

The program MEGA  (v. 7.0.26) (341) was used to generate alignments and 

phylogenetic trees for individual genes and Multi Locus Sequence Analysis (MLSA) of 

species. ClustalW was used within MEGA for gene alignments using default parameters 

unless otherwise indicated. Appropriate models for the Maximum Likelihood 

phylogenies were identified using ModelTest as implemented in MEGA, with 1000 

bootstrap replicates used for trees. The average nucleotide identity (ANI) was calculated 

using Pyani (v. 0.2.7) (419) on the assembled contigs of Pantoea strains. Assemblies 

were either generated as described above or retrieved from NCBI (Appendix C4-2). 

4.3.6 Genomic Visualizations 

Easyfig (v 2.2.2)  (420) was used to visualize homologous genomic regions. The 

genomic contig assemblies from the P. ananatis strains (Table 4.1) were used with 

MeDuSa (v 1.6) (421) to generate a scaffolded genome of PanaBRT175 that could serve 

as a reference genome against which individual contigs of PanaBRT175  and other 

complete and draft genomes could be mapped. BRIG  (v 0.95)  (422) was used to 

generate a BLAST (tblastn) ring comparison of the Pantoea genomes to illustrate 

sequence similarity based on translated nucleotide sequences (412).  

4.4 RESULTS 

4.4.1 Genome Analysis and Annotation 

The ability of P. ananatis strains to resist grazing by D. discoideum was 

previously determined (299). This resistance exists on a spectrum based upon the ability 



 

106 

 

of the amoebae to form plaques and subsequently sporulate when Pantoea is used as a 

primary food source under defined environmental and nutritional conditions (299). The 

10 strains of P. ananatis were scored for grazing resistance based on these criteria, with 

plates of relatively resistant strains exhibiting large to small plaque formation when 

challenged with up to 10,000 amoebal cells (299).  These included PanaBRT175, P. 

ananatis M232A (PanaM232A), PanaBRT98, P. ananatis B7 (PanaB7), Pana15320, P. 

ananatis 26SR6 (Pana26SR6), and PanaLMG20103 (Table 4.2).  In contrast, grazing-

susceptible strains P. ananatis 17671 (Pana17671), PanaLMG5342, and P. ananatis 

Cit30-11 (PanaCit30-11) allowed for sporulation and large plaque formation even when 

challenged with only 100 amoebae. The genomes of all strains were sequenced except for 

PanaLMG20103 and PanaLMG5342, which were available in the NCBI database as 

complete genomes (Table 4.1), to identify genetic factors that could account for this 

spectrum of grazing resistance.  

The size of the P. ananatis genomes analyzed ranged from 5,198,238 bp for 

Pana15320 to 4,603,249 bp for PanaBRT98.  The assembled genomes of all P. ananatis 

strains were compared to the grazing-resistant PanaLMG20103 reference genome using 

BRIG (Figure 4.1). The visualization shows approximately 300,000 bp that is absent 

from only the grazing-resistant PanaBRT98. Only 8,617 bp of the PanaLMG5342 mega 

plasmid (Accession: NC_016817.1) aligns to the PanaBRT98 draft assembly, which 

indicates that this plasmid is absent from this strain. These similar fragments of DNA are 

spread across 8 different contigs (Table 4.3). Genomes were then annotated using both 

Prokka and PGAP; however, there was a 1.4% variance in total CDS annotations between 
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Prokka and NCBI PGAP, with Prokka predicting more genes overall (Table 4.4). Prokka 

calls pseudogenes caused by frameshift mutations as two separate truncated reading 

frames when their product is not a hypothetical, which results in higher CDS predictions. 

In contrast, PGAP accounts for frameshifted genes by labeling them “pseudo” and 

performing multiple alignments to identify for the maximal extent of the original gene. 

As called by PGAP, CDSs ranged from 4302 in PanaLMG20103 to 5030 genes in 

Pana15320.  Despite this difference in annotation, Prokka has the advantage of better file 

compatibility and integration with the Roary pan-genome pipeline that was needed for 

subsequent analyses. 

The Prokka generated annotations were used as per the recommendation of the 

Roary authors. There were 3231 core genes (present in all strains), 2120 “shell genes” 

(present in greater than 15% and less than 95% of strains), and 2665 accessory or “cloud 

genes” in the pan-genome of the 10 P. ananatis strains. Each additional strain added to 

the pan-genome continues to consistently add new unique genes even at the 10th strain 

compared, which is a trend that is consistent with the open genome concept (41, 42). This 

analysis was expanded to 22 additional P. ananatis strains available on NCBI, which 

reduced the core gene content to 1875, but also had a “soft-core” of 1223 genes present in 

30 out of 32 strains. A presence/absence matrix indicates that two strains, P. ananatis 

CFH7-1 (PanaCFH7-1) and P. ananatis B40 (PanaB40) are missing many genes 

conserved throughout the rest of the species (Appendix C4-3). There were 2225 shell 

genes and 8116 “cloud genes” in this expanded pan-genome with unique genes still being 

added with each additional strain (Figure 4.2). 
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The Prokka CDS annotations were processed with the EggNOG-Mapper (416) to 

group proteins by clusters of orthologous groups (COG) through HMMER hidden 

Markov model searches of homologous proteins to assign function (Table 4.5). These 

groups were analyzed with Roary to classify each as either core or accessory based on 

distribution across strains.  This resulted in 6807 COGs with 3561 being classified as 

accessory (52.3%) and 3246 as core (47.7%).  Of the 6807 predicted core and accessory 

COGS of P. ananatis, 34.0% have an unknown function, with the accessory genome 

having more (45.3%) than the core (21.7%). On average, each strain has 26.1% of COGs 

with an unknown function.  An analysis of COG category V, defense mechanisms, 

comparing resistant to susceptible strains found variation primarily in endonucleases and 

restriction enzymes (Appendix C4-4). A homologue of the O-antigen ABC transporter 

permease wzm (Accession: ADD77657.1) was found in PanaLMG20103 (137). The 

intracellular trafficking, secretion, and vesicular transport category U consists primarily 

of accessory genes with 137 identified relative to 44 core genes. The replication, 

recombination, and repair category L COGs also have a larger proportion of accessory 

genes at 356 as opposed to 128 core COGs. 

4.4.2 Gene Presence/Absence to Explain Variations in Grazing Resistance 

To attempt to address whether there were any significant correlations of gene 

presence or absence with phenotype, comparisons of orthologous groups of proteins 

associated with each phenotype were conducted. The presence or absence of genes 

correlated with grazing phenotype was first investigated with OrthoMCL. In contrast to 

the Roary analysis, OrthoMCL identified 1475 genes as part of the core genome of all ten 
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strains, which is half of the predicted core identified with Roary. It also identified a single 

hypothetical gene common to the three highly susceptible strains (PanaLMG5342, 

Pana17671, PanaCit30-11), and no genes that were unique to the more resistant strains 

(PanaLMG20103, PanaBRT175, PanaBRT98, Pana15320, Pana26SR6, PanaM232A, 

PanaB7). The hypothetical sequence (Accession: PANA5342_RS36455) is a 93 amino 

acid predicted protein that does not return any functional annotations when searching the 

Conserved Domain Database (CDD) (423, 424). To validate the results of the OrthoMCL 

analysis, genes associated with resistant and susceptible phenotypes were also evaluated 

with Roary (257) and Scoary (248). Two hypothetical proteins were found to be common 

to all seven resistant strains. These proteins were 45 and 50 residues long with no 

identifiable conserved domain or function and appear to be misannotated putative 

alternative starts by Prokka, as evidenced by an overlap with yhhK (NCBI: ADD78888) 

and ldhA (NCBI: ADD77178) genes.  Additionally, Scoary statistical analysis was 

performed on gene presence/absence output of Roary, but no specific genes or gene sets 

could explain grazing resistance among the seven more resistant P. ananatis strains with 

strong support after post-hoc Benjamini-Hochberg and Bonferonni corrections for 

multiple pairwise comparisons using the Fisher’s exact test.  

4.4.3 Identification of SNPs and Indels Correlated with Grazing Resistance  

The gene presence and absence methods provided limited results to help explain 

the variation in grazing resistance within P. ananatis. Because of this, SNP and indel 

analyses were conducted to identify any genome-level variation that was correlated with 

phenotype. The sequencing reads of nine P. ananatis strains were first compared to the 
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PanaLMG5342 reference genome using the SPANDx pipeline to determine the nature 

and number of SNPs and indels across the genomes (249). The 8 of the 9 strains averaged 

592 indels and 28270 SNPs relative to PanaLMG5342, whereas susceptible Pana17671 

had 1664 indels and 93295 SNPs (Figure 4.3). I first focused on the SNPs and indels that 

occurred within genes previously identified in a genetic screen as being involved in 

grazing resistance in PanaBRT175 by using the SPANDx pipeline (299). There were 35 

upstream variants found that could impact expression and 81 missense mutations among 

the 26 grazing resistance associated genes that could potentially have an impact on 

function, but a pattern of mutations relative to phenotype was not evident (Appendix C4-

5, C4-6). Additionally, the pipeline successfully called a previously identified nonsense 

mutation in rhlB present in Pana17671 at residue 201. Most of the SNPs and indels were 

unique to a single strain relative to the PanaLMG5342 reference. However, an indel of 

adenine 89 bp upstream of the start codon of the eanI quorum sensing gene was common 

to the three susceptible strains. Quorum sensing is a key regulatory system that governs a 

variety of processes, including virulence, in a density dependent manner. A ClustalW 

alignment (341, 425) on 526 nucleotides of the 5′ upstream region of eanI showed this 

region was highly conserved with only three parsimony informative sites and 24 variable 

sites total. All 10 P. ananatis strains showed perfect conservation from the start codon 

until the adenine insertion at the 89th position upstream of the predicted start, which is 

predicted to fall within the promoter region.  
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4.4.4 Identification of Variation Correlated with Grazing Resistance using 

Annotation-Independent Kmer analysis 

An annotation-independent method was used to identify genomic loci that are 

correlated with grazing resistance. Contigs were used for a Kmer comparison using 

Neptune (251) to identify DNA segments that are unique to resistant strains. The 

comparison was made by designating Pana17671, PanaCit30-11, and PanaLMG5342 as 

the susceptible group, and the remaining as resistant. Neptune identified 11 sequences 

ranging from 144 bp to 4813 bp that were conserved in at least four of the seven resistant 

strains (Table 4.6). The largest 4813 bp sequence, present in five of seven resistant 

strains, contained the three formate dehydrogenase-N subunits alpha (FdnI (NCBI: 

WP_022622704)), beta (FdnH (NCBI: WP_014593019)), and gamma (FdnG (NCBI: 

WP_089517564)) for the nitrate inducible anaerobic formate dehydrogenase-N protein, 

which are known to be upregulated in nutrient limiting conditions (426, 427). The 

flanking region is highly conserved among all strains and is flanked downstream by the 

amylovoran biosynthesis gene, amsF (NCBI: ADD77665) (Figure 4.4). A phylogenetic 

analysis of each gene shows that they are likely part of the P. ananatis lineage given that 

the gene trees (Figure 4.5 A, B, C) are largely congruent with the species tree (Figure 

4.6). These trees were rooted using outgroups of the P. ananatis species group as 

determined through Multi-locus Sequence Analysis (MLSA) (60, 69, 225) (Figure 4.6). 

The genes fdhE (NCBI: WP_013024012) and fdhD (NCBI: WP_013024013), which 

produce the formate dehydrogenase accessory proteins (428) are also present in all 10 

strains, although the fdhD allele in PanaBRT175 is a pseudogene caused by a C81A 

nonsense mutation. Prokka annotated a functional fdhD (BBOJFJKG_04438) gene in 
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PanaBRT175 by predicting an alternative GTG start codon, resulting in a 35 AA 

truncation relative to the other alleles. The predicted functional domain of this protein, 

however, appears to be intact.  

A cluster of four genes that may be involved in metabolism are present in 4 of the 

7 resistant strains (Figure 4.7). The genes are homologous to the rhmA (NCBI: 

NP_416748) , rhmD (NCBI: NP_416750), rhmT (NCBI: NP_416749), rhmR (NCBI: 

NP_416751), which are 2-keto-3-deoxy-L-rhamnonate aldolase, L-rhamnonate 

dehydratase, a putative L-rhamnonate transporter (MFS transporter), and a regulator of 

the IclR family respectively (429). The IclR protein is known to suppress the glyoxylate 

shunt in Escherichia coli (430). These rhm genes are not present in the StringDB 

reference P. ananatis strain (PanaLMG20103), but the network of the homologues in E. 

coli K12 MG1655 is described (Figure 4.8). The rhm gene interactions are with 

carbohydrate degradation and LPS biosynthesis pathways. 

Neptune identified a signature unique to 4 of 7 resistant strains in the C-terminus 

of a Rhs protein (NCBI: L585_01495) as well as the downstream region. Rhs proteins, or 

rearrangement hotspot proteins, are polymorphic exotoxins produced by a variety of 

bacterial species. They consist of an N-terminal PAAR-Rhs secretory domain, followed 

by multiple Rhs repeat cores and completed with a C-terminal domain with enzymatic or 

catalytic activity. Homologues of rhs and putative upstream genes are present in all 10 P. 

ananatis strains (Figure 4.9). The genes upstream of the rhs are conserved, but the 

downstream region is highly variable (Appendix C4-7). Three different groupings of Rhs 

proteins can be identified among the 10 P. ananatis strains with Group 1 containing the 
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unique signature detected by Neptune (Figure 4.10). Group 1 and 3 consist of only 

grazing-resistant strains and Group 2 contains two of the susceptible strains. Each group 

shares similar sequence identity in the 3′ end (C-terminal domain) of the rhs gene, as well 

as the downstream genes. (Appendix C4-7).  For example, all Group 1 strains have a 

Pput2613-deam super family domain in the C-terminus of Rhs. This domain is associated 

with RNA and DNA degradation and has been identified in polymorphic toxin systems in 

Pseudomonas and is associated with the Type II and Type VI secretion systems (431). 

Group 2 and Group 3 strains have no functional domain annotated in the C-terminus of 

Rhs. However, Group 3 strains have a unique hypothetical downstream of rhs that 

contains a Tox-HNH-EHHH nuclease domain, which is a functional domain of proteins 

associated with secretion systems in many phyla of bacteria (398). PanaLMG5342, a 

susceptible strain, has some similarity to Group 3 strains with a downstream hypothetical 

gene containing a Tox-HNH-EHHH domain. However, Group 2 and Group 3 strains 

share similar hypothetical genes downstream of the rhs gene, which indicates that 

PanaLMG5342 is an intermediate strain based on the phylogenetics of the rhs gene and 

the organization of the downstream genes. Putative immunity factor domains are 

annotated in this downstream region but are absent from the grazing-susceptible strains 

PanaCit30-11, Pana17671, and PanaLMG5342. An assembly gap is present in the 

variable region of PanaBRT175 due to a partial filamentous hemagglutinin gene, which is 

a large gene that contains repeat regions that can complicate assemblies. A tRNA-Arg 

flanked by yicN (NCBI: L585_08760) is the putative insertion target for two prophage 

regions identified by PHASTER (432). A 16.2 kb incomplete prophage element (similar 
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to PHAGE_Entero_phiP27_NC_003356) is flanked by a 25.1 kb complete prophage 

(similar to PHAGE_Entero_UAB_Phi20_NC_031019) between the assembly gap and 

yicN. 

4.4.5 Whole-genome Phylogenetic Analysis 

Phylogenetic trees were constructed to validate the relationships between the 10 

P. ananatis strains. An unrooted phylogenetic tree generated from the core genome 

alignment shows that PanaBRT98 and Pana26SR6, PanaB7 and PanaM232A, and 

PanaBRT175 and PanaLMG20103 form sister pairs, while Pana17671 does not group 

with any other strain and shows increased sequence divergence in the core genome 

(Figure 4.11). These relationships also hold true when the tree is rooted with PsteDC283 

(Figure 4.12). Because of the higher genetic variation of Pana17671, an Average 

Nucleotide Identity (ANI) (419) analysis was conducted (Figure 4.13). ANI is calculated 

by taking the average identity of pairwise DNA alignments between strains with an ANI 

of 95% is comparable to a 70% DNA-DNA hybridization, an experimental gold-standard 

for species identification (227). Included in the analysis were multiple P. ananatis strains 

currently available on NCBI (as of 2017/04) in addition to the 10 strains in this study.  

The analysis shows two clades forming within the P. ananatis species group, called 

Pana1 and Pana2, with Pana17671 being the only strain in the subgroup identified as 

Pana1. All other strains fall within the Pana2 grouping, but both subgroups still have 

greater than 95% identity. P. stewartii clearly forms a distinct grouping from all P. 

ananatis strains and has less than 90% identity with any comparison to the separate 

species. An expansion of the core genome phylogenetic comparison to include all 32 P. 
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ananatis strains used in the ANI analysis also supports this clustering into two separate 

groups (Figure 4.14). 

The OrthoMCL analysis was expanded to include representative sister taxa, 

PsteDC283 and Pantoea stewartii subsp. indologenes 626 (Pste626), to better identify P. 

ananatis specific virulence factors that could be cross-referenced to the Virulence Factor 

Database (145). This identified three orthologues of virulence-associated genes common 

to the P. ananatis lineage that were absent from both P. stewartii representatives. The 

three genes were annotated in Salmonella as a putative outer membrane protein (VFDB: 

VFG021689), a putative periplasmic chaperone protein stjC (VFDB: VFG021685), and 

resistance to complement killing rck (VFDB: VFG000442). The P. ananatis equivalents 

are yhcF (NCBI: WP_013025673.1), yhcA (NCBI: WP_013025675.1), and pagC (NCBI: 

WP_013024010.1).  A STRING database (StringDB) (433) analysis of the first two 

potential virulence-associated genes, yhcF and yhcA, identified four predicted gene 

interactions in PanaLMG20103 based on neighbourhood (i.e., the genes are consistently 

found to be co-located with each other in multiple genomes) (Figure 4.15). All four genes 

have annotated hits within the CDD and may be involved in fimbrial biogenesis. These 

genes are present in a putative operon of 4172 bp that also contains yhcD, a gene like the 

FimD fimbrial biogenesis outer membrane usher protein (CDD: COG3188), and 

PANA_1799 contains a helix-turn-helix LuxR_C_like regulator domain (CDD: cl10457). 

The yhcF gene has a domain of unknown function (CDD: cl23796) and yhcA is predicted 

to be a pili assembly chaperone containing a PapD C-terminal domain (CDD: cl27373). 
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The third potential virulence-associated gene, pagC, was predicted by co-

occurrence to interact with fliT and two clusters of genes. Cluster 1 consists primarily of 

uncharacterized proteins with domains of unknown function and an association with the 

ampE regulator (Figure 4.16). The ygiB gene has been shown to be involved in biofilm 

formation (434). Cluster 2 is composed of proteins predicted to be membrane associated 

and involved in fatty acid biosynthesis. The pagC gene is co-located with the superoxide 

dismutase, sodA, and formate dehydrogenase accessory proteins, fdhE and fdhD, within 

the chromosome. This region is also flanked by ybjX, which is similar to the multi-enteric 

virulence factor, virK (435–438). 

4.5 DISCUSSION 

A comparative genomics approach was used to identify additional genetic factors 

that correlate with resistance or susceptibility of P. ananatis to amoebal grazing. Initial 

comparisons of the genomic content of the 10 P. ananatis strains showed that one grazing 

resistant strain, PanaBRT98, lacked a significant portion of the Large Universal Pantoea 

Plasmid (LPP-1) that is present across species, including P. agglomerans, P. vagans, P. 

dispersa, P. eucalyptii, P. anthophila, and P. stewartii (439). The plasmid is defined in 

PanaLMG5342 as a 302.6 kb replicon, but can vary in size from 280.8 kb to 793.6 kb 

across species, and carries secondary metabolism genes that may confer niche-specific 

adaptability, such as carotenoid biosynthesis genes, as well as genes involved in uptake 

and utilization of metabolites (439). The lack of LPP-1 in grazing-resistant PanaBRT98 

suggests that grazing resistance factors are associated with chromosomal variation rather 

than with LPP-1.  
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Previous MLSA work supported a different phylogenetic relationship between 

some of the P. ananatis strains in this study. A MLSA tree based on the fusA, leuS, pyrG, 

rpoB, gyrB and 16S rRNA lacked sufficient resolution to identify Pana17671 as being 

distinct from the other strains tested and placed PanaLMG20103 and PanaLMG5342 into 

separate clades (69). However, ANI and core genome phylogenetics in this work (Figure 

4.12, Figure 4.13, Figure 4.14) identified two subgroups within P. ananatis that are still 

distinct from the sister species, P. stewartii. Pana2 appears to consist of rice pathogens 

and endophytes (389, 394, 440, 441) and is consistent with previous findings (394). This 

may be evidence of niche adaptation occurring in the Pana2 clade. P. ananatis also has 

two case reports of clinical infections (56, 442), which may suggest there are unique 

virulence factors to allow for this niche differential as clinical infections do not appear to 

have been reported with the plant and insect associated P. stewartii  (1, 36). 

The 10 P. ananatis strains showed extensive conservation of their genetic 

complements with an average of ~70% of genes being part of core genome identified by 

Roary, despite having an open pan-genome where each additional strain sequenced adds 

new genes to the pan-genome (42). A previous core-genome analysis identified a 92.9% 

conservation of core genes with a core genome of 3,876 among 8 P. ananatis strains (42). 

However, this previous study only identified 5,566 genes in the pan-genome. The 10 

strains analyzed in this study have a pan-genome of 8,016 genes and a core of 3231 

genes, which indicates this is a more genetically diverse sampling of the species. The 

proportion of conserved core genes in P. ananatis is in contrast to E. coli that only has 

20% of its genes conserved across strains (443). P. aeruginosa also exhibits an open pan-
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genome (444, 445) with ~75% of its genes being part of the conserved core genome (446, 

447) and is also able to persist in a wide variety of environmental and clinical niches 

(446). The pathogenicity and/or virulence of a particular P. ananatis strain may be altered 

through the acquisition of specific virulence factors due to the ability of the species to 

acquire new genetic material as evidenced by its open pan-genome (42). The acquisition 

of strain specific novel virulence factors would imply that different singleton genes 

would be responsible for phenotypic characteristics of individual strains. This would be 

identifiable by genetic screening, but would be difficult to detect with a comparative 

genomics approach. However, no unique singletons were identified in the previous 

genetic screen of PanaBRT175 designed to identify grazing resistance factors, as all 26 

genes identified are present in other strains (299).  

The rhlA and rhlB genes were previously shown to be essential for resistance in 

PanaBRT175, but were distributed throughout the P. ananatis group despite the 

differences in their grazing resistance (299). This supports the concept that presence and 

absence of genes alone is insufficient to explain the variation in grazing phenotypes. 

Rather, it is possible that there is a complex interplay of genetic factors and regulation 

leading to variation in niche-specific fitness. There was no single gene common to all 7 

grazing-resistant strains that was also absent from all 3 susceptible strains. For other 

species of bacteria, there are specific determinants that are responsible for pathogenesis 

(73), such as the presence of  CTXphi encoding the cholera toxin, and toxin co-regulated 

pili in virulent V. cholerae (448). Studies of virulence in P. aeruginosa, however, found 

that factors required for virulence can vary between closely related strains. A 
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comparative genomics study of hypervirulent P. aeruginosa PA14 could not correlate its 

phenotype to additional virulence genes when compared to P. aeruginosa PAO1 (449). 

The authors concluded that genomic redundancy and unique gene combinations within a 

strain contributes to a unique virulence phenotype that cannot be explained by presence 

or absence of genes alone. Multiple studies have supported this hypothesis through an 

inability to correlate genotype to virulence phenotype (450–452). Rather, more subtle 

regulatory changes (450, 452, 453) or cryptic genetic variation (454–456) may be more 

important in these strains for persistence after initial virulence-associated traits allow for 

establishment. Cryptic genetic variation arises when a microbial strain interacts with a 

new environment or acquires new genetic material that allows for previously neutral 

genes to have a positive or negative impact on fitness.  

Variation in gene expression can also contribute to differences in virulence 

phenotypes and fitness among closely related strains of bacteria. The cystic fibrosis (CF) 

outbreak associated Liverpool epidemic strains of P. aeruginosa show variation in 

expression of key virulence factors, such as the cytotoxic compounds pyoverdine and 

pyocyanin (450). This phenotypic diversity may allow for adaptation to different niches 

within CF lungs. Interestingly, these successful epidemic isolates showed an attenuated 

phenotype in an amoebal grazing model (450). Other longitudinal studies of P. 

aeruginosa in CF lungs show that isolates become less virulent over time (457, 458), or 

that microevolution occurs and selects for a diverse population with modified virulence 

repertoires as pathogenicity is maintained (90, 459). Some isolates show reduced grazing 

resistance against D. discoideum (90). This phenotypic correlation may be relevant to 
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Pantoea as PanaLMG5342 was identified as less virulent in this specific model despite 

being the only clinical isolate tested (286, 299). Perhaps there is a trade-off with 

increased fitness in a human system that has an associated cost impacting resilience 

against environmental predators. In P. aeruginosa this trade-off only seems to be 

important for chronic persistence since the decreased virulence that impacts alternative 

model-host virulence in Caenorhabditis elegans, Drosophila melanogaster, and Galleria 

mellonella also impacts acute infection in murine models (460). Host adaptation may 

impact some genetic systems important for virulence or survival in the environment as a 

trade-off to reduce immunogenicity within a host organism (461, 462). Alternatively, 

specific niches within a human system require different sets of genetic factors, which 

may reduce general virulence (463). 

The four genes associated with fimbrial biogenesis, yhcA, yhcD, yhcF, and 

PANA_1799 may be involved in producing P. ananatis-specific adhesion factors that 

could help to explain a differential in host-range from P. stewartii. Interestingly, this 

arrangement contains both type I pili FimD chaperone usher domains (464) and a PapD-

like usher domain protein which are known to assist in the P pili assembly process (465, 

466). Fimbrial chaperone-usher variations have been known to be important for adhesion 

and virulence in uropathogenic E. coli (466, 467). Previously, it was observed that a 

knockout of dsbB reduced grazing resistance (299). DsbB is responsible for regenerating 

DsbA so that the protein may catalyze disulfide bond formation in periplasmic proteins 

(468). This role is critical in assisting the PapD fimbrial chaperone protein in maintaining 
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proper conformation as well as aiding in pilus subunit conformation in E. coli (469). 

Perhaps YhcD is one of the potential targets impacted by the DsbB mutant.  

 The pagC gene is of interest as is its genomic neighbourhood association with a 

region that could be involved in defense against a host organism. This region contains the 

formate dehydrogenase accessory genes, fdhE and fdhD, a sodA homologue that can be 

used for detoxifying superoxide and for survival within macrophages (470), and the virK 

homologue yjbX which is involved in cationic peptide resistance (435, 436, 438). The 

pagC gene is a homologue of rck and both genes are known to provide increased survival 

within serum by resisting complement mediated killing (471–473). This gene is 

upregulated by the PhoPQ system that recognizes entry into the intracellular environment 

through detecting acidity, low Mg2+ concentrations, and antimicrobial peptides (474–

477). The pagC gene is expressed within the phagosome and is essential for survival 

within a macrophage (475, 478, 479). This region may explain the increased ability of 

many P. ananatis strains to defend against amoebal predation as they are known to use 

similar phagocytosis mechanisms (135, 480–483) and antimicrobial peptides as a defense 

and bacterial degradation mechanism in some amoebae (484–486). 

The presence of the formate dehydrogenase-N (Fdh-N) gene cluster in five of 

seven grazing-resistant P. ananatis strains may confer an advantage when competing 

with an amoebal predator. There are three formate dehydrogenases in E. coli with 

differential conditions for activity with Fdh-H being prevalent in fermentative conditions, 

Fdh-O in aerobic conditions, and Fdh-N during anaerobic growth in the presence of 

formate and nitrate (428, 487–489). It is thought that the presence of formate with Fdh-N 
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provides resistance to the human bactericidal/permeability-increasing protein, P2, by 

providing a metabolic shunt to counter suspected lesions caused by P2 in the respiratory 

chain (490). Fdh-N provides reducing power to the quinone pool in lieu of the 

NADH:ubiquinone oxidoreductase (490). This protective function is specific to Fdh-N as 

mutants deficient in either Fdh-O and Fdh-H were just as resistant to the antimicrobial 

peptide P2 mediated killing (490). Amoebopores are important for killing engulfed 

bacteria within the phagosome in Entamoeba histolytica (491) and these antimicrobial 

peptides can be used for cytolytic activity against human cells via exocytosis (492). 

However, this is a relatively new and emerging field of study within protozoal predator 

and bacterial interactions. There are several uncharacterized proteins within D. 

discoideum that could be functioning as antimicrobial peptides. The AplD protein is a 

saposin-like protein with pore forming capability that is necessary for defense against 

virulent K. pneumoniae (486). There is some indication that antimicrobial peptides can 

induce oxidative stress in bacteria and that anaerobic metabolism may lessen their 

effectiveness (493). 

Fdh-N contains multiple 4Fe-4S clusters that are essential for electron transport 

for quinone pool reduction (494, 495). Iron-sulfur clusters are sensitive to reactive 

oxygen species (ROS) (496) that are a by-product of aerobic respiration and are 

generated by eukaryotic cells to kill bacteria (497). There is limited evidence to suggest 

that D. discoideum uses ROS in dealing directly with engulfed bacterial prey as 

knockouts of two homologues of the NADPH oxidase, noxA and noxB, are not essential 

to kill bacteria (139, 483). Instead, the production of ROS is used as a signalling 
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mechanism during the multicellular stages of the amoebal lifecycle (498). During the 

aggregation of amoebal cells to form a slug, a subset of the population differentiates into 

sentinel S cells and perform a function analogous to innate immune cells in protecting the 

99% of cells that are now non-phagocytic (483, 499). These S cells are shed to 

phagocytose bacteria and are able to secrete extracellular traps  (500, 501), which then 

entrap bacteria in mitochondrial DNA where they can be sequestered and potentially 

killed by excreted factors (502, 503). Extracellular traps have been studied extensively in 

neutrophils (502, 503), but have only been recently discovered in D. discoideum (500). 

Knocking out the production of the three superoxide generating genes, noxABC, limits 

the production of extracellular traps and allows for increased bacterial contamination of 

fruiting bodies (500). Secretion of the DdPoxA heme-peroxidase in later stages of 

development also prevents infection and subsequent contamination of fruiting bodies 

(504). Perhaps DdPoxA is working in conjunction with extracellular traps as a killing 

mechanism.  Pore forming proteins like AplD could possibly be involved in this response 

as antimicrobial proteins are associated with extracellular traps in neutrophils (502). It is 

possible that resistance to these antimicrobial mechanisms by P. ananatis is an advantage 

that is preventing fruiting body formation even when plaques do form. 

We observed that the envelope stress response system is important for grazing 

resistance in PanaBRT175. A knockout of the PanaBRT175 cpxA homologue was found 

to be attenuated for grazing resistance (299). In E. coli, this two component system is 

essential for enduring envelope stresses encountered during pathogenesis, including 

stressed caused by antimicrobial peptides (505, 506). The CpxRA two component system 
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in Haemophilus ducreyi upregulates the expression of fdhE, which may indicate that 

formate associated metabolism may be an virulence determinant in dealing with host 

responses that stress the outer membrane (507). However, in E. coli the regulation of 

fdhE is not linked to production of Fdh-N (508). Both FdhD and FdhE are required for 

Fdh-N activity, with defects of either of the homologues in Salmonella eliminating 

activity of the dehydrogenase (508, 509). Homologues of the fdhE and fdhD genes were 

present in all 10 P. ananatis strains with an alternative start or possible frameshift in fdhD 

in PanaBRT175. 

 A putative polymorphic toxin region was identified in all 10 P. ananatis strains 

which had varied C-terminal domains on a Rhs protein (398). These proteins contain 

repetitive elements and are considered rearrangement hot spots to allow for selection of 

functional variation (398, 510, 511). This protein may be determining phenotypic 

variance within the P. ananatis species group as there is evidence of recombination at the 

C-terminal domain. A flanking arginine tRNA appears to be a target site for phage and 

transposable elements in this downstream region. Genomic sites encoding tRNAs are 

known pathogenicity island insertion targets (512). There was no annotated secretion 

system linked via genomic co-occurrence with rhs. However, all the identified variants of 

this protein contain a PAAR N-terminal domain which may target it for secretion through 

the Type VI system (51, 66, 398). It is interesting to note that unlike the grazing-

susceptible strains, all grazing-resistant strains appear to have complete C-terminal 

effector domains within the Rhs and the cognate immunity proteins. The PAAR-Rhs-

Effector domain arrangement of these proteins is consistent with a study that identified 
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this as a rare Class 3 domain architecture (513). It is proposed that these Class 3 proteins 

associate with the VgrG spike of the T6SS via the PAAR domain to inject the effector 

domain into a recipient cell (513). Experimentation will be needed to determine whether 

these toxins play a role in resistance against phagocytic predators or if they are used for 

interbacterial competition. 

This study identified candidate genes that may be important for P. ananatis and its 

interactions with other bacteria and phagocytic predators. The relationship between 

phenotype and genotype is extremely complex and comparative genomics approaches 

looking at gene presence or absence when grouping strains by similar phenotype did not 

provide concrete answers to explain this relationship. More subtle factors such as cryptic 

variation, redundancy, metabolism, and individual genetic variation and regulatory 

variations may be involved in phenotypic variation and plasticity within the species. P. 

ananatis may use a strategy of genetic diversity for increased fitness in novel niches 

combined with a repertoire of conserved core genetic factors to be able to handle 

environmental stresses, including predation. Identifying some of the tools used by P. 

ananatis in this multifactorial approach to niche interactions will help provide insights 

into the evolution and capabilities of this diverse group of bacteria. 
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4.6 TABLES AND FIGURES 

 

Table 4.1 Bacterial strains compared  

Species Strain NCBI Accession 
Grazing 

Resistance (299) 
Source 

Pantoea ananatis 15320 AYRT00000000 Resistant Rice1 

 17671 JXUK00000000 Susceptible Rice1 

 26SR6 JXUJ00000000 Resistant Maize leaf2 

 B7 LYOQ00000000 Resistant  Maize2 

 BRT175 NZ_KI440933.1 Resistant Strawberry3  

 BRT98 AYST00000000 Resistant  Strawberry2 

 Cit30-11 JXUI00000000 Susceptible Naval orange 

leaf2 

 M232A LYOP00000000 Resistant Maize2 

 LMG20103 NC_013956.2 Resistant Eucalyptus4 

 LMG5342* NC_016816.1 Susceptible Human 

wound4 

Pantoea stewartii subsp. stewartii 

DC283 

NZ_AHIE01000065.1 NA Maize5 

 subsp. 

indologenes 626 

LYOW00000000 NA Maize1 

1International Collection of Microorganisms from Plants; 2Dr. Steven Lindow, UC Berkeley; 3Dr. Gwyn 

Beattie, Iowa State;4 Dr. Teresa Coutinho, University of Pretoria; 5Dr. David Coplin, Ohio State * Plasmid 

pPANA10 NC_016817.1 merged with the chromosome. 
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Table 4.2 Sequencing and assembly summary 

Strain  

Read 

Pairs 

Pre-QC  

Basepairs 

Post-QC 

Basepairs  Coverage* GC% N50** 

 

Genes 

Estimated  

Genome 

Size 

Sequencing 

Technology 

PGAP  

Version 

Annotated 

Contigs Assembler QC protocols 

Pana 

BRT175 
 16,222,954 3,244,590,800 - 669 53.7 256,025 4,486 4,852,645 

HiSeq 2000  

PE100 
3.0 43 ABySS 1.3.5 

ABySS  

Built-in QC 
 kmer 81 

Pana 

15320 
 16,574,626 3,314,925,200 - 638 53.5 248,387 5,030 5,198,238 

HiSeq 2000  

PE100 

2.2 

 (rev. 417454) 
58 ABySS 1.3.5 

ABySS  

Built-in QC 
kmer 87 

Pana 

BRT98 
 15,150,975 3,030,195,000 - 658 53.6 441,129 4,471 4,603,249 

HiSeq 2000  

PE100 

2.2  

(rev. 417454) 
25 ABySS 1.3.5 

ABySS  
Built-in QC 

kmer 83 

Pana 

26SR6 
 888,842 575,992,704 403,511,266 81 53.3 684,254 4,706 5,002,097 MiSeq PE250 3.2 53 SPAdes 1.7.0 

SPAdes 

cutadapt  

q30 -m 100 
seqtk 70% 

Pana 

Cit30-11 
 1,071,864 535,932,000 424,211,413 86 53.5 575,234 4,564 4,907,523 MiSeq PE250 3.2 49 SPAdes 1.7.0 

SPAdes 
 cutadapt  

q30 -m 100 

Pana 

M232A 
 1,589,683 635,139,796 381,225,650 74 53.4 579,264 4,853 5,167,735 MiSeq PE250 3.2 89 SPAdes 1.7.0 

SPAdes  

cutadapt  

q30 -m 50  
 seqtk 60% 

Pana 

17671 
 1,367,957 683,978,500 395,335,537 80 53.4 252,280 4,665 4,948,847 MiSeq PE250 3.2 101 SPAdes 1.7.0 

SPAdes 
cutadapt  

q30 -m 100  

seqtk 75% 

Pana 

B7  
 1,355,433 677,716,500 439,259,926 85 53.4 579,264 4,862 5,168,502 MiSeq PE250 3.2 95 SPAdes 1.7.0 

SPAdes 
cutadapt  

q20 -m 50  

seqtk 70% 

Pste 

626 
 936,139 468,069,500 375,492,892 79 53.6 638,908 4,441 4,772,642 MiSeq PE250 3.2 43 SPAdes 1.7.0 

SPAdes  

cutadapt  
q30 -m 100  

*Estimated from trimmed and/or downsampled basepair quantitites for MiSeq and raw basepair quantities for HiSeq **N50 from Quast analysis of submitted 

annotated contigs.
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Table 4.3 PanaLMG5342 megaplasmid homologues in PanaBRT98  

BRT98 Loci Gene Description 
Alignment  

Length 

PanaBRT98_00002 
dihydrodipicolinate synthase  

family protein 
894 

PanaBRT98_00003 hypothetical protein 681 

PanaBRT98_01104 recombinase Cre 1006 

PanaBRT98_04253 Flagellin 939 

PanaBRT98_04254 Flagellin 940 

PanaBRT98_03454 
putative integrase/recombinase 

YoeC 
603 

PanaBRT98_00001 
putative acetyltransferase,  

GNAT family 
384 

PanaBRT98_00018 
putative acetyltransferase, 

 GNAT family 
384 

PanaBRT98_02536 
methyl-accepting chemotaxis  

citrate transducer Tcp 
912 

PanaBRT98_04252 Flagellin 510 

PanaBRT98_01217 integral membrane protein 464 

PanaBRT98_03316 
methyl-accepting chemotaxis 

protein 
680 

PanaBRT98_00004 hypothetical protein 96 

PanaBRT98_01218 Amidohydrolase 122 

PanaBRT98_00220 chemotaxis protein 98 

PanaBRT98_04288 chemotaxis protein 44 
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Table 4.4 Differences in P. ananatis annotation between Prokka and PGAP 

Annotation 
Pana 

BRT175 

Pana 

15320 

Pana 

BRT98 

Pana 

26SR6 

Pana 

Cit30-11 

Pana 

M232A 

Pana 

B7 

Pana 

17671 

Pana 

LMG20103* 

Pana 

LMG5342* 

Genes 4486 / 4545 5030 / 4902 4471 / 4336 4706 / 4727 4564 / 4563 4853 / 4894 4862 / 4899 4665 / 4681 4302 / 4335 4524 / 4610 

CDS 4336 / 4457 4837 / 4806 4306 / 4252 4588 / 4642 4445 / 4479 4742 / 4811 4754 / 4816 4545 / 4597 4076 / 4246 4345 / 4513 

Pseudo Genes 56 / NA 75 / NA 50 / NA 79 / NA 82 / NA 105 / NA 119 / NA 141 / NA 129 / NA 78 / NA 

tRNAs 74 / 78 78 / 85 71 / 75 74 / 75 75 / 76 71 / 74 71 / 74 76 / 75 71 / 73 77 / 81 

ncRNA 1 / NA 19 / NA 20 / NA 18 / NA 22 / NA 21 / NA 20 / NA 17 / NA 3 / NA 1 / NA 

Frameshifted 

Genes 
17 / NA 48 / NA 35 / NA 28 / NA 26 / NA 34 / NA 31 / NA 42 / NA 102 / NA 58 / NA 

BPs Annotated 4852947 5198238 4603249 5002097 4907523 5167735 5168502 4948847 4703373 4908144 

 

Bold = NCBI PGAP annotation, Italics = Prokka custom annotation 

* - PGAP 3.0     
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Table 4.5 COG annotations of individual P. ananatis strains and pan-genome 

 

 
COG analysis performed on annotated proteins predicted by Prokka 

Functional Group of COGs Category 
Pana 

17671 

Pana 

B7 

Pana 

M232A 

Pana 

LMG5342 

Pana 

Cit30-11 

Pana 

LMG20103 

Pana 

BRT175 

Pana 

26SR6 

Pana 

15320 

Pana 

BRT98 

Pana 

Accessory 

Pana 

Core 

Cellular Processes and Signaling              

Cell cycle control and mitosis D 42 42 42 38 38 36 37 40 41 38 20 34 

Cell wall/membrane/envelop biogenesis M 276 279 281 274 262 260 263 275 272 259 217 208 

Cell motility N 77 71 75 70 66 67 69 75 76 68 67 53 

Post-translational modification, 

 protein turnover, chaperone functions 
O 146 142 141 135 136 130 135 137 138 134 59 122 

Signal Transduction mechanisms T 174 169 169 166 161 158 163 161 167 150 80 137 

Intracellular trafficking, secretion,  

vesicular transport 
U 79 89 89 72 73 54 72 69 100 66 137 44 

Defense mechanisms V 51 57 57 54 53 45 50 48 57 47 65 37 

Extracellular structures W 0 0 0 0 0 0 0 0 0 0 0 0 

Nuclear structure Y 0 0 0 0 0 0 0 0 0 0 0 0 

Cytoskeleton Z 0 0 0 0 0 0 0 0 0 0 0 0 

Information Storage and Processing              

RNA processing and modification A 1 1 1 1 1 1 1 1 1 1 0 1 

Chromatin Structure and dynamics B 0 0 0 0 0 0 0 0 0 0 0 0 

Translation, ribosomal structure  

and biogenesis 
J 182 185 186 184 183 184 189 185 186 182 37 170 

Transcription K 339 362 362 347 348 338 350 355 363 340 257 265 

Replication, recombination, and repair L 224 208 210 183 189 157 178 201 215 180 356 128 

Metabolism              

Energy production and conversion C 200 209 211 200 205 204 200 211 206 200 69 173 

Amino Acid transport and metabolism E 346 374 374 380 365 358 366 377 371 345 140 295 

Nucleotide transport and metabolism F 109 111 111 112 110 108 111 111 110 101 34 93 

Carbohydrate transport and metabolism G 383 406 407 394 394 396 399 412 408 385 184 317 

Coenzyme transport and metabolism H 134 135 137 135 134 133 135 137 136 129 42 116 

Lipid transport and metabolism I 92 105 104 90 106 100 98 94 106 86 63 73 

Inorganic ion transport and metabolism P 284 290 289 290 287 285 289 293 298 267 95 241 

Secondary metabolite biosynthesis, 

 transport, and catabolism 
Q 44 49 49 45 56 51 49 45 49 41 27 36 

Poorly Characterized              

General function prediction only R 0 0 0 0 0 0 0 0 0 0 0 0 

Function unknown S 1131 1203 1198 1132 1122 1053 1093 1135 1201 1023 1612 703 

COGS  4314 4487 4493 4302 4289 4118 4247 4362 4501 4042 3561 3246 

Genes  4214 4380 4386 4209 4199 4031 4155 4273 4397 3956 3463 3182 
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Table 4.6 Neptune identified signatures associated with grazing-resistant strains 

Neptune 

Hit/Score 

Length 

(bp) Protein Annotations Strains 

3.2/0.7088 4813 
Formate Dehyrogenase-N subunits gamma 

(FdnI), beta (FdnH), alpha (FdnG) 

PanaBRT175, PanaBRT98,  

Pana26SR6, PanaB7, 

PanaM232A 

0.11/ 
0.6098 

231 hypothetical protein 

PanaBRT175, PanaBRT98,  

Pana26SR6, PanaB7, 

PanaM232A 

4.6/ 
0.5678 

4396 

MFS transporter, L-rhamnonate 

dehydratase, 2-keto-3-deoxy-L-rhamnonate 

aldolase, IclR family transcriptional 

regulator 

PanaBRT98, Pana26SR6,  

PanaB7, PanaM232A 

4.26/ 
0.5659 

3645 
MFS transporter, peptidase, membrane 

protein 

PanaBRT98, Pana26SR6,  

PanaB7, PanaM232A 

4.35/ 
0.5574 

1140 divalent metal cation transporter 

PanaLMG20103, 

Pana26SR6,  

PanaB7, PanaM232A 

0.1/ 
0.5518 

1488 hypothetical protein/CAP-gly protein 
PanaBRT175, Pana15320, 

 PanaB7, PanaM232A 

0.4/ 
0.5513 

1185 
secretion protein Rhs, hypothetical protein,  

hypothetical protein 

PanaBRT175, Pana15320,  

PanaB7, PanaM232A 

6.1/ 
0.5230 

1168 

filamentous hemagglutinin (partial, N 

terminus), hypothetical protein/CdiA4*, 

hypothetical protein* 

PanaBRT175, Pana15320, 

 PanaB7*, PanaM232A* 

4.9/ 
0.4895 

319 hypothetical protein 
PanaBRT175, Pana15320,  

PanaB7, PanaM232A 

2.1/ 
0.3991 

144 methyl-accepting chemotaxis protein 
Pana15320, Pana26SR6,  

PanaB7, PanaM232A 

4.34/ 
0.3862 

171 putative protein 

PanaBRT175, Pana15320,  

Pana26SR6, PanaB7, 

PanaM232A 
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Figure 4.1 BLAST ring comparison of P. ananatis strains  

The blast ring comparisons were generated using BRIG with PanaLMG20103 as a 

reference genome. The annotated genomes were used for comparisons against the 

reference.
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Figure 4.2 P. ananatis exhibits an open pan-genome 

The plot was generated from the Roary output showing the increase of unique genes as 

each genome is added to the pan-genome analysis.
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Figure 4.3 Number of indels and SNPs identified with the SPANDx pipeline  

The comparisons were made using the sequencing reads mapped to the SnpEff reference of Pantoea ananatis LMG534
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Figure 4.4 The fdn gene cluster genomic context 

The figure was generated using Easyfig and BLASTn coordinates for the homologous 

regions between the strains. Red coloured text indicates the strain is grazing-resistant.  
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Figure 4.5 Phylogenetic trees of fdn genes 

The phylogenetic trees were determined with the Maximum Likelihood method. All trees 

were tested with 1000 bootstrap replicates and rooted on the Citrobacter to Pantoea 

branch. A. The fdnG genes were compared using the Tamura-Nei model with a Gamma 

distribution with 5 categories for rate differences and the model allowed for some sites to 

be evolutionary invariable. 7B. The fdnH genes were compared using the Tamura 3-

parameter model. The model allowed for some sites to be evolutionary invariable. 7C. 

The fdnI genes were compared using the Kimura 2-parameter model. The model allowed 

for some sites to be evolutionary invariable. Strain abbreviations are as follows: 

Escherichia coli 127 (Ecol127), Dickeya dadantii 3937 (Ddad3937), Pantoea allii 

LMG24248 (PallLMG24248), Pectobacterium carotovorum BC1 (PecarBC1), Pantoea 

ananatis AJ13355 (PanaAJ13355), Citrobacter freundii BD (CfreBD). 
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Figure 4.6 MLSA tree of multiple Gammaproteobacteria 

The concatenated sequence of the DNA sequences of rpoB (RNA polymerase beta 

subunit), rplB (50S ribosomal protein L2), gyrB (DNA gyrase subunit B), fusA 

(Elongation factor G), atpD (ATP synthase subunit beta), leuS (Leucine-tRNA ligase), 

and recA (DNA recombination and repair protein RecA) were aligned using ClustalW 

with a divergent cut-off of 90%. The phylogenetic tree was determined with the 

Maximum Likelihood method using the Tamura-Nei model. A Gamma distribution with 

5 categories was used for rate differences among sites. The model allowed for some sites 

to be evolutionary invariable. The tree was tested with 1000 bootstrap replicates and 

rooted on the Pseudomonas branch. Strain abbreviations are as follows: Escherichia coli 

127 (Ecol127), Dickeya dadantii 3937 (Ddad3937), Pantoea allii LMG24248 

(PallLMG24248), Pectobacterium carotovorum BC1 (PecarBC1), Pantoea ananatis 

AJ13355 (PanaAJ13355), Citrobacter freundii BD (CfreBD), Proteus mirabilis HI4320 

(PmirHI4320), Pseudomonas aeruginosa PAO1 (PaerPAO1), Pseudomonas syringae 

B728A (PsyrB728A). 
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Figure 4.7 The rhm rhamnonate utilization cluster 

The arrows reflect the gene order and orientation in the putative rhm operon in a subset of P. ananatis strains. CDD 

annotations are presented below to indicate the major functional domains present within each gene. 
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Figure 4.8 StringDB analysis of rhm gene interaction network in Escherichia  

The network is described in Escherichia coli K12 MG1655, but the rhm genes are absent from the PanaLMG20103 reference 

strain. StringDB was used to generate the figure and functional groups were ascertained through annotated references in  

StringDB. The coloured lines connecting nodes represents the different types of evidence for gene interactions.
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Figure 4.9 The rhs phylogenetic tree in P. ananatis 

The phylogenetic tree was determined with the Maximum Likelihood method using the 

Tamura 3-parameter model. A Gamma distribution with 5 categories was used for rate 

differences among sites. The model allowed for some sites to be evolutionary invariable. 

The tree was tested with 1000 bootstrap replicates.  
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Figure 4.10 The variable downstream rhs associated genes 

The figure was generated in Easyfig using the BLASTn genomic coordinates of the 

homologous regions among the 10 P. ananatis strains. The region upstream of rhs as well 

as most of Rhs is conserved but the Rhs C-terminus and downstream genomic regions are 

highly variable.
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Figure 4.11 Core genome phylogenetic tree and gene presence absence matrix  

A. Matrix of the gene presence and absence clusters of all 10 P. ananatis strains. B. Core 

genome phylogeny of P. ananatis based on an alignment performed on the core genes 

identified by Roary. The phylogeny was generated via FastTree v2.1.9 with support 

determined by the Shimodaira-Hasegawa test with 1000 replicates. All branches have 

100% support.
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Figure 4.12 Rooted core genome phylogenetic tree  

Core genome phylogeny of P. ananatis with P. stewartii DC283 based on an alignment 

performed on the core genes identified by Roary. The phylogeny was generated via 

FastTree v2.1.9 with support determined by the Shimodaira-Hasegawa test with 1000 

replicates. The tree has been rooted on P. stewartii DC283. All branches have 100% 

support.
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Figure 4.13 Average nucleotide identity of P. ananatis compared to P. stewartii 

The ANI was calculated using Pyani with the default parameters. All 32 P. ananatis 

strains have > 95% ANI when compared to each other. P. stewartii strains have < 90% 

ANI when compared to both Pana1 and Pana2. 
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Figure 4.14 Expanded core genome phylogenetic tree of 32 P. ananatis strains 

 Core genome phylogeny of P. ananatis based on an alignment performed on the core 

genes identified by Roary. The phylogeny was generated via FastTree v2.1.9 with 

support determined by the Shimodaira-Hasegawa test with 1000 replicates. All branches 

have more than 95% support unless otherwise indicated. Abbreviated strain names are 

used for readability with the syntax of Pana for Pantoea ananatis followed by the strain 

designation. 
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Figure 4.15 Putative operon identified by OrthoMCL and StringDB  

The genes yhcF and yhcA were identified as common to all 10 P. ananatis strains and the 

VFDB, but not P. stewartii, via OrthoMCL. A. StringDB network of the four genes 

shows a predicted interaction through gene neighbourhood. B. The genomic arrangement 

of the 4 genes was identified through the annotated assembly of PanaLMG20103. C. The 

CDD (423, 424) annotations are shown respective to the chromosomal gene order.  
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Figure 4.16 The pagC StringDB gene interactions and genomic context 

The pagC gene was identified as common to all 10 P. ananatis strains and the VFDB, but 

not P. stewartii, via OrthoMCL. A. The genomic context of pagC was determined 

through analyzing the PanaLMG20103 genome. A similar arrangement was confirmed in 

PanaLMG5342. B. StringDB analysis shows predicted pagC interactions with multiple 

gene clusters. The coloured lines connecting nodes represents the different types of 

evidence for gene interactions.
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Chapter 5 Conclusion 

5.1 Thesis Outcomes 

This work began with the goal to evaluate Pantoea for virulence potential by 

using Dictyostelium discoideum as a model organism system to identify virulent strains 

and genes of interest. I was able to screen through a collection of Pantoea and found that 

Pantoea ananatis species group had the largest proportion of strains with an intermediate 

to highly grazing-resistant phenotype. This suggested that there was some factor or some 

combination of genetic traits in P. ananatis that allowed for increased competitive ability 

against the amoeba relative to the other species and strains examined.  

I then developed a high-throughput grazing resistance assay and performed a 

genetic screen on P. ananatis BRT175 to identify some of the genetic factors involved in 

the P. ananatis grazing resistance phenotype. This screen identified that genes for 

quorum sensing, nucleotide biosynthesis, motility, and redox maintenance were all 

important for the grazing resistance phenotype. The rhlA and rhlB genes were of 

particular interest because of their homology with the rhamnolipid producing virulence 

genes in Pseudomonas aeruginosa. The rhlA gene was found to be necessary for 

swarming motility. This swarming phenotype aided by rhlA may indicate increased 

opportunistic potential as it is known to be an attribute associated with virulence in other 

pathogens. The rhlA and rhlB genes were necessary to produce a hexose-based glycolipid 

that was unreported in the literature. The cytotoxic properties of this compound were 

exhibited in plaque and cell viability assays with D. discoideum. This cytotoxicity may be 

used to disable immune defenses or to perhaps lyse cells to acquire nutrition. 
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Rhamnolipids are known to inhibit phagocytosis and this P. ananatis biosurfactant may 

also be having a similar impact, if not lysing the cells outright.  

The presence of the rhlAB glycolipid biosurfactant gene cluster provided an 

advantage in the grazing resistance model relative to other Pantoea species but the 

spectrum of resistance within P. ananatis could not be explained by rhlAB gene presence 

alone. Homologues of the rhlAB genes were found to be present throughout P. ananatis 

and in P. stewartii. The 10 P. ananatis strains with known grazing phenotypes were also 

found to have variations in the putative promoter region that were correlated with grazing 

resistance. This could suggest that there were selective pressures on this promoter and 

these biosurfactant genes to modulate expression for niche and host adaptation.  

I used a lux reporter with P. ananatis BRT175 and its rhlA promoter to show that 

there was expression at 21°C and that the rhlA promoter was relatively repressed at 30°C 

and 37°C. This could indicate that the glycolipid would not be induced as strongly at 

human physiological temperatures. This may be due to the surfactant production being 

selected for to deal with environmental predators and/or for distribution or persistence in 

the environment. I also explored some of the impacts of nutrition and the induction of 

rhlABRT175 and found that there was differential expression between rhlABRT175 and the 

Pantoea stewartii subsp. stewartii DC283 rhlA promoter. I identified a disruption in P. 

stewartii DC283 rhlA with a motif that is repeated multiple times throughout its genome. 

The relatively weaker expression of rhlADC283 in both strains and the disruption of rhlA in 

P. stewartii DC283 could indicate that the surfactant is not beneficial in the corn and flea 

beetle niches. 
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I sequenced and annotated multiple P. ananatis genomes to identify differences in 

genetic repertoire using multiple comparative strategies. I described the core and 

accessory genomes of the 10 P. ananatis strains and determined that they have an open 

pan-genome with over 70% of the genes being part of the conserved core. This open pan-

genome could allow for the acquisition of genetic factors that allow for adaptation to 

specific niches while the large conserved core likely allows for the phenotypic flexibility 

for broad colonization capabilities. I also used this sequencing data to clarify the 

relationships between the strains using phylogenetics and average nucleotide identity. P. 

ananatis 17671 was determined to be more divergent from the other strains where it 

grouped with other rice pathogen isolates. This separate grouping with P. ananatis could 

be indicative of specialization. 

 I identified multiple P. ananatis virulence genes using a curated virulence factor 

database and P. stewartii as an outgroup. The pagC Resistance to Complement Killing 

homologue was of interest due to its importance for virulence in Salmonella and a 

putative fimbrial operon was identified that may assist in host association. PagC may 

provide increased fitness against innate immune defenses including phagocytosis. The 

fimbrial operon may allow for attachment to and colonization of specific host tissues. 

These factors may help explain the ability for opportunism in human hosts relative to the 

P. stewartii sister taxon.  

Variant analysis identified multiple missense and upstream variations in genes 

that were previously identified as being involved in grazing resistance, including the 

same upstream variant eanI quorum sensing inducer in all three susceptible strains. These 
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variants may have an impact on the expression or function of these genes that could help 

explain the spectrum of grazing resistance in P. ananatis. The Neptune kmer analysis 

identified genetic signatures unique to subsets of relatively grazing resistant strains of P. 

ananatis. The formate dehydrogenase-N genes were found in most grazing resistant 

strains and may provide a survival advantage against phagocytes and antimicrobial 

peptides. A polymorphic toxin that is a putative type VI secretion system effector was 

identified with multiple variants of the C terminal region showing diversification among 

the 10 P. ananatis strains. The role of this toxin in grazing resistance would need to be 

determined experimentally, but it at least shows the potential for rearrangements of 

virulence effector functional domains within Pantoea for competition or host adaptation. 

The study of the 10 P. ananatis strains provides yet another example of a group of 

bacteria typically characterized as environmental isolates having the selective pressures 

of competition and persistence in the general environment leading towards cross-adaptive 

traits that may allow for opportunistic infections in alternative hosts. This thesis provides 

insights into virulence, competition, and host adaptation within Pantoea and identifies 

specific factors that may contribute to opportunism. 

5.2 Future Directions 

Screening through the Pantoea collection for resistance to D. discoideum grazing 

provided valuable insight into what factors are necessary for antagonistic interactions 

with amoebae and could possibly be used for virulence in other organisms. However, 

these screens were conducted at 21°C due to the restrictions of using an amoebal grazing 

resistance model. The screens were also reliant on nutritional conditions of the growth 
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medium where competition with the amoeba occurred. Performing a screen with a whole 

organismal model may identify additional virulence factors induced at different 

temperatures and under different nutrient profiles to allow for pathogenesis. Galleria 

mellonella moth larvae may act as a suitable model for these additional explorations due 

to the ability to perform virulence assays up to 37 °C. It would be interesting to see 

whether rhlAB are a factor under these conditions, even if the promoter is relatively 

repressed at higher temperatures.  

Additional reference or draft genomes within Pantoea would assist with future 

comparative genomics studies. PacBio sequencing would allow for assembly of complete 

or nearly closed genomes. Assemblies of some strains of P. ananatis were complicated 

by the presence of multiple large fimbrial genes with repetitive sequences. Longer read 

lengths should be able to sort out these assemblies. In the future, using scaffolder tools 

like MeDuSa may be able to provide better draft assemblies with reference genome 

guidance. The comparative genomics analysis was also limited by the small sample size 

of sequenced strains. Genome Wide Associations Studies require sample sizes of at least 

20 to 30 strains with multiple examples of the phenotype in question to be able to 

determine candidate genes of interest. One could theoretically identify virulence 

associated genes or variants by performing a broad screen of multiple sequenced strains 

of Pantoea in multiple alternative hosts, and at different temperatures, without 

performing a time-consuming genetic screen. Candidate virulence genes could then be 

verified with a targeted knockout and complementation study. 



 

161 

  

Resistance to serum and intracellular persistence were not explicitly tested in this 

thesis. The presence of the pagC homologue in P. ananatis, which is associated with 

intracellular survival in macrophage and resistance to serum, poses an interesting 

question to see whether this factor is performing the same function in Pantoea. A serum 

resistance assay and a gentamicin intracellular survival assay could elucidate the purpose 

of this pagC gene with an appropriate knockout. The role of formate dehydrogenase-N 

could also be explored in a similar fashion to determine if it provides a fitness advantage 

in serum or in competition with phagocytic cells. 

Additional experimentation with the rhlAB genes may reveal more about their 

regulation and potential as a virulence factor with human relevance. The heterologous 

expression of rhlAB within P. ananatis was complicated by the nature of the Tn5 

construct carrying the genes and the rhlA integration knockout vector. Tn7-based 

constructs could be investigated for their suitability in Pantoea. These constructs allow 

for targeted insertions in a neutral genomic region adjacent to the glmS gene. 

Alternatively, experimental support for the hypotheses generated from comparing the 

rhlA promoter regions could be provided by using a CRISPR mediated homologous 

recombination to alter or swap out promoter regions and/or genes. The promoter region 

and relevant transcriptional factors might be identifiable using biotinylated DNA probes 

in a pull-down assay coupled with a proteomic analysis. These additional experiments 

can provide additional insight into the opportunistic nature of pathogenesis in Pantoea. 
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APPENDIX A Draft Genome Sequence of the Antibiotic-Producing 

Epiphytic Isolate, Pantoea ananatis BRT175 
 

Modified from: Smith, D.D.N., Kirzinger, W.B., and Stavrinides, J. 2013. Draft Genome 

Sequence of the Antibiotic-Producing Epiphytic Isolate, Pantoea ananatis BRT175. 

Genome Announc. 1(6):e00902-13. doi:10.1128/genomeA.00902-13. 

ABSTRACT 

Pantoea is a member of the Enterobacteriaceae whose members have been shown 

to produce novel antibiotics.  Here we report the 4.8 MB genome sequence of P. ananatis 

BRT175, an epiphytic isolate from strawberry that produces an antibiotic that is effective 

against the Fire Blight pathogen, Erwinia amylovora.  

GENOME ANNOUNCEMENT 

Pantoea ananatis is a highly diverse species in the Enterobacteriaceae.  It is a 

notable plant pathogen, causing disease in maize (1), eucalyptus (2, 3), onion (4-6) and 

rice (3), but is also a reported opportunistic human pathogen, causing subcutaneous and 

systemic infections in adults and children (7, 8).  Many isolates of P. ananatis have been 

shown to have beneficial properties, such as the plant-growth promoting P. ananatis B1-

9, which was shown to enhance yield of red pepper crops three-fold (9) and P. ananatis 

CPA-3, which was shown to be an effective agent for post-harvest control of fungi, like 

Penicillium expansum (10).   
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Several Pantoea species have been shown to produce a variety of antimicrobials, 

such as pantocins (11-14), herbicolins (15, 16), microcins (17-19), and phenazines (20), 

several of which target amino acid biosynthesis genes in the Fire Blight pathogen, 

Erwinia amylovora.  (21-24).  Several antibiotic-producing isolates, including Pantoea 

agglomerans E325 and Pantoea vagans C9-1, have been developed into biocontrol 

agents and registered for use against E. amylovora (25).  Here we report the genome 

sequence of an epiphytic isolate, P. ananatis BRT175, which produces a highly potent 

novel antibiotic that is effective against E. amylovora.   

Genome sequencing was performed using Illumina HiSeq 2000 with 100 bp 

paired-end sequencing. The 16,222,954 reads with an average Phred quality score of 32 

were assembled de novo using ABySS V.1.3.5 (26), using an optimized k-mer value of 

81.  This resulted in 89 contigs with an N50 of 363,457 bp and an estimated genome size 

of 4,851,883 bp at 334x coverage.  Contigs 200 bp or larger (43 total) were submitted to 

the NCBI Prokaryotic Genome Annotation Pipeline V.2.0, resulting in a predicted 4696 

genes, consisting of a 4563 coding sequences, 38 pseudogenes, 21 rRNAs, and 74 

tRNAs.  One contig appears to represent a plasmid that is 160,004 bp in size.   

The genome sequence of P. ananatis BRT175 not only provides the means for 

identifying useful natural products, but also yields important genomic information for 

uncovering the genetic basis for human opportunism in P. ananatis. 
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Nucleotide sequence accession numbers.  This Whole Genome Shotgun project has 

been deposited at GenBank under the accession no. ASJH00000000. The version 

described in this paper is the first version, ASJH01000000.   
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APPENDIX B Draft Genome Sequence of the Antibiotic-Producing 

Cystic Fibrosis Isolate, Pantoea agglomerans Tx10 
 

Derek D.N. Smith, Morgan W.B. Kirzinger, and John Stavrinides# 

 

 

Modified from: Smith, D.D.N., Kirzinger, W.B., and Stavrinides, J. 2013. Draft Genome 

Sequence of the Antibiotic-Producing Cystic Fibrosis Isolate, Pantoea agglomerans 

Tx10. Genome Announc. 1(5):e00904-13. doi:10.1128/genomeA.00904-13. 

ABSTRACT 

Pantoea agglomerans is an enteric bacterium that is capable of causing both plant 

and human disease.  Here we report the genome sequence of a cystic fibrosis isolate, P. 

agglomerans Tx10, which produces an antibiotic effective against Staphylococcus 

aureus.  This genome provides the means for identifying this novel compound.   

GENOME ANNOUNCEMENT 

Pantoea agglomerans (formerly Enterobacter agglomerans and Erwinia 

herbicola)(1), is a member of the Enterobacteriaceae that has been noted  to cause plant 

disease as well as opportunistic infections in humans (2-4). P. agglomerans has also been 

shown to have unique metabolic capabilities, including antibiotic biosynthesis (4-10).  

Among these antibiotics are pantocins (11-14), herbicolins (15, 16), microcins (17-19), 

and phenazines (20), several of which target amino acid biosynthesis in the Fire Blight 

pathogen, Erwinia amylovora, and have been developed into biocontrol agents.  Here we 

report the complete genome sequence of the clinical isolate, Pantoea agglomerans Tx10, 

which was isolated from the sputum of a cystic fibrosis patient.  This isolate produces 



 

202 

  

multiple antibiotics that target E. amylovora and clinically relevant pathogens including 

Staphylococcus aureus, Streptococcus epidermidis, and Escherichia coli.  

Total DNA was sequenced using Illumina HiSeq 2000, 100 bp paired-end 

sequencing, resulting in 17,035,538 reads with an average Phred quality score of 31. 

ABySS V.1.3.5 (21) was used for de novo paired-end assembly using default parameters, 

and an optimized k-mer value of 83.  This resulted in 38 contigs with an N50 of 586,961 

bp and an estimated genome size of 4,856,603 bp at 347x coverage.  Contigs 200 bp or 

larger (25 total) were submitted to the NCBI Prokaryotic Genome Annotation Pipeline 

V.2.0, resulting in 4627 predicted genes.  Of these, 4500 were predicted coding regions, 

32 pseudogenes, 24 rRNAs, and 71 tRNAs.  Two contigs are predicted to represent 

plasmids, 173,724 bp and 681,148 bp in size.   

The P. agglomerans Tx10 genome not only provides the means for identifying 

this and other antibiotic biosynthetic clusters, but also for evaluating the contribution of 

natural products to polymicrobial infections in cystic fibrosis.   

 

Nucleotide sequence accession numbers.  This Whole Genome Shotgun project has 

been deposited at GenBank under the accession no. ASJI00000000. The version 

described in this paper is the first version, ASJI01000000.   
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APPENDIX C Supplemental Tables and Figures 

Chapter 2 

C2-1 Preliminary screen of Pantoea collection for D. discoideum grazing resistance  

 

Species Strain Resistance* Isolation* Source 

P. agglomerans 788 S E ICMP 

 1512 S E ICMP 

 1574 S E ICMP 

 3581 S E ICMP 

 5565 S E ICMP 

 7373 S E ICMP 

 7612 S E ICMP 

 12531 S E ICMP 

 12534 S C ICMP 

 13301 S E ICMP 

 17124 S E ICMP 

 770398 S C Sunnybrook Hospital 

 240R S E Dr. Steven Lindow, UC Berkeley 

 308R S E Dr. Steven Lindow, UC Berkeley 

 B015092 S C Sask. Disease Control Lab 

 B016395 S C Sask. Disease Control Lab 

 B025670 S C Sask. Disease Control Lab 

 BB834250 S C St. Boniface General Hospital 

 DB522094 S C St. Boniface General Hospital 

 DC432 S E Dr. David Coplin, Ohio State 

 DC454 I/R E Dr. David Coplin, Ohio State 

 DC556 S E Dr. David Coplin, Ohio State 

 EH318 S E Dr. Brion Duffy 

 H4032547 S C Regina General Hospital 

 H42501 S C Sunnybrook Hospital 

 SN01080 S E Our lab 

 SN01121 S E Our lab 

 SN01122 S E Our lab 

 SN01170 S E Our lab 

 SP00101 S E Our lab 

 SP01202 S E Our lab 

 SP01220 I/R E Our lab 

 SP01230 S E Our lab 

 SP02022 S E Our lab 

 SP02230 S E Our lab 
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 SP02243 S E Our lab 

 SP03310 S E Our lab 

 SP03383 S E Our lab 

 SP03412 S E Our lab 

 SP04010 S E Our lab 

 SP04011 S E Our lab 

 SP04021 S E Our lab 

 SP04022 S E Our lab 

 SP05052 R E Our lab 

 SP05061 S E Our lab 

 SP05092 S E Our lab 

 SP05120 S E Our lab 

 SS02010 S E Our lab 

 Tx10 S C Texas Children`s Hospital 

P. ananatis 15320 R E ICMP 

 17671 S E ICMP 

 26SR6 I/R E Dr. Steven Lindow, UC Berkeley 

 BRT175 R E Dr. Gwyn Beattie, Iowa State 

 BRT98 I/R E Dr. Steven Lindow, UC Berkeley 

 Cit30-11 S E Dr. Steven Lindow, UC Berkeley 

P. anthophila 1373 S E ICMP 

P. brenneri 91151 S C St. Boniface General Hospital 

 B011483 S C Sask. Disease Control Lab 

 B014130 S C Sask. Disease Control Lab 

 B016381 S C Sask. Disease Control Lab 

 B024858 S C Sask. Disease Control Lab 

P. calida B021323 I C Sask. Disease Control Lab 

 BB957621-A1 S C St. Boniface General Hospital 

 BB957621-A2 S C St. Boniface General Hospital 

 bb957621-B1 S C St. Boniface General Hospital 

 BB957621-B2 S C St. Boniface General Hospital 

 BB957621-C1 S C St. Boniface General Hospital 

 BB957621-C2 S C St. Boniface General Hospital 

P. conspicua B011017 S C Sask. Disease Control Lab 

P. dispersa 625 I E ICMP 

 M1657A S C Sunnybrook Hospital 

P. eucalyptii 299R S E Dr. Steven Lindow, UC Berkeley 

 B011489 S C Sask. Disease Control Lab 

 F9026 S E Sunnybrook Hospital 

 SP02021 S E Our lab 

 SP03372 S E Our lab 

 SP03391 S E Our lab 

 SP04013 S E Our lab 
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P. eucrina Tx6 S C Texas Children`s Hospital 

P. septica 81828 S C St. Boniface General Hospital 

 101150 S C St. Boniface General Hospital 

 062465A I C St. Boniface General Hospital 

 062465B I C St. Boniface General Hospital 

 091957A S C St. Boniface General Hospital 

 091957B S C St. Boniface General Hospital 

 B016375 S C Sask. Disease Control Lab 

 BB350028A I C St. Boniface General Hospital 

 BB350028B I C St. Boniface General Hospital 

 BE528629 S C St. Boniface General Hospital 

 BE528629 S C St. Boniface General Hospital 

 G2291404 S C Regina General Hospital 

 G3271436 R C Regina General Hospital 

 G4071105 I C Regina General Hospital 

 M1517 S C Sunnybrook Hospital 

 M41864 S C Sunnybrook Hospital 

 Tx4 R C Texas Children`s Hospital 

 VB38951A R C St. Boniface General Hospital 

 VB38951B R C St. Boniface General Hospital 

 X44686 S C Sunnybrook Hospital 

P. stewartii 626 S E ICMP 

 DC283 S E Dr. David Coplin, Ohio State 

*S – Grazing-susceptible, R – Grazing-resistant, I – Intermediate resistance 

** E – Environmental isolate (plant, insect, general environment), C – Clinical isolate 
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C2-2 Growth rate comparisons of mutants compared to wild type P. ananatis 

BRT175   

A,B,C: Growth curves are calculated from the mean OD600 readings of three 

independent experiments and the shaded ribbon represents the 95% confidence interval. 

The rhlA mutant (28C8) and the rhlB mutant (32C5) exhibit similar growth rates to wild 

type (BRT175). 
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Chapter 3 

 

C3-1 Controls for figure 3.1 with empty construct and positive npt construct 

Luminescence from the pCS26 constructs in BRT175 was measured over multiple time 

intervals (0, 4, 8, 16, 24, and 28 hours) after cells were grown at ambient temperature 

(~21°C), 30°C, and 37°C. Luminescence was standardized to OD600 to account for 

growth differentials between media types. The shaded ribbons represent a 95% 

confidence interval of adjusted RLU from three replicates. 

 



 

210 

  

 

 
[Colour] 

 

 



 

211 

  

 

C3-2 Fold difference in expression in SM and IM for BRT175 and DC283 

Culture 

Medium Construct Strain Read # 

Peak 

RLU/ 

(OD+1) 95% CI 

Fold  

Difference 

SM-pH6.0 pCS26-rhlABRT175 BRT175 73 9849 2237   

SM-pH6.0 pCS26-rhlADC283 BRT175 73 1806 254 5.5 

SM-pH5.5 pCS26-rhlABRT175 BRT175 72 11361 3107  

SM-pH5.5 pCS26-rhlADC283 BRT175 73 1900 563 6.0 

SM-pH5.0 pCS26-rhlABRT175 BRT175 60 10870 2757   

SM-pH5.0 pCS26-rhlADC283 BRT175 67 944 178 11.5 

SM-pH6.0 pCS26-rhlABRT175 DC283 27 16346 527  

SM-pH6.0 pCS26-rhlADC283 DC283 49 6072 1296 2.7 

SM-pH5.5 pCS26-rhlABRT175 DC283 21 19125 1218   

SM-pH5.5 pCS26-rhlADC283 DC283 40 6561 464 2.9 

SM-pH5.0 pCS26-rhlABRT175 DC283 26 19005 2004  

SM-pH5.0 pCS26-rhlADC283 DC283 23 5402 465 3.5 

IM-pH5.5 pCS26-rhlABRT175 BRT175 22 5163 399   

IM-pH5.5 pCS26-rhlADC283 BRT175 73 665 42 7.8 

IM-pH5.5 pCS26-rhlABRT175 DC283 60 19992 2171  

IM-pH5.5 pCS26-rhlADC283 DC283 41 10524 1577 1.9 
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C3-3 Putative regulatory elements from P. ananatis and P. stewartii rhlA upstream region 

Strain(s) 

Region 

Upstream Predicted Promoter Region 

15320, BRT98, B7, 

26SR6, M232A, 

BRT175 

-109 to -60 CCATTAAAAAAACCAATAAAACATAAAAATAACTTAATGATCACATCACC 

LMG20103 -109 to -60 CTGTTAAAAAAATCAATAAAACATAAAAATAACTTAATGATCACATCACC 

LMG5342 -108 to -60 CCATTAAAAAA-CCAATAAAACATAAAAATAACTTAATGATCACATCACC 

626, DC283 -109 to -60 GGATTAAAAACAGCGATAAAACATAAAAATAACTTAATGATTACCATTTG 

17671* -109 to -60 CCATTAAAAAAACCAATAAAACATAAAAATAACTTAATGATCGCATCACC 

Cit30-11* -109 to -60 CCATTAAAAAAACCAATAAAACACAAAAATAACTTAATGATCACATCACC 

  Predicted Alternative Promoter Region 

17671 -148 to -100 CTCATTTAAAACCTTAAATATCATGAACATAAAAACAAACCCATTAAAAA 

Cit30-11 -148 to -100 CTCATTAAAAACCTTAAATATCATAGGCATAAAAATAATCCCATTAAAAA 

  Ribosome Binding Site Region 

All P. ananatis -16 to -1 TGGTAAGGAGAGTGAT 

626, DC283 -16 to -1 TGGTGGGGAGAGTGAT 

   

*Not predicted, but alignment of identical region. 

Nucleotides for each region are compared to the first sequence and variants are coloured red. Bolded characters indicates 

predicted transcription site. Bold italicized characters indicate ribosome binding site motif.  
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C3-4 Swarming assay with P. agglomerans Tx10 

Swarming assays were performed by tooth picking a colony onto modified SM 0.7% agar 

and incubating at room temperature for 24 hours. The pBSL118 containing strain is a 

negative control for the integration of the pBSL118-3A-RhlAB (BRT175rhlAB) for 

complementation (Note: All three strains were also observed at 48 hours and showed no 

additional spreading or swarming motility). 
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C3-5 Schematic for rhlA regulation in Pantoea  

There many unanswered questions related to the regulatory networks that interact with 

rhlA in P. ananatis. This diagram shows the know interactions in P. stewartii and 

possible interactions in P. ananatis. RpoN is proposed as possible factor impacting rhlA 

expression in both species. 
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Chapter 4 

C4-1 Python script to match locus tags from parsed OrthoMCL output 

#parsed orthomcl output using 

#https://github.com/apetkau/orthomclpipeline/blob/master/scripts/nml_parse_orthomcl.pl 

#dictionaryF.py – usage: python dictionaryF.py > outfile.txt in shell – requires a dictionary file 

#in locustag|product(or note) format – requires a file with locus tags in rows by orthologous 

#groups (pulled manually by selecting designated group from nml_parse_orthomcl.pl output) 

import io 

import sys 

import itertools 

database = open("../../all-locus-product.txt") 

dictionary = {} 

for line in database: 

    lineList = line.strip('\n').split("|") 

    dictionary[lineList.pop(0)] = lineList 

database.close() 

 

orthologues = open ("../resistantIDS.txt") 

 

datain = [] 

 

for line in orthologues: 

    data = line.strip('\n') 

    datain.append(data) 

 

orthologues.close() 

 

acclist = [] 

finallist = [] 

for elements in datain: 

    accessions = elements.split(',') 

    acclist.append(accessions) 

  

for index,row in enumerate(acclist): 

    groupedhits =[] 

    for mindex,element in enumerate(row): 

        hits = element 

        hits2 = dictionary[element] 

        groupedhits.append(hits) 

        groupedhits.append(hits2) 

    finallist.append(groupedhits) 

val = 1 

 

for index,row in enumerate(finallist): 

##    '\n'.join(map(str, row) 

    alls =[] 
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    for mindex,element in enumerate(row): 

        s = element 

        h = ''.join(s) 

        alls.append(h) 

     

 

    alls.insert(0, str(val)) 

    f = '\t'.join(alls) 

    print f 

    val += 1 
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C4-2 Genomes used for Prokka database and ANI analysis 

Assembly Name Strain Designation 

GCA_000731125.1.gbff Pantoea agglomerans 190 

GCA_001597625.1.gbff P. agglomerans 3 

GCA_000743785.2.gbff P. agglomerans 4 

GCA_001662025.1.gbff P. agglomerans 4188 

GCA_001661985.1.gbff P. agglomerans 824-1 

GCA_001709315.1.gbff P. agglomerans C410P1 

GCA_000710215.1.gbff P. agglomerans DAPP-PG734 

GCA_000687245.1.gbff P. agglomerans EH318 

GCA_001558735.1.gbff P. agglomerans FDAARGOS_160 

GCA_000241285.2.gbff P. agglomerans IG1 

GCA_000814075.1.gbff P. agglomerans LMAE-2 

GCA_000757415.1.gbff P. agglomerans MP2 

GCA_001598475.1.gbff P. agglomerans NBRC102470 

GCA_900167425.1.gbff P. agglomerans NFPP29 

GCA_001288285.1.gbff P. agglomerans P10c 

GCA_000627115.1.gbff P. agglomerans RIT273 

GCA_000475055.1.gbff P. agglomerans TX10 

GCA_002101395.1.gbff Pantoea alhagi LTYR-11Z 

GCA_002095545.1.gbff Pantoea allii LMG24248 

17671-Q30-100-75pctNCBI.gbff P. ananatis 17671 

15320-spadesQ30-75.fna *P. ananatis 15320 

26SR6-Q30-100-70pctNCBI.gbff P. ananatis 26SR6 

GCA_000270125.2.gbff P. ananatis AJ13355 

GCA_001465955.1.gbff P. ananatis AMG521 

GCA_000285475.1.gbff P. ananatis B1-9 

GCA_000333515.1.fna *P. ananatis B40 

B7-Q20-50-70pctNCBI.gbff P. ananatis B7 

GCA_000709995.1.gbff P. ananatis BD442 

GCA_000475035.1.gbff P. ananatis BRT175 

BRT98.gbff P. ananatis BRT98 

GCA_001187705.1.gbff P. ananatis CFH7-1 

Cit30-11-Q30-100NCBI.gbff P. ananatis Cit30-11 

GCA_000467085.1.gbff P. ananatis DAR76143 

GCA_000952095.1.gbff P. ananatis GB1 

GCA_000661975.1.gbff P. ananatis LMG2665 
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GCA_000283875.1.gbff P. ananatis LMG5342 

GCA_000025405.2.gbff P. ananatis LMG20103 

M232A-50-Q30-60pctNCBI.gbff P. ananatis M232A 

GCA_001005095.1.gbff P. ananatis MR5 

GCA_900167295.1.gbff P. ananatis NFIX48 

GCA_900119405.1.gbff P. ananatis NFR11 

GCA_001475715.1.gbff P. ananatis NS296 

GCA_001476115.1.gbff P. ananatis NS303 

GCA_001475725.1.gbff P. ananatis NS311 

GCA_000233595.1.gbff P. ananatis PA13 

GCA_000710015.1.gbff P. ananatis PA4 

GCA_000766045.1.gbff P. ananatis PaMB1 

GCA_001543055.1.gbff P. ananatis R100 

GCA_001475885.1.gbff P. ananatis RSA47 

GCA_001369355.1.gbff P. ananatis S6 

GCA_001369375.1.gbff P. ananatis S7 

GCA_001369395.1.gbff P. ananatis S8 

GCA_000582575.1.gbff P. ananatis Sd-1 

GCA_002095305.1.gbff Pantoea brenneri LMG5343 

B021323.gbff (Stavrinides isolate) Pantoea calida B021323 

GCA_002095355.1.gbff P. calida LMG25383 

GCA_001743465.1.gbff Pantoea conspicua IF5SW-P1 

GCA_002095315.1.gbff P.conspicua LMG24534 

GCA_002095535.1.gbff Pantoea cypripedii LMG2657 

GCA_002095375.1.gbff Pantoea deleyi LMG24200 

625.gbff (Stavrinides isolate) Pantoea dispersa 625 

GCA_000465555.2.gbff P. dispersa EGD-AAK13 

GCA_001476715.1.gbff P. dispersa NS215 

GCA_001476295.1.gbff P. dispersa NS375 

GCA_001477155.1.gbff P. dispersa NS380 

GCA_001476735.1.gbff P. dispersa NS389 

GCA_001477165.1.gbff P. dispersa RSA31 

GCA_001476745.1.gbff P. dispersa SA2 

GCA_001476325.1.gbff P. dispersa SA3 

GCA_001477195.1.gbff P. dispersa SA4 

GCA_001476765.1.gbff P. dispersa SA5 

GCA_001039305.1.gbff P. dispersa SUBG008 
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299R.gbff (Stavrinides isolate) Pantoea eucalypti 299R 

GCA_002095385.1.gbff P. eucalypti LMG5346 

GCA_001691555.1.gbff P.eucalypti Russ 

GCA_002095455.1.gbff Pantoea gaviniae LMG25382 

GCA_002095465.1.gbff Pantoea rodasii LMG26273 

GCA_000801085.1.gbff P. rodasii ND03 

GCA_002095475.1.gbff Pantoea rwandensis LMG26275 

GCA_000759475.1.gbff P. rwandensis ND04 

GCA_000612605.1.gbff Pantoea septicaFF5 

GCA_002095575.1.gbff P. septica LMG5345 

GCA_900129625.1.gbff PsesSi-M154 

626-Q30-100NCBI.gbff Pantoea stewartii 626 

GCA_001310285.1.0_genomic.gbff P. stewartii A206 

GCA_002082215.1.gbff P. stewartii DC283 

GCA_000248395.2.gbff P. stewartii DC283-wgs 

GCA_000757405.1.gbff P. stewartii LMG2632 

GCA_000786255.1.gbff P. stewartii M009 

GCA_000803205.1.gbff P. stewartii M073a 

GCA_001476355.1.gbff P. stewartii NS381 

GCA_001477215.1.gbff P. stewartii RSA13 

GCA_001476795.1.gbff P. stewartii RSA30 

GCA_001476375.1.gbff P. stewartii RSA36 

GCA_001310295.1.0_genomic.gbff P. stewartii S301 

GCA_001067555.1.gbff Pantoea vagans 848 

GCA_000148935.1.gbff P. vagans C9-1 

GCA_000757435.1.gbff P. vagans MP7 

GCA_002082355.1.gbff P. vagans Pa 

GCA_900068865.1.gbff P. vagans PaVv1 

GCA_001238615.1.gbff P. vagans ZBG6 

GCA_002095485.1.gbff Pantoea wallisii LMG26277 

*Used in ANI analysis only 
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C4-3 Roary presence/absence matrix for expanded pan-genome of 32 P. ananatis strains 

Matrix of the gene presence and absence clusters of all 32 P. ananatis strains. 
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C4-4 Defense loci COGS unique to resistant strains 

Loci COG description 
Pana15320_02072  HNH endonuclease 

Pana15320_03754  DEAD/DEAH box helicase 

Pana15320_03755  SAM-dependent methyltransferase 

Pana15320_03756 type I restriction modification DNA specificity domain protein 

Pana15320_03761  restriction endonuclease 

Pana15320_03762  restriction endonuclease 

Pana20103_02555  Wzm 

Pana26SR6_02389  type II restriction endonuclease BsuMI 

Pana26SR6_02390  Type-2 restriction enzyme BsuMI component YdjA 

Pana26SR6_04394 colicin V synthesis protein 

PanaB7_01154  restriction endonuclease subunit R 

PanaB7_01603 HNH endonuclease 

PanaB7_03084  metal-dependent hydrolase 

PanaB7_03085  deoxyribonuclease HsdR 

PanaB7_03087 type I restriction endonuclease StySJI subunit S 

PanaB7_03088  restriction endonuclease subunit S 

PanaB7_03144  ABC transporter permease 

PanaB7_04067  hypothetical protein 

PanaB7_04533  restriction endonuclease 

PanaBRT175_03247  metal-dependent hydrolase 

PanaBRT175_03248  deoxyribonuclease HsdR 

PanaBRT175_03250  type I restriction endonuclease StySJI subunit S 

PanaBRT175_03251  restriction endonuclease subunit S 

PanaBRT175_03309  permease 

PanaBRT98_03147 type II restriction endonuclease BsuMI 

PanaBRT98_03148  Type-2 restriction enzyme BsuMI component YdjA 

PanaM232A_01091  HNH endonuclease 

PanaM232A_02102  restriction endonuclease subunit R 

PanaM232A_03359  metal-dependent hydrolase 

PanaM232A_03360  deoxyribonuclease HsdR 

PanaM232A_03362  type I restriction endonuclease StySJI subunit S 

PanaM232A_03363  restriction endonuclease subunit S 

PanaM232A_03419 ABC transporter permease 

PanaM232A_04075  hypothetical protein 

PanaM232A_04540  restriction endonuclease 
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C4-5 Missense SNPs identified via the SPANDx pipeline 

 

LMG5342 15320 17671 26SR6 B7 BRT175 BRT98 Cit30-11 LMG20103 M232A 
Functional 

Class 
Amino 

Acid change 
Gene_name 

A A T A A A A A A A MISSENSE p.Glu161Asp/c.483A>T rhlA 

A A G A A A A A A A MISSENSE p.Lys56Glu/c.166A>G rhlB1 

G G A G G G G G G G MISSENSE p.Glu70Lys/c.208G>A rhlB1 

A A T A A A A A A A MISSENSE p.Ser94Cys/c.280A>T rhlB1 

G G A G G G G G G G MISSENSE p.Ala377Thr/c.1129G>A rhlB1 

C C C C C T C C C C MISSENSE p.Glu951Lys/c.2851G>A carB3 

A G G G G G G G G G MISSENSE p.Tyr1075His/c.3223T>C carB3 

A A G A A A A A A A MISSENSE p.Ile732Thr/c.2195T>C carB3 

T T G T T T T T T T MISSENSE p.Asn556His/c.1666A>C carB3 

T T C T T T T T T T MISSENSE p.Asn567Ser/c.1700A>G pnp 

T T G T T T T T T T MISSENSE p.Gln243Pro/c.728A>C pnp 

C C A C C C C C C C MISSENSE p.Ala230Ser/c.688G>T pnp 

T T C T T T T T T T MISSENSE p.Ile220Val/c.658A>G pnp 

T T G T T T T T T T MISSENSE p.Asn659His/c.1975A>C arcB 

G G A G G G G G G G MISSENSE p.Ala651Val/c.1952C>T arcB 

G G A G G G G G G G MISSENSE p.His595Tyr/c.1783C>T arcB 

G G A G G G G G G G MISSENSE p.Pro520Ser/c.1558C>T arcB 

G G C G G G G G G G MISSENSE p.Gln444Glu/c.1330C>G arcB 

T T T G T T G T T T MISSENSE p.Glu429Asp/c.1287A>C arcB 
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C C T . C C C C C C MISSENSE p.Val21Ile/c.61G>A arcB 

C C G C C C C C C C MISSENSE p.Gln268His/c.804G>C cpxA1 

C C C A C C A C C C MISSENSE p.Glu159Asp/c.477G>T 
PANA5342_2365 

rrf2-hypothetical 

G G G A G G A G G G MISSENSE p.Ala154Val/c.461C>T 
PANA5342_2365 
rrf2-hypothetical 

A A C A A A A A A A MISSENSE p.Ile3Leu/c.7A>C yagG1 

C C T C C C C C C C MISSENSE p.Pro109Ser/c.325C>T yagG1 

G G A G G G G G G G MISSENSE p.Val130Ile/c.388G>A yagG1 

A A G A A A A A A A MISSENSE p.Lys182Arg/c.545A>G yagG1 

C C G C C C C C C C MISSENSE p.Thr409Ser/c.1226C>G yagG1 

G G A G G G G G G G MISSENSE p.Ala437Thr/c.1309G>A yagG1 

T T C T T T T T T T MISSENSE p.Met456Thr/c.1367T>C yagG1 

A A G A A A A A A A MISSENSE p.Thr461Ala/c.1381A>G yagG1 

G G G G G G G G C G MISSENSE p.Glu355Gln/c.1063G>C yagG1 

G G G G A G G G G A MISSENSE p.Val406Ile/c.1216G>A yagG1 

C C T C C C C C C C MISSENSE p.Glu180Lys/c.538G>A eanI 

A A G A A A A A A A MISSENSE p.Cys71Arg/c.211T>C eanI 

C T C C C C C C C C MISSENSE p.Ala181Thr/c.541G>A eanI 

T T C T T T T T T T MISSENSE p.Ser25Pro/c.73T>C eanR 

T T C T T T T T T T MISSENSE p.Phe26Leu/c.76T>C eanR 

G G G A G G A G G G MISSENSE p.Asp287Asn/c.859G>A prfC 

C C T C C C C C C C MISSENSE p.Val149Ile/c.445G>A dsbB 

A A C A A A A A A A MISSENSE p.Asp132Glu/c.396T>G dsbB 



  

 

2
2
4
 

A A G G A A G G G A MISSENSE p.Leu68Pro/c.203T>C dsbB 

T T A A T T A A A T MISSENSE p.Leu62Phe/c.186A>T dsbB 

A A A A A A A A G A MISSENSE p.Tyr34His/c.100T>C dsbB 

T T G T T T T T T T MISSENSE p.Ser150Ala/c.448T>G prc 

C C A C C C C C C C MISSENSE p.Thr350Asn/c.1049C>A prc 

C C T C C C C C C C MISSENSE p.Ala567Val/c.1700C>T prc 

A A C A A A A A A A MISSENSE p.Asp575Ala/c.1724A>C prc 

G G C G G G G G G G MISSENSE p.Lys580Asn/c.1740G>C prc 

G G G G A G G G G A MISSENSE p.Met291Ile/c.873G>A prc 

A A A A G A A A A G MISSENSE p.Ile348Val/c.1042A>G prc 

G G A G G G G G G G MISSENSE p.Val42Ile/c.124G>A motA 

A A C A A A A A A A MISSENSE p.Lys110Gln/c.328A>C guaB 

C C C C C G C C C C MISSENSE p.Val425Leu/c.1273G>C srmB 

G G T G G G G G G G MISSENSE p.Pro202Gln/c.605C>A phzI 

T T T C T T C C T T MISSENSE p.Asn125Ser/c.374A>G phzI 

G G G C G G C C G G MISSENSE p.Pro108Ala/c.322C>G phzI 

A A T A A A A A A A MISSENSE p.Ser126Thr/c.376T>A phzR 

T T C T T T T T T T MISSENSE p.Thr23Ala/c.67A>G phzR 

T T C T T T T T T T MISSENSE p.Thr2Ala/c.4A>G phzR 

C C C C C T C C C C MISSENSE p.Asp225Asn/c.673G>A pyrD 

A A C A A A A A A A MISSENSE p.Leu290Val/c.868T>G pyrD 

A A G A A A A A A A MISSENSE p.Ile263Thr/c.788T>C pyrD 
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T T A T T T T T T T MISSENSE p.Lys255Met/c.764A>T pyrD 

T T G T T T T T T T MISSENSE p.Ile235Leu/c.703A>C pyrD 

A A C A A A A A A A MISSENSE p.Ser183Ala/c.547T>G pyrD 

A A A A A A A T A A MISSENSE p.Cys70Ser/c.208T>A pyrD 

T T C T C T T C T C MISSENSE p.Ser327Gly/c.979A>G pyrD 

C C C C T C C T C T MISSENSE p.Gly256Asp/c.767G>A pyrD 

G C C G G G G C G G MISSENSE p.Asp225Glu/c.675C>G pyrD 

G G G G A G G G G A MISSENSE p.Ala57Val/c.170C>T pyrD 

T T C T T T T T T T MISSENSE p.Ser310Gly/c.928A>G serC 

C C G C C C C C C C MISSENSE p.Gly262Ala/c.785G>C serC 

C C C C C C C A C C MISSENSE p.Ser93Ile/c.278G>T serC 

C C A C C C C C C C MISSENSE p.Asn197Lys/c.591C>A trxB 

G G G G G G G A G G MISSENSE p.Val212Ile/c.634G>A trxB 

C C A C C C C T C C MISSENSE p.Asp229Glu/c.687C>A trxB 

G G A G G G G G G G MISSENSE p.Gly300Ser/c.898G>A trxB 

C T C C C C C C C C MISSENSE p.His84Tyr/c.250C>T trxB 

T T T T T T T A T T MISSENSE p.His402Gln/c.1206T>A nagC 

C C C C G C C G C G MISSENSE p.Gln138Glu/c.412C>G nagC 
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C4-6 Upstream variants identified via the SPANDx pipeline 

 

Location LMG5342 15320 17671 26SR6 B7 BRT175 BRT98 Cit30-11 LMG20103 M232 

Amino 

Acid change Gene_name 

Chromosome_4022687 C C T C C C C C C C c.-1C>T pyrB 

Chromosome_3714015 T T T T T T T C T T c.-1T>C rhlA 

Chromosome_3714034 A A G A A A A A A A c.-1A>G rhlA 

Chromosome_3714072 C C T C C C C C C C c.-1C>T rhlA 

Chromosome_2026931 G G A G G G G G G G c.-1G>A motA 

Chromosome_2474047 T T G T T T T T T T c.-1A>C 
PANA5342_2365 
rrf2-hypothetical 

Chromosome_2983460 C C T C C C C C C C c.-1G>A phzI 

Chromosome_2983412 T C T T T T T T T T c.-1A>G phzI 

Chromosome_2983432 C C C T C C T C C C c.-1G>A phzI 

Chromosome_2984218 A A T A A A A A A A c.-1T>A phzR 

Chromosome_2984272 C C T C C C C C C C c.-1G>A phzR 

Chromosome_2025882 T T C T T T T T T T c.-1T>C flhD 

Chromosome_3078754 G G G G G T G G G G c.-1G>T trxB 

Chromosome_3078768 T T C T T C T T T T c.-1T>C trxB 

Chromosome_3078785 G G A G G G G G G G c.-1G>A trxB 

Chromosome_3078797 A A G A A A A A A A c.-1A>G trxB 

Chromosome_3078821 A A T A A A A A A A c.-1A>T trxB 

Chromosome_783792 G G T G G G G G G G c.-1G>T prfC 

Chromosome_783815 C C T C C C C C C C c.-1C>T prfC 

Chromosome_783829 A A G A A A A A A A c.-1A>G prfC 

Chromosome_783830 T T A T T T T T T T c.-1T>A prfC 

Chromosome_783841 T T C T T T T T T T c.-1T>C prfC 

Chromosome_2336470 C C A A A A A C C A c.-1C>A yagG1 

Chromosome_400563 A A C A A A A A A A c.-1A>C ompR1 
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Chromosome_2334549 C C A C C C C C C C c.-1C>A eanR 

Chromosome_2334553 A A T A A A A A A A c.-1A>T eanR 

Chromosome_4093807 G G T G G T G G G G c.-1G>T ptsN 

Chromosome_4093803 A T T T T T T T T T c.-1A>T ptsN 

Chromosome_4099475 G G G G G A G G G G c.-1C>T arcB 

Chromosome_4099475 G G G G G A G G G G c.-1C>T arcB 

Chromosome_4099492 G A G G A A G A G A c.-1C>T arcB 

Chromosome_4062320 T T G T T T T T T T c.-1A>C pnp 

Chromosome_4062334 G G A G G G G G G G c.-1C>T pnp 

Chromosome_4062345 C C T C C C C C C C c.-1G>A pnp 

Chromosome_4062346 T T C T T T T T T T c.-1A>G pnp 
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C4-7 Predicted domains in the rhs gene regions of P. ananatis 

Strain Gene label Prokka Locus Tag E-Value 
CDD 
Accession Description 

PanaBRT175 Hypothetical BBOJFJKG_04324 0.007625 cl19736 NlpE superfamily 
 

Hypothetical BBOJFJKG_04325 9.81E-47 pfam08786 DUF1795 
 

Rhs BBOJFJKG_04326 1.44E-34 cd14742 PAAR_RHS 
  

BBOJFJKG_04326 2.33E-37 COG3209 RhsA 
  

BBOJFJKG_04326 2.34E-48 pfam14427 Pput2613-deam super 
family  

Hypothetical BBOJFJKG_04327 2.69E-03 cl21389 Imm10 superfamily 
 

Transposase BBOJFJKG_04328 3.74E-06 pfam13276 HTH_21 
  

BBOJFJKG_04328 1.87E-30 pfam00665 rve 
  

BBOJFJKG_04328 2.66E-28 pfam13683 rve_3 
 

Low calcium response 
locus protein S 

BBOJFJKG_04329 1.94E-07 cl21459 HTH superfamily 

Pana15320 Hypothetical OHJDLOKJ_00051 0.007625 cl19736 NlpE superfamily 
 

Hypothetical OHJDLOKJ_00052 9.81E-47 pfam08786 DUF1795 
 

Rhs OHJDLOKJ_00053 1.48E-34 cd14742 PAAR_RHS 
  

OHJDLOKJ_00053 2.45E-11 COG3209 RhsA 
  

OHJDLOKJ_00053 2.88E-38 COG3209 RhsA 
  

OHJDLOKJ_00053 3.07E-48 pfam14427 Pput2613-deam super 
family  

Hypothetical OHJDLOKJ_00054 2.69E-03 cl21389 Imm10 superfamily 
 

Hypothetical OHJDLOKJ_00055 6.25E-31 TIGR03696 Rhs_assoc_core 
  

OHJDLOKJ_00055 2.36E-04 cl04135 RHS super family 
 

Hypothetical OHJDLOKJ_00056 No hits 
  

 
Transposase OHJDLOKJ_00057 7.89E-31 pfam13683 rve_3 

  
OHJDLOKJ_00057 4.75E-27 pfam00665 rve 
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Insertion element  
IS407 

OHJDLOKJ_00058 3.07E-07 pfam13276 HTH_21 

 
Transposase OHJDLOKJ_00059 3.02E-19 pfam01527 HTH_Tnp_1 

 
Toxic protein SymE OHJDLOKJ_00060 9.89E-04 cl07446 SymE_toxin superfamily 

 
Hypothetical OHJDLOKJ_00061 No hits 

  

PanaB7 Hypothetical BPNPNKAL_01975 0.007625 cl19736 NlpE superfamily 
 

Hypothetical BPNPNKAL_01976 9.81E-47 pfam08786 DUF1795 
 

Rhs BPNPNKAL_01977 1.50E-34 cd14742 PAAR_RHS 
  

BPNPNKAL_01977 4.05E-10 COG3209 RhsA 
  

BPNPNKAL_01977 4.92E-38 COG3209 RhsA 
  

BPNPNKAL_01977 3.07E-48 pfam14427 Pput2613-deam super 
family  

Hypothetical BPNPNKAL_01978 2.69E-03 cl21389 Imm10 superfamily 
 

Hypothetical BPNPNKAL_01979 No hits 
  

 
Transposase BPNPNKAL_01980 7.81E-31 pfam13683 rve_3 

  
BPNPNKAL_01980 2.98E-27 pfam00665 rve 

 
Insertion element  
IS407 

BPNPNKAL_01981 6.65E-07 pfam13276 HTH_21 

 
Transposase BPNPNKAL_01982 1.05E-19 pfam01527 HTH_Tnp_1 

 
Toxic protein SymE BPNPNKAL_01983 9.89E-04 cl07446 SymE_toxin superfamily 

 
Hypothetical BPNPNKAL_01984 No hits 

  

PanaM232A Hypothetical EHLIOFPH_01463 0.007625 cl19736 NlpE superfamily 
 

Hypothetical EHLIOFPH_01464 9.81E-47 pfam08786 DUF1795 
 

Rhs EHLIOFPH_01465 1.50E-34 cd14742 PAAR_RHS 
  

EHLIOFPH_01465 4.05E-10 COG3209 RhsA 
  

EHLIOFPH_01465 4.92E-38 COG3209 RhsA 
  

EHLIOFPH_01465 3.07E-48 pfam14427 Pput2613-deam super 
family  

Hypothetical EHLIOFPH_01466 2.69E-03 cl21389 Imm10 superfamily 
 

Hypothetical EHLIOFPH_01467 No hits 
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Transposase EHLIOFPH_01468 7.81E-31 pfam13683 rve_3 
  

EHLIOFPH_01468 2.98E-27 pfam00665 rve 
 

Insertion element  
IS407 

EHLIOFPH_01469 6.65E-07 pfam13276 HTH_21 

 
Transposase EHLIOFPH_01470 1.05E-19 pfam13276 HTH_Tnp_1 

 
Toxic protein SymE EHLIOFPH_01471 9.89E-04 cl07446 SymE_toxin superfamily 

 
Hypothetical EHLIOFPH_01472 No hits 

  

Pana17671 Hypothetical KJBFEOLF_01236 0.007625 cl19736 NlpE superfamily 
 

Hypothetical KJBFEOLF_01237 3.15E-41 pfam08786 DUF1795 
 

Rhs KJBFEOLF_01238 3.89E-33 cd14742 PAAR_RHS 
  

KJBFEOLF_01238 2.88E-37 COG3209 RhsA 
 

Hypothetical KJBFEOLF_01239 No hits 
  

 
Hypothetical KJBFEOLF_01240 No hits 

  

 
Hypothetical KJBFEOLF_01241 1.89E-29 TIGR03696 Rhs_assoc_core 

  
KJBFEOLF_01241 9.07E-11 pfam03527 RHS 

 
Hypothetical KJBFEOLF_01242 No hits 

  

 
Ribonuclease KJBFEOLF_01243 1.56E-29 TIGR03696 Rhs_assoc_core 

 
Hypothetical KJBFEOLF_01244 6.23E-05 cl01747 SMI1 / KNR super family 

PanaCit30-11 Hypothetical JBCPOEBC_00964 0.007625 cl19736 NlpE superfamily 
 

Hypothetical JBCPOEBC_00965 9.81E-47 pfam08786 DUF1795 
 

Rhs JBCPOEBC_00966 1.43E-34 cd14742 PAAR_RHS 
  

JBCPOEBC_00966 1.85E-38 COG3209 RhsA 
 

Hypothetical JBCPOEBC_00967 No hits 
  

 
Hypothetical JBCPOEBC_00968 No hits 

  

 
Hin recombinase JBCPOEBC_00969 5.69E-15 pfam01527 HTH_Tnp_1 

 
Transposase JBCPOEBC_00970 7.14E-06 pfam13276 HTH_21 

PanaLMG5342 Hypothetical KNHHKMDK_03217 0.007625 cl19736 NlpE superfamily 
 

Hypothetical KNHHKMDK_03218 9.81E-47 pfam08786 DUF1795 
 

Rhs KNHHKMDK_03219 1.42E-34 cd14742 PAAR_RHS 
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KNHHKMDK_03219 3.58E-12 COG3209 RhsA 
  

KNHHKMDK_03219 1.22E-36 COG3209 RhsA 
  

KNHHKMDK_03219 2.91E-08 pfam15657 Tox-HNH-EHHH 
 

Hypothetical KNHHKMDK_03220 No hits 
  

 
Hypothetical KNHHKMDK_03221 No hits 

  

 
Ribonuclease KNHHKMDK_03222 5.00E-29 TIGR03696 Rhs_assc_core 

 
Hypothetical KNHHKMDK_03223 No hits 

  

 
Hypothetical KNHHKMDK_03224 No hits 

  

PanaLMG20103 Hypothetical KDBLBEKM_01107 0.007625 cl19736 NlpE superfamily 
 

Hypothetical KDBLBEKM_01106 9.81E-47 pfam08786 DUF1795 
 

Rhs KDBLBEKM_01105 1.57E-34 cd14742 PAAR_RHS 
  

KDBLBEKM_01105 4.54E-39 COG3209 RhsA 
 

Hypothetical KDBLBEKM_01104 7.99E-20 cl21395 Imm50 superfamily 
 

Hypothetical KDBLBEKM_01103 1.19E-12 pfam03527 RHS 
  

KDBLBEKM_01103 9.11E-35 TIGR03696 Rhs_assc_core 
  

KDBLBEKM_01103 0.000381 cl21344 Ntox47 superfamily 
  

KDBLBEKM_01103 2.71E-09 pfam15657 Tox-HNH-EHHH 
 

Hypothetical KDBLBEKM_01102 No hits 
  

 
Hypothetical KDBLBEKM_01101 No hits 

  

 
Hypothetical KDBLBEKM_01100 No hits 

  

 
RHS repeat-associated 
 core domain protein 

KDBLBEKM_01099 1.54E-30 TIGR03696 Rhs_assc_core 

 
Hypothetical KDBLBEKM_01098 No hits 

  

 
Hypothetical KDBLBEKM_01097 No hits 

  

PanaBRT98 Hypothetical GMPCKFKG_01968 0.007625 cl19736 NlpE superfamily 
 

Hypothetical GMPCKFKG_01969 9.81E-47 pfam08786 DUF1795 
 

Rhs GMPCKFKG_01970 1.43E-34 cd14742 PAAR_RHS 
  

GMPCKFKG_01970 1.02E-37 COG3209 RhsA 
 

Hypothetical GMPCKFKG_01971 7.99E-20 cl21395 Imm50 superfamily 
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Hypothetical GMPCKFKG_01972 7.41E-13 pfam03527 RHS 
  

GMPCKFKG_01972 1.26E-35 TIGR03696 Rhs_assc_core 
  

GMPCKFKG_01972 1.01E-06 cl21449 Tox-HNH-EHHH 
superfamily  

Hypothetical GMPCKFKG_01973 No hits 
  

 
Hypothetical GMPCKFKG_01974 No hits 

  

 
Ribonuclease GMPCKFKG_01975 1.65E-11 pfam03527 RHS 

  
GMPCKFKG_01975 3.82E-34 TIGR03696 Rhs_assc_core 

 
Hypothetical GMPCKFKG_01976 No hits 

  

 
Hypothetical GMPCKFKG_01977 No hits 

  

Pana26SR6 Hypothetical LCKLDMKB_01550 0.007625 cl19736 NlpE superfamily 
 

Hypothetical LCKLDMKB_01549 9.81E-47 pfam08786 DUF1795 
 

Rhs LCKLDMKB_01548 1.43E-34 cd14742 PAAR_RHS 
  

LCKLDMKB_01548 1.02E-37 COG3209 RhsA 
 

Hypothetical LCKLDMKB_01547 7.99E-20 cl21395 Imm50 superfamily 
 

Hypothetical LCKLDMKB_01546 7.41E-13 pfam03527 RHS 
 

Ribonuclease LCKLDMKB_01546 1.26E-35 TIGR03696 Rhs_assc_core 
  

LCKLDMKB_01546 1.01E-06 cl21449 Tox-HNH-EHHH 
superfamily  

Hypothetical LCKLDMKB_01545 No hits 
  

 
Hypothetical LCKLDMKB_01544 No hits 

  

 
Ribonuclease LCKLDMKB_01543 1.65E-11 pfam03527 RHS 

  
LCKLDMKB_01543 3.82E-34 TIGR03696 Rhs_assc_core 

 
Hypothetical LCKLDMKB_01542 No hits 

  

 Hypothetical LCKLDMKB_01541 No hits   
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