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Chapter 1: Introduction

1.1 Food safety from CDC

According to the CDC, foodborne illness remains a leading problem in the United States
with roughly 47.8 million cases a year with roughly 3037 deaths annually. Out of the top five
pathogens contributing to domestically acquired foodborne illness, Salmonella, nontyphoidal,
accounts for 1,027, 561cases. Additionally, Salmonella is responsible for more domestically
acquired hospitalizations and deaths compared to the other pathogens. (CDC, 2018) CDC’s
2016-2019 preliminary incidence and trends report shows that the incidence of Salmonella
infections has not changed since 2007. With data showing how frequently Sa/monella causes
foodborne illness, surveillance by food safety organizations has shifted to different laboratory
methods to more rapidly and accurately detect pathogenic Sa/monella. In 2019 public health labs
switched standards, instead of the old gold standard of Pulse Field Gel Electrophoresis (PFGE),
whole-genome sequencing(WGS) is now used to characterize and subtype bacterial isolates.
(CDC, 2018)

In WGS, the entire bacterial genome is sequenced to find it’s unique combination of
DNA that compromise the organism, yielding a more unique fingerprint. At the same, more
information, such as bacterial gene composition can be used by investigators to help solve
foodborne outbreaks. The first step in solving such a foodborne outbreak, for example a
Salmonella outbreak, is obtaining a pure culture isolate of the suspect Sa/monella. Researchers
use culture media that selectively promotes the growth of Sa/monella to quickly identify and
characterize foodborne pathogens. Selective pre-enrichment media is used frequently used to

help the growth and recovery from cell injury.



In most cases, this selection method yields enough bacterial DNA to be processed.
However, background microbial flora such as Pseudomonas, that are capable of outcompeting
the target organism, may exist in the culture. In these cases, researchers have found
Pseudomonas to be most dominant species of bacterium in the community out competing
Salmonella, the target organism. Figure 1 shows one such case of this occurrence in unpublished
data. Tetrathionate (TT) Broth was used to selectively target and promote the recovery of
Salmonella in a microbial community known to contain S.Newport. Samples were grown in
modified buffered peptone water(mBPW), modified TT and regular TT and were analyzed after
8 hours and 24hours. The modified TT broth indicate that brilliant green solution was not used.
Samples grown in mBPW represent the results of the sample growing in a non-selective

environment.

Figure 1: Growth of Salmonella isolates in three different cultures taken at 8 and 24hrs
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Figure 2: Metagenomic sequencing results of samples from Figure 1.
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was found to be the predominant genus of bacteria growing. The results are not an isolated

incident, and when this occurs, researchers have to start over since the target organism,

Salmonella, cannot be isolated. This slows down investigators trying to quickly resolve

foodborne illness outbreaks using WGS. This is confirmed in figure 2, showing the results of the
sequencing the samples that were grown in figure 1. For mTT broth in aerobic conditions,
Pseudomonas, represented with blue, is seen growing in all four samples. The prolific nature of
Pseudomonas is this example is correlated to the Jameson effect where the growth of bacteria in
a multispecies population is being suppressed by inhibitors of a single dominant species,

Pseudomonas in this case (Mellefont et al., 2008). The inhibitors are a function of bacterium’s



quorum sensing (QS) systems. Non-specific bacteria like Pseudomonas have robust mechanisms
that allow it to compete for resources. These include the secretion systems, Pseudomonas

virulence factor (PVF) and the four quorum sensing systems in the case of P.aeruginosa.

1.2 Pseudomonas

1.2.1 Characteristics

Pseudomonas is a rod-shaped gram-negative bacterium of the family Pseudomonadaceae
with a genome size between 5.5-7 Mbp (base-pair) (Klockgether et al., 2011). These aerobic
bacteria are non-spore forming and are motile using one or more flagella. Pseudomonas species
are incredibly versatile and are found in a broad range of range of environments from soil, water,
plants, to the extreme cold temperatures of the Arctic tundra (Rumbaugh, 2014). In hospitals, P.
aeruginosa is a major concern as it is responsible for morbidity and mortality in cystic fibrosis
patients. As such, P.aeruginosa has been widely studied and sequenced with a clinical mindset to
understand its ability to resist antibiotics, survive and flourish in a variety of environments. In
foods, P.fluorescens and P.putida are well-known food spoilage organisms responsible for the
foul smells and slimes that appears on food. This is a result of the various lecithinase, proteolytic
and lipolytic activity that drive the Pseudomonas’s diverse metabolic capabilities allowing the
bacteria to adapt to a broad range of environments (Kumar et al., 2019).

For example, in P.aeruginosa, this plasticity is a result of the numerous and redundant
communication systems that allow the bacteria to quickly adapt and respond to their
environment. These robust mechanisms, such as quorum sensing and secretion systems are
deeply integrated into the genome and allow Pseudomonas to survive, outcompete and thrive in

microbial communities. In fact, in P.aeruginosa 8% of the genome is believed to be associated



with regulation, which is far greater than other bacterial genomes (Rumbaugh, 2014). However,
as previously mentioned, most of the Pseudomonas strains in the literature come from a clinical

background since it is a persistent pathogen in medical patients and hospitals.

1.2. 2 Quorum sensing and Virulence factors

Bacteria exist in diverse multispecies communities, competition and antagonism occurs
during communication in this community as the bacteria fight for resource. This bacterial cell to
cell communication is known as quorum sensing (QS) (Hibbing et al., 2010). This is a chemical
communication process in which signaling molecules known as autoinducers (Al) are produced,
detected and responded to by all bacterium in a community. These Als passively diffuse through
the cell wall following a concentration gradient. As cell density in the community increases, the
concentration of the Als reaches a critical threshold triggering a signally cascade of responses by
altering global gene expression (Rutherford & Bassler, 2012; Windsor, 2020). Some of these
responses include the production virulence factors, biofilms and secondary metabolites. In a
nutrient starved environment, virulence factors such as the type VI secretion system allow
Pseudomonas and other equipped bacteria a competitive advantage through the secretion of
toxins and other signaling molecules which can impede, inhibit and kill other less fit organisms.

Biofilms are extracellular matrixes built by bacteria that allow them to adhere to surfaces.
They are composed of polysaccharides, lipids, extracellular DNA and proteins. They are not
homogenous but change over time depending on a host of factors including cell density, nutrient
availability and composition of the bacterial community. Biofilm formation is critical for

proliferation of bacteria. (Maurice et al., 2018)



For gram-negative bacteria, Als have been well studied and are primarily N-acyl
homoserine lactones (AHL) signals. These Als interact with LuxR/I systems that are
homologous to the Vibrio fisheri QS system first described by Ruby, Hastings and
Greenberg.(Hastings & Greenberg, 1999; Ruby, 1996; Rutherford & Bassler, 2012) In these
“Lux Boxes”, the AHL synthase gene LuxI produces AHL that binds to the transcriptional factor
LuxR gene during QS (Bez et al., 2021). P.aeruginosa has four major QS systems, LasR/I,

RhIR/I, the PQS and the IQS system. These systems are tightly connected and redundant.

1.2.3 LasR/I and RhIR/I

The LuxR transcriptional regulators LasR and RhIR are activated by their cognate
autoinducers, N-(3-oxododecanoyl)-L-homoserine lactone (OdDHL) and N-(butanoyl)-L-HSL
(BHL) produced by the Lasl and Rhll synthase. In the Las system, the gene /las/ directs the
production and synthesis of OdDHL. This interacts with /asR and activates target promoters. For
the RhII/R system, rhll leads the synthesis of BHL. This then interacts with RhIR and activates
target gene promoters (Venturi, 2006). The two systems are not independent of each, in fact
these are interconnected and are responsible for a wide range of virulence factors such exotoxin
A, biofilm formation, elastase, alkaline protease, rhamnolipids, lectins and superoxide
dismuatses (R. S. Smith & Iglewski, 2003). In P.aeruginosa , elastase degrades proteins and
destroys host tissue (Kamath et al., 1998) while rhamnolipids are biosurfactants that have been

shown to disrupt epithelial cells (Zulianello et al., 2006).



1.2.4 Pseudomonas Quinolone Signal

Pseudomonas quinolone signal (PQS) system is the third QS system. The gene cluster
pqsABCD produces a precursor molecule which the gene pgsH turns into the signaling
molecule PQS 2-heptyl-3-hydroxy-4-quinolone. PQS binds to pgsR, a LysR-type
transcriptional regulator, it acts as both a receptor and co-inducer of pqsR (Lee & Zhang,
2015). PgsR, previously known known as mvfR, has been shown to stimulate and trigger
antimicrobial activity, promote various transcriptional profiles of genes and directly bind to
proteins, many of which have not been recognized (Lin et al., 2018). Toyofuku et al. showed
that the PQS signal itself has an inhibitory effect against bacterial growth bacterial
(Toyofuku et al., 2010). Additionally, Lin et al. have shown that PQS regulates the outer
membrane vesicles containing PQS which interacts with a secreted protein, TseF, from the
cell’s type VI section system, discussed below, allowing for the uptake of iron with PQS (Lin
et al., 2017) The PQS system is deeply integrated in the Las and Rhl system, the Las system
controls the production of PQS and this in turn helps regulate portions of the Rhl system (Lin

et al., 2018; Pesci et al., 1999)

1.2.5 Integrated Quinolone Signal

A fourth QS system, which was discovered in 2013 by Lee et al., is called the Integrated
quorum sensing signal (IQS) (Lee et al., 2013). 1QS is a 2-(2-hydroxyphenyl)-thiazole-4-
carbaldehyde and is through to be an inter-cellular communication signal as seen in figure 3. It is
responsible for virulence factors such as elastase, rhamnolipids and pyocynanin (Lee & Zhang,

2015).



Studies shown have that decreasing 1QS leads to the decrease in PQS and BHL signals,
AT’s of the Rhl system, but these functions returned to normal when IQS was added back in to
the system. IQS was shown to take over portions of the Las system and help downstream
regulation of the PQS and Rhl systems during phosphate deletion stress conditions when the
ambBCDE gene cluster was inactivated (Ahator & Zhang, 2019; Lee et al., 2013).

The tightly connected nature of these signaling systems create a network that regulate
expression of up to 12% of the genome (Lin et al., 2018). This theory was verified by
transcriptional studies using the starter molecules OdDHL and BHL. When these complexes
were artificially introduced into a system, researchers saw dramatic gene responses to the two
complexes. In P.aeruginosa the genes account for nearly 10% genome, and therefore accounts
for a large portion of the physiological processes and virulence phenotypes. (Lee & Zhang,

2015).

1.2.6 Interconnection between the QS systems

In P.aeruginosa, the four different QS systems are organized in tiered fashion with Las
system at the top starting a cascading process by signaling the Rhl system through the LasR-
OdDHL. This in turn triggers the RhIR-BHL signaling circuit. At the same time LasR also
signals the PQS system through the pgsR transcriptional regulator which in turns causes the
production of PQS through pqgsABCD/H. The PQS system further signals the Rhl QS system
enhancing BHL production, however at the same time the Rhl can downregulate the PQS system,
suggesting that there is fine turning of the QS systems similar to adjusting the concentrations
occurs. As previously mentioned, the IQS is activated by LasR and in turn can active the

expression of the PQS. (Ahator & Zhang, 2019; Lee & Zhang, 2015; Papenfort & Bassler, 2016)
8



Figure 3 shows this hierarchy of signaling allowing for redundancy in the absence of one of the

signals.

Figure 3: Quorum Sensing hierarchy in P.aeruginosa. (Lee & Zhang, 2015)
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1.2.7 Pseudomonas Virulence Factor

Pseudomonas virulence factor (PVF) was discovered sometime around 2010 and is a
highly conserved operon in proteobacteria found in over 500 strains (Morgan & Li, 2020).
Kretsch et al. found that PVF upregulates 113 different secreted proteins and down regulates 84

different secreted proteins. Many of these proteins were implicated in quorum sensing systems
9



and play a role in virulence. The PVF cluster does not directly encode for the enzymes that
synthesize toxins but synthesizes signaling molecules that regulate virulence factors. The gene
cluster consists of 4 genes (figure 5), two of which have unknown function pvf4 and pvfD. The
most characterized of the genes is a putative non-ribosomal peptide synthetase pvfC and a N-
oxygenase pvfB. Studies performed on P.entomphila knockouts of these genes demonstrated
lower virulence activity in a Drosophila host and also through characterization the proteins being
secreted. Virulence activity, as measured by the protein concentration, was significantly
increased when wildtype extracts were added back to the knockouts, demonstrating that gene
cluster encodes for autoinducers that act as secondary metabolites that help regulate and control
virulence. (Kretsch et al., 2021)

Additionally, it was discovered that some of these proteins highly upregulate parts of the
Type VI secretion system. However, at the same time the proteins responsible for mobility, the
flagellar protein, FlaG were downregulated. By analyzing the difference in proteins between
wildtype and knockout, researchers were able to show that Hcp and VgrG were among the
proteins that showed greatest difference between wildtype and knockout. This lends further
credence to the notion that the Pseudomonas virulence pathway is highly interconnected and

redundant since there are multiple switches that can turn on this cascade. (Kretsch et al., 2021)

Figure 4: PVF Operon (Kretsch et al., 2021)

10
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1.2.8 Type VI Secretion System

The Type VI Secretion systems (T6SS) plays multiple roles in Pseudomonas while
interacting with the previously mentioned QS systems. In fact, the T6SS can be thought of as an
extension or integral part of Pseudomonas signaling apparatus because of its role in virulence,
pathogenesis and competition. To date there are 8 different kinds of characterized secretion
systems types 1,2,3,4,5,6,7,9. The secretion systems of bacterial pathogens translocate proteins
across the lipid bilayer as part a virulence strategy to attack others, evade immune response,
injure host cells and/or invade (Pena et al., 2019). The extracellular secreted proteins for
signaling and or regulation are or known as effectors (Vallet-Gely et al., 2010).

The genes of the T6SS are clusters located on a pathogenicity island. In P.aeruginosa this
cluster is called the Hep-secretion island. There are 13 core components of the T6SS and three
different types of T6SS that have slightly different functionalities, H1, H2 and H3-T6SS (Lesic
et al., 2009; Zhou et al., 2012). The main structure of the apparatus behaves like a syringe within
a sheath that has the ability to contract and puncture neighbor’s cell walls to deliver effectors.
The family of Tss genes are responsible for the assembly of lipid bilayer/ membrane baseplate
complex as seen in figure 5. The inner tube is constructed from hemolysin coregulated protein
(Hep) while the outer tube/sheath is made from TssBC proteins that wraps around the inner tube.

Researchers have reported that the tail can elongate to a length of 1pum which is nearly the entire

11



length of a Pseudomonas cell (Basler et al., 2012). At the end of the tube, sits a spike composed
of vgrG (valine glycine repeats) that is used as a weapon to puncture through cell walls of
bacteria. The spike tip protein Pro-Ala-Ala-Arg (PAAR) is sometimes seen on top of the vgrG
spike (Shneider et al., 2013). ClpV1 is a sub type of ATPAse AAA+ family of proteins that
provides energy to the protein section process allowing for rapid contraction of the sheath and
translocating the Hep, VgrG and other effectors (Boyer et al., 2009; Schlieker et al., 2005).
Basler et al, reported that the contraction time is within a few milliseconds (Basler et al., 2012).
Once contracted, components of the apparatus are recycled and reused including the ClpV and
the Tss proteins (Forster et al., 2014).

The T6SS of Pseudomonas has many different effectors that each target a different region
of a cell. Some examples include, lipases effectors that target the cell membrane, amidase
effectors that target the peptidoglycan and DNase effectors that target the nuclease ((Russell et
al., 2014). Adjacent to these effectors are immunity genes that encode for immunity against the
secreted toxin protein ensuring survival if attacked by a sister cell (Russell et al., 2012). For
example, the Tsel effector that targets cell peptidoglycan has a complementary gene 7si/ that
confers immunity from the toxin (Benz et al., 2012). These constitute an effector-immunity pair
which is seen across many bacteria.

The three T6SS have different functions, HI-T6SS operates primarily as described above,
a harpoon like weapon capable of piercing cell walls, in an antagonistic manner (Hood et al.,
2010). The H1-T6SS is also responsible for defensive behavior when attacked by others in a tit-
for-tat response. However, in recent studies, Smith et al showed that this response might be more
similar to two tits-for-tat (W. P. J. Smith et al., 2020). In contrast, the H2-T6SS and H3-T6SS

have an antibacterial functions by secreting effectors. Additionally, Lesic et al. suggested these

12



two are redundant systems that compensate for the other when one might not be functional.
(Lesic et al., 2009)

In P.aeruginosa, each of these three T6SS are regulated differently in a delicate balance
and interplay. The H1-T6SS is positively regulated by several combination of genes that include
the GacS/GacA/RsmZ regulatory pathway which is also a global QS activator(Gallique et al.,
2017). However, QS upregulates H2-T6SS and H3-T6SS and negatively regulates H1-T6SS.
Knock out studies showed that cells lacking LasR and RhIR had decreased H2-T6SS and H3-
T6SS gene expression levels (Lesic et al., 2009). Those studies additionally showed that the
previously mentioned PQS transcriptional regulator pgsR positively regulates the H2-T6SS and

H3-T6SS.

Figure 5: Structure of the T6SS — Tss family of proteins compose the core structure. Hep-

secreted innertube. VgrG- secreted spike. PAAR-secreted tip.(Bernal et al., 2018)
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1.3 Study Objectives

Most studies performed on Pseudomonas focus on P.aeruginosa’s ability to cause illness
and disease in a clinical environment. Other Pseudomonas studies that focus on food, focus on
Pseudomonas as a soilage organism.

The scope of this study was centered on the genomic factors in Pseudomonas associated
with antagonism and virulence in a food matrix where it was shown to outcompete other
bacteria, specifically Salmonella. Here, QS and the T6SS are used to study the effects of

antagonism and virulence as they both are byproducts and constituents of QS. This study follows

14



up on previous unpublished findings of Pseudomonas’s ability to outcompete Salmonella in
selective environments. Researchers were trying to culture pathogenic Salmonella from various
food matrices but instead found Pseudomonas growing abundantly. Understanding the complex
bacterial interactions between this organism can yield insights into controlling other more
pathogenic bacteria such as Salmonella, Listeria and E.coli. To that end, a collection of 34
different strains of Pseudomonas of varying species were previously collected and supplied to
the FDA-CFSAN(Center for Food Safety and Applied Nutrition) strain database.

There were two main objectives of this, contribute to the public understanding of
Pseudomonas by performing whole-genome sequencing on these strains. From the sequenced
data, characterize the observed genes that might play a role in antagonism and virulence.
Additionally, lay the groundwork for functional studies by better understanding the

interconnectedness of QS, T6SS and virulence factors of Pseudomonas in a food matrix.
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Chapter 2: Methods and Materials

2.1 Whole Genome Sequencing

2.1.1 Bacterial cultures

Pseudomonas isolates were obtained from the food matrices where it was shown to

outcompete other pathogenic bacteria, see table 1. Identification of bacterial species was

determined using the Vitek 2 (BioMérieux, Marcy-1'Etoile, France).

Tablel: Pseudomonas strains used in this study along with associated food and the type of

environment there were found in, selective or non-selective. For legibility, this has also been

included in appendix B1.

Strain name

Isolate name

Vitek Identification

Isolate

Food of origin

Isolation stage

CFSAN084944 XA2-L-RV-2 Pseudomonas aeruginosa XA2-L-RV-2 Arugula RV selective enrichment
CFSAN084945 XA3-L-TT-1 Pseudomonas aeruginosa XA3-L-TT-1 Arugula TT selective enrichment
CFSAN084946 XA2-R-mTT-1 Pseudomonas aeruginosa XA2-R-mTT-1 Arugula mTT selective enrichment
CFSAN084947 XA2-R-TT-1 Pseudomonas aeruginosa XA2-R-TT-1 Arugula TT selective enrichment
CFSAN084948 XB2-L-RV-2 Pseudomonas aeruginosa XB2-L-RV-2 Arugula RV selective enrichment
CFSAN084949 XA2-L-mTT-1 Pseudomonas aeruginosa XA2-L-mTT-1 Arugula mTT selective enrichment
CFSAN084950 XA2-R-RV-1 Pseudomonas aeruginosa XA2-R-RV-1 Arugula RV selective enrichment
CFSAN084951 A3LOH-1 Pseudomonas putida A3LOH-1 Arugula mBPW non-selective enrichment
CFSAN084952 B2ROH-3 Pseudomonas fluorescens B2ROH-3 Arugula mBPW non-selective enrichment
CFSAN084953 B2LOH-1 Pseudomonas sp. B2LOH-1 Arugula mBPW non-selective enrichment
CFSAN084954 B1ROH-1 Pseudomonas sp. B1ROH-1 Arugula mBPW non-selective enrichment
CFSAN084956 SSB4-4 Pseudomonas fluorescens SSB4-4 Cold smoked salmon | mBPW non-selective enrichment
CFSAN084957 SSB4-7 Pseudomonas fluorescens SSB4-7 Cold smoked salmon _ |mBPW non-selective enrichment
CFSAN084958 SSB4-3 Pseudomonas fluorescens SSB4-3 Cold smoked salmon | mBPW non-selective enrichment
CFSAN084959 SSB4-9 Pseudomonas fluorescens SSB4-9 Cold smoked salmon  [mBPW non-selective enrichment
CFSAN084960 SSB4-8 Pseudomonas fluorescens SSB4-8 Cold smoked salmon  |mBPW non-selective enrichment
CFSAN084961 SSB4-5 Pseudomonas fluorescens SSB4-5 Cold smoked salmon | mBPW non-selective enrichment
CFSAN084962 SSD9-2 Pseudomonas fluorescens SSD9-2 Cold smoked salmon  |mBPW non-selective enrichment
CFSAN084963 SSG2-2 Pseudomonas fluorescens S5G2-2 Cold smoked salmon  [mBPW non-selective enrichment
CFSAN084964 SSPG2-2 Pseudomonas fluorescens SSPG2-2 Cold smoked salmon  |mBPW non-selective enrichment
CFSAN084965 SSPH2-2 Pseudomonas fluorescens SSPH2-2 Cold smoked salmon _ [mBPW non-selective enrichment
CFSAN084966 SSPH2-3 Pseudomonas fluorescens SSPH2-3 Cold smoked salmon  |mBPW non-selective enrichment
CFSAN084967 SSG2-6 Pseudomonas luteola SSG2-6 Cold smoked salmon  [mBPW non-selective enrichment
CFSAN084968 SSPG2-3 Pseudomonas luteola SSPG2-3 Cold smoked salmon | mBPW non-selective enrichment
CFSAN084969 SSH2-9 Pseudomonas sp. SSH2-9 Cold smoked salmon  |mBPW non-selective enrichment
CFSAN084970 SSPH2-1 Pseudomonas sp. SSPH2-1 Cold smoked salmon | mBPW non-selective enrichment
CFSAN084971 CIN10-1 Pseudomonas putida CIN10-1 Cucumber TT selective enrichment
CFSAN084973 D24L8-1 Pseudomonas putida D24L8-1 Cucumber mBPW non-selective enrichment
CFSAN084974 T-A-s0il-2-K-mTT-2 Pseudomonas mendocina T-A-soil-2-K-m]| Soil associated with kale |mTT selective enrichment
CFSAN084975 A-Soil-2-24-1 Pseudomonas putida A-Soil-2-24-1 | Soil associated with kale |mBPW non-selective enrichment
CFSAN084976 CK4-1 Pseudomonas putida CK4-1 Tomato TT selective enrichment
CFSAN084977 CK8-1 Pseudomonas putida CK8-1 Tomato RV selective enrichment
CFSAN084978 CK12-1 Pseudomonas putida CK12-1 Scallion TT selective enrichment
CFSAN084979 CK15-1 Pseudomonas putida CK15-1 Scallion mTT selective enrichment

16




This work was previously performed by colleagues independently of this study and
strains were supplied to the CFSAN strain databsae. Culture media that are selective for
Salmonella that were used in the study were Rappaport-Vassiliadis (RV), Tetrathionate (TT) and
mTT, which is a modification of TT without the brilliant green solution added. Modified
buffered Peptone water (mBPW) is a non-selective media that promotes the growth of
Salmonella in foods.

Pseudomonas strains were obtained from the CFSAN’s strain database for growth and
DNA extraction. To generate enough DNA for WGS, strains were grown in 5 ml Tryptic soy

broth (MilliporeSigma, Burlington, MA) overnight in an incubator at 30°C.

2.1.2 DNA extraction

DNA from overnight cultures were processed using the following procedure. For each
overnight culture, tubes were briefly vortexed to generate a homogenous mixture using a Vortex
Mixer (ThermoFisher, Waltham, MA). Next, 2ml of overnight culture was spun down at 5000g
(7500rpm ) in a microcentrifuge tube using an Eppendorf 5425 microcentrifuge (Eppendorf,
Hamburg, Germany). After visual inspection of a pellet at the bottom of the microcentrifuge
tube, the supernatant was discarded. The Maxwell RSC Tissue DNA Kit protocol was followed
to extract DNA on the Maxwell 16 instrument (Promega, Madison, WI). Pellets were
resuspended in 80ul of TE which was provided from the Maxwell RSC Tissue DNA Kit and run

on the Maxwell instrument.
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2.1.3 Sequencing DNA libraries

DNA quantification was performed using the Qubit dsSDNA broad range kit and protocol
using a Qubit 3.0 fluorometer (Invitrogen, Waltham, MA) to ensure at least Sug of DNA was
extracted. For long-read sequencing, Oxford Nanopore DNA libraries were generated using the
Rapid Barcoding protocol and kit (SQK-RBK004) (Nanopore Technologies, Oxford, UK). The
transposase in the kit randomly fragmented the DNA into lengths of 30kb (kilo-basepair) .

For short-read WGS, Nextera DNA Flex kit (Illumina) preparation kits were used
according to manufacturer’s instructions. 100ng of input DNA was used with the Miseq reagent

kit v3 using 2x 150-bp paired-end chemistry (Illumina, San Diego, CA).

2.1.4 Sequencing DNA libraries

The Oxford Nanopore long-read DNA barcoded libraries were sequenced on a
combination of Oxford Nanopore Minlon and Gridlon on a FLO-MIN106 (R9.4.1) flow cell for
48h using default parameters (Nanopore Technologies). The Illumina short-read DNA libraries

were sequenced on a [llumina NextSeq 500 system (Illumina).

2.2 Analysis

2.1 Genome assembly

De-novo assembly of long read data from the Minion sequencer was performed using the
Flye assembler (v 2.9) (Kolmogorov et al., 2019). Output from Flye assembler indicated whether
or not the assembled contigs were circular. This suggested if the genome was closed or not.
Next, to improve the assembly, three rounds of error correction using Pilon (v 1.22) were
performed using the short reads from the NextSeq sequencer (Walker et al., 2014). Appendix A

contains the sample code used in this study.
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2.2 Genome Annotation

Genomic annotation was performed on closed genomes using the NCBI Prokaryotic
Genome Annotation Pipeline (PGAP) (v 5742) (Tatusova et al., 2016). Additional annotation
was performed using Prokka (v 1.13.4) (Seemann, 2014). Annotation files were used when

searching for genes.

2.3 Analysis

Genious Prime 2022 software was used to visualize and organize the annotated genomes
collected(Kearse et al., 2012). NCBI BLAST (v 2.12) was used to search for relevant genes
within assembled genomes and perform sequence comparison (Altschul et al., 1990).The
Pseudomonas.com database was used find the genes sequences of interest in this study (Winsor

etal., 2016).

2.4 Genes of interest

The genes of interest that were searched for in this study were: tseF, tsi, pvfA, pviB,
pvfC, pviD, LasR/I, pgsR, rhIR/I, ambBCDE, ppuR, tssA-M, hcp, vgrG, phnaA, phnB, pppK,
ppA. The following terms were used to search for genes in the annotation files: “LuxR”, “IS3”,

“IS30” and “transposases” for different families of transposes.

2.5 Genome Accession numbers

The raw sequencing data and genomes in this study will be published to NCBI under the

bioproject numbers in appendix B3.
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Chapter 3: Results

3.1 Closed genomes results

3.1.1 Genome sizes

Output from Flye assembler indicated all genomes used in this dataset were circular.

Example output from a console for strain CFSANO084979 P.putida is seen in figure 6.

Figure 6: Example output from Flye assembler showing the length of the assembled genome,

coverage and if the genome is circular.

repeat mult. alt group graph_path

To improve genome assembly and quality, error correction was performed using the
[llumina short reads generated from the NextSeq sequencer. This affected the final genome
length and coverage. Results of this are seen in table 2. The range of the genome sizes varied
based on species, the smallest being CFSANO084973 P.putida at 4911672 bp (basepair) and the
largest being CFSANO084970 Pseudomonas sp. at 7180388 bp. When sorted by genome size, the
P. aeruginosa strains were all near the top while most of the P.putida strains were smaller and

under 6Mbp.
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Genome Lengths

Graph of the Pseudomonas genome lengths

Figure 7
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Table 2: Summary of the Pseudomonas strains used in this study with their corresponding

genome sizes, and coverage. Color coded by species.

Strain/Species Gnome Length  Coverage

CFSAN084944P.aeruginosa 6441894 155
CFSAN084945P.aeruginosa 6441902 178
CFSAN084946P.aeruginosa 6410905 50
CFSAN084947P.aeruginosa 6410979 50
CFSAN084948P.aeruginosa 6284583 205
CFSAN084949P.aeruginosa 6441841 57
CFSANO084950P.aeruginosa 6441924 31
CFSAN084952P.fluorescens 6326501 25
CFSAN084956P.fluorescens 6362988 44
CFSAN084957P.fluorescens 6040761 64
CFSANO084958P.fluorescens 6194136 57
CFSAN084959P.fluorescens 6457889 43
CFSANO084960P.fluorescens 6457896 61
CFSAN084961P.fluorescens 6195528 188
CFSANO084962P.fluorescens 6398395 140
CFSANO084963P.fluorescens 6166943 113
CFSANO084964P.fluorescens 6166951 115
CFSANO084965P.fluorescens 7093277 76
CFSANO084966P.fluorescens 7180495 86
CFSANO084967P.luteola 6209828 101
CFSANO084968P.luteola 6342030 101
CFSAN084974P.mendocina 6825051 137
CFSANO084951P.putida 6374467 47
CFSANO084971P.putida 5016282 179
CFSAN084973P.putida 4911672 274
CFSANO084975P.putida 5555468 172
CFSANO084976P.putida 5231918 263
CFSAN084977P.putida 5362952 154
CFSANO084978P.putida 5757439 126
CFSANO084979P.putida 5256898 139
CFSAN084953Pseudomonas sp. 5665793 180
CFSAN084954Pseudomonas sp. 6207128 250
CFSAN084969Pseudomonas sp. 6209950 82
CFSAN084970Pseudomonas sp. 7180388 132
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3.1.2 Genome annotation

Selected columns of the total amount of genes annotated per genome were copied from the
GenBank files and are found in table 3. The full dataset with all the columns are found in

appendix B2.
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in the

Its, all columns available

10N résu

Selected columns of the genome annotati

Table 3

appendix B3

Strain/Species

Genes(total) CDSs (total) Genes(ambigu
ous residues)

Pseudo

Pseudo Genes Pseudo Genes
(frameshifted) (incomplete) (multiple problems)

Pseudo Genes

CRISPR
Arrays

CFSAN084944 P.aeruginosa 5,920 5,841 0 of 70 44 of 70 30 of 70 10 of 70 1
CFSAN084945 P.aeruginosa 5,920 5,841 0 of 65 39 of 65 30 of 65 10 of 65 1
CFSAN084946 P.aeruginosa 5,885 5,804 0 of 62 37 of 62 30 of 62 7 of 62 4
CFSAN084947 P.aeruginosa 5,780 5,701 0 of 107 82 of 107 37 of 107 14 of 107 1
CFSAN084948 P.aeruginosa 5,827 5,748 0 of 58 38 of 58 21 of 58 5 of 58 1
CFSAN084949 P.aeruginosa 5,921 5,842 0 of 63 37 of 63 33 of 63 13 of 63 1
CFSAN084950 P.aeruginosa 5,918 5,839 0 of 49 23 of 49 30 of 49 10 of 49 1
CFSAN084951 P.putida 5,687 5,586 0 0f 93 33 0f 93 61 0f 93 12 0f 93 0
CFSAN084952 P fluorescens 5,774 5,680 0 of 89 39 of 89 54 of 89 18 of 89 0
CFSAN084953 Pseudomonas 5,165 5,061 0 of 77 350f77 48 of 77 8 of 77 0
CFSAN084954 Pseudomonas 5,447 5,360 0 of 58 29 of 58 32 of 58 8 of 58 0
CFSAN084956 P fluorescens 6,047 5,955 0 of 135 40 of 135 101 of 135 17 of 135 0
CFSAN084957 P fluorescens 5,805 5,719 0 0of 102 52 of 102 64 of 102 27 of 102 0
CFSAN084958 P fluorescens 5,886 5,796 0 of 142 40 of 142 112 of 142 15 of 142 0
CFSAN084959 P fluorescens 5,922 5,831 0of 161 61 of 161 100 of 161 12 of 161 0
CFSAN084960 P.fluorescens 5,917 5,826 0 of 157 57 of 157 100 of 157 12 of 157 0
CFSAN084961 P fluorescens 5,889 5,799 0 of 154 46 of 154 117 of 154 14 of 154 0
CFSAN084962 P fluorescens 4,674 4,574 0 0f 99 42 of 99 63 of 99 20 of 99 0
CFSAN084963 P fluorescens 5,728 5,634 0 of 120 27 of 120 100 of 120 15 of 120 0
CFSAN084964 P fluorescens 5,734 5,640 0of 117 28 of 117 100 of 117 17 of 117 0
CFSAN084965 P fluorescens 6,756 6,663 0 of 148 82 of 148 78 of 148 16 of 148 0
CFSAN084966 P fluorescens 6,750 6,657 0 of 94 33 0f 94 67 of 94 13 of 94 0
CFSAN084967 P.luteola 5,822 5,728 0of 122 30 of 122 101 of 122 16 of 122 0
CFSAN084968 P.luteola 6,017 5,922 0 of 126 35 0f 126 101 of 126 18 of 126 0
CFSAN084969 Pseudomonas 5,779 5,685 00f 127 37 of 127 99 of 127 15 of 127 0
CFSAN084970 Pseudomonas 6,749 6,656 0 0f 90 28 0f 90 67 0of 90 12 0f 90 0
CFSAN084971 P.putida 4,504 4,404 0 of 59 25 of 59 39 of 59 13 of 59 0
CFSAN084973 P.putida 4,481 4,382 0 of 63 28 of 63 44 of 63 14 of 63 0
CFSAN084974 P.mendocina 6,072 5,986 0 0f 102 48 of 102 61 of 102 11 0of 102 2
CFSAN084975 P.putida 5,079 4,986 0 of 72 350f72 37 of 72 7 of 72 0
CFSAN084976 P.putida 4,814 4,717 0 of 65 39 of 65 29 of 65 14 of 65 0
CFSAN084977 P.putida 4,960 4,863 0 of 59 29 of 59 29 of 59 7 of 59 0
CFSAN084978 P.putida 5,208 5,110 0 of 87 41 of 87 48 of 87 12 of 87 0
CFSAN084979 P.putida 4,818 4,721 0 of 48 19 of 48 29 of 48 7 of 48 0
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3.2 Quorum sensing genes

3.2.1 LasR/I genes

The LasR/I genes were only found in P.aeruginosa genomes contained one annotated
version of the LasR and LasI gene with gene RsalL in the middle that acts as a repressor.
However, numerous LuxR encoding regions were observed without a cognate receptor. Table 4
contains the number of LuxR binding regions that might contain potential LuxR solo regions that
were observed in the annotations.

LuxR solos are implicated in eaves dropping on AHL signals from other bacteria in the
population. This QS mechanism allows to the bacteria to listen in to the cell density of the
community and respond in kind however that maybe. Some these LuxR solos are designated
PAB or plant associated bacteria, which have evolved away from sensing QS from bacteria to
responding to the unknown plant signals and compounds. These genes have been implicated in
virulence of and fitness of the P.fluorescens (Bez et al., 2021; Patel et al., 2013).

Cristina Bez et al 2021 characterized these LuxR solos into subgroups based upon
repeated observation (Bez et al., 2021). Similar subgroups were seen in the genomes of this
study. P.fluorescens strains contained the most diversity in terms of different types of regions
that might contain a LuxR solo. Further work needs to be performed to properly ascertain the
role of these regions, however many of the LuxR sub-groups previously reported were observed
in these genomes. Many of the of the P.fluorescens strains contained the sub-groups A, C and I,
see figure 8.

The A subgroup is a highly conserved region as it appears in 86% of the non-aeruginosa
Pseudomonas strains and 68% (23/34) of all strains in this study. The LuxR solo has

methyltransferase just upstream and a ferredoxin-NADP+ reductase just downstream as pictured
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in figure 8A. This arrangement suggests that this subgroup might regulate a wide array of
important metabolic functions. The A subgroup was widely observed in all non-P.aeruginosa
strains.

The C subgroup contains genes coding for proline iminopetidase- family hydrolase, (pip
gene) just up and downstream of the LuxR solo (Bez et al., 2021). Due to its association with
plant bacteria, this has been referred to as the PAB LuxR solo. It functions as signaling circuit
for interkingdom interactions (Gonzalez & Venturi, 2013). This subgroup of LuxR solos were
seen primarily in P.fluorescens strains and in all the other unnamed Pseudomonas strains.

The I subgroup consist of a LuxR solo flanked by a transporter region upstream and a
pyridoxal phosphate-dependent aminotransferase downstream. The function of this group is
unknown. However, pyridoxal phosphate-dependent aminotransferase might be a biocatalyst,
therefore it is possible that this LuxR solo may assist in various other functions. The subgroup I
was primarily seen in P.fluorescens strains.

Numerous other LuxR solos were observed across all strains even in the P.aeruginosa
strains. The high degree of variation is likely a sign of adaption to their environment as QS

would be required to respond to a diverse environment like the PAB LuxR solos

Figure 8: LuxR solos subgroups observed in this dataset. A: Subgroup A. B: Subgroup C

C: Subgroup |

A
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Table 4: Counts of LuxR of observed regions including LuxR solos

LuxR

Strain/Species LasR/LasI RhIR/RhlII PqsR  Lux Regions Solo
Type

CFSAN084944P.aeruginosa 1 1 1 4
CFSANO084945P.aeruginosa 1 1 1 4
CFSAN084946P.aeruginosa 1 1 1 4
CFSANO084947P.aeruginosa 1 1 1 3
CFSAN084948P.aeruginosa 1 1 1 6
CFSANO084949P.aeruginosa 1 1 1 4
CFSAN084950P.aeruginosa 1 1 1 2
CFSAN084952P.fluorescens 10A,C, G
CFSANO084956P.fluorescens 4 A
CFSAN084957P.fluorescens 4 A
CFSANO084958P.fluorescens 8 A,CI
CFSAN084959P.fluorescens 9 AC,I
CFSANO084960P.fluorescens 9 ACI
CFSAN084961P.fluorescens 8 A,CI
CFSANO084962P.fluorescens 3A
CFSAN084963P.fluorescens 8 A,CI
CFSANO084964P.fluorescens 8 ACI
CFSAN084965P.fluorescens 9AC
CFSANO084966P.fluorescens 7A,C
CFSANO084967P.luteola 8 A,CI
CFSAN084968P.luteola 8 A,CI
CFSAN084974P.mendocina 8
CFSAN084951P.putida 7 A
CFSANO084971P.putida 3A
CFSANO084973P.putida 3A
CFSANO084975P.putida 5A
CFSANO084976P.putida 5
CFSANO084977P.putida 2 A
CFSAN084978P.putida 4 A
CFSANO084979P.putida 5
CFSAN084953Pseudomonas sp. 9A,CG
CFSAN084954Pseudomonas sp. 6 A1
CFSAN084969Pseudomonas sp. 8 A,CI
CFSAN084970Pseudomonas sp. 7A,C
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3.2.2 RhIR/I genes

Like the previous observation, the RhIR/I genes were seen only in the P.aeruginosa and
appears to be a one to one relationship. These were found by searching through the annotations
and using BLAST known gene sequences. However, it is unknown if any Lux homologous sites
that have functionality similar to the RhIR/I genes, functional studies will be needed on these

sites to confirm.

3.2.3 PqgsABCDE/R genes

The same seven P.aeruginosa strains contained the pqsABCDE synthetic operon. It was
observed alongside with phnA4 and phnB followed by pgsR as has been reported in previous
studies. (Lin et al., 2018) The PGAP software still uses older name mvfR for multi-virulence
factor receptor instead of the pqsR. Additionally, blasting, for pqsR in other strains returned no

hits, revealing that this region had very little homology in other strains.

3.2.41QS

The ambBCDE genes responsible for the proteins that encode for IQS molecules were
readily found only in the seven non-P.aeruginosa strains. Since the target of IQS molecule is still

currently unknown, the receptor region could not be searched for.

3.3 Pseudomonas virulence factor

3.3.1 PVF genes
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The sequences for the pvfABCD operon from P.entomophilla 1.48 were searched for across all
strains. Only one strain, CFSAN084953-Pseudomonas sp., contained all four genes in the operon
using BLAST. For pvfC, the main functional gene in the operon, the hit values were Grade:
90.3%, Evalue: 0 and Query Coverage:100% indicating significant homology. Other hits for
pvfC had lower similarity ranging from grades of 71.6% for strain 54 to 67.5% for strain 66. This

finding suggested high homology.

Table 5: Blast results of pvfC gene against Pseudomonas strains

0 .
Strain/Species o ldentical o je  EValue Hitend Hitstart U7
shies coverage
CFSAN084953
Pseudomonas sp 80.60% 90.30% 0 181806 | 185237 | 100.00%
Pfiiiﬁ?jiii; 71.90% 71.60% 0 6034502 | 6032042 | 71.18%
CFESAN084957
P.fluorescens 67.60% 69.30% 0 858856 | 856404 | 71.12%
CFSAN084956
P.fluorescens 67.30% 69.20% 0 759514 | 761966 | 71.12%
'FSAN084969
Pfeuiomonas - 68.40% 68.10% 0 1318900 | 1316560 | 67.77%
CFSAN084968
P luteola 68.40% 68.10% 0 2344288 | 2341948 | 67.77%
'FSAN084967
¢ }S)luteola 68.40% 68.10% 0 2699821 | 2702161 | 67.77%
'FSAN084964
i’;uorescens 68.40% 68.10% 0 3815188 | 3812848 | 67.77%
'FSA 96.
i);ungjenj 68.40% 68.10% 0 4074289 | 4076629 | 67.77%
'FSAN084961
Cl;);uorescens 68.40% 68.10% 0 4823063 | 4825403 | 67.77%
'FSA
i);ui\;z(jjegjj 68.40% 68.10% 0 1804416 | 1806756 | 67.77%
'FSA 9
CP;ui\;[fo:eZ: 65.60% 67.50% | 5.41E-138| 1294052 | 1291669 | 69.38%
'FSA 7
Pfeuiojn\;(;izi SZ 65.60% 67.50% | 1.27E-139| 5950765 | 5948382 | 69.38%
CPFEI:i\;Zf:eng 65.60% 67.50% | 1.27E-139| 3767784 | 3765401 | 69.38%
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3.3.2 pvfABCD

Based on the blast results showing strain CFSAN084953 had a homologous PVF operon,
the coding regions were visually inspected in Geneious. Upon further inspection of this
genome’s annotation file, the coding regions for PVF matched up to the following four genes in
order, DUF3050 for pfv4, diiron oxygenase for pvfB, amino acid adenylation domain for pvfC
and SRPBCC for pvfD, see figure 8 A. DUF stand for “Domain of unknown function” and this
finding correlates to the study by Arrebola et al 2012. on their work with P. syringae (Arrebola
et al., 2012).

Upon further visual inspection and blasting for the DUF3050 domain, this similar pattern
of these four genes starting with DUF3050 were found in annotations of other genomes of this
data set. Table 8 shows the strains in which this pattern of genes was found. 15 out of the 34
genomes contained the four genes of this operon. Further testing is needed to determine if these
genes actually encode for PVF and the phenotype of previous studies. Three different types of
gene layouts were seen during visual inspection of the annotation files.

The first is what has been previously seen in literature, the PVF operon with all four
genes, see figure 8A. In the second type, all four genes are observed however, one or two genes
are inserted in between the DUF3050 gene and the diiron oxygenase coding region, see figure 8C
and 8G. Only of six genomes contained this insertion in the PVF operon causing a shift. The
genes inserted corresponded to DUF4437 another gene with an unknown function. Further
testing would be required to properly understand how this interacts with the PVF operon. Two
out of the six insertions contained an additional inserted gene labeled ISO30 family of
transposases potentially indicating mobile elements might be involved around this region of the

genome, see figure 8G.
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In the third type of PVF pattern, a missing potential pvfD was observed, which the PGAP
annotation software labeled as SRPBCC family of proteins, see figure 8F. Prior literature has not
found the function of pvfD and however, pvfD alongside pfvC is required for function (Kretsch et
al., 2021; Vallet-Gely et al., 2010). Out of the serotypes sequenced in the dataset, six
P.fluorescens strains had the full PVF pattern indicating a potential operating PVF operon. One
P.putida strain did contain the DUF3050 gene but did not contain the rest of genes in the PVF
operon.

Upstream of the pvfABCD operon, a methyl-accepting chemotaxis protein (MCPs) and a
23S rRNA gene were observed. MCPs are membrane receptors that affect survival by directing
microbial motility in addition to biofilm formation (Salah Ud-Din & Roujeinikova, 2017). The
orientation of the mcp gene with the adjacent 23S rRNA suggests that the pvfABCD operon
plays a role in regulating the flagella or pili of the cell. Additionally, the location of the 23S
rRNA gene is similar to that seen by Arrebola et al. in their work on the mgo operon with
Mangotoxin (Arrebola et al., 2012).

In a variation of the previously observed pattern, in two strains contained the sigma70
RNA polymerase gene was upstream from the pvfABCD. This suggests a role in regulating the

house keeping genes of whole microbe.
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Figure 9 Observed PVF genes in strains. Red pvfA-DUF3050, Yellow pvfB-diiron oxygenase,

Green pvfC-amino acid adenylation, Blue pvfD-SRPBCC
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Table 5: Observed counts of PVF, color coordinated by strain. Orange — not found in strain,

Green, found in strain with observation count. Yellow- orphaned DUF3050

Strain & Species DUF3050- pvfABCD Shifted pvfA- pvfABC-

pvfA BCD only

CFSAN084944 P.aeruginosa
CFSAN084945 P.aeruginosa
CFSAN084946 P.aeruginosa
CFSAN084947 P.aeruginosa
CFSAN084948 P.aeruginosa
CFSAN084949 P.aeruginosa
CFSAN084950 P.aeruginosa
CFSAN084951 P.putida
CFSAN084952 P.fluorescens
CFSAN084953 Pseudomonas sp.
CFSAN084954 Pseudomonas sp.
CFSAN084956 P.fluorescens
CFSAN084957 P.fluorescens
CFSAN084958 P.fluorescens
CFSAN084959 P.fluorescens
CFSAN084960 P.fluorescens
CFSAN084961 P.fluorescens
CFSAN084962 P.fluorescens
CFSAN084963 P.fluorescens
CFSAN084964 P.fluorescens
CFSAN084965 P.fluorescens
CFSAN084966 P.fluorescens
CFSAN084967 P.luteola
CFSAN084968 P.luteola
CFSAN084969 Pseudomonas sp.
CFSAN084970 Pseudomonas sp.
CFSAN084971 P.putida
CFSAN084973 P.putida
CFSAN084974 P.mendocina
CFSAN084975 P.putida
CFSAN084976 P.putida
CFSAN084977 P.putida 1
CFSAN084978 P.putida
CFSAN084979 P.putida
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3.4 Type VI secretion system

3.4.1 Observations

Type VI secretion systems (T6SS) were found in all but two P.putida strains. Since hcp
is an integral part of the T6SS that composes the inner tube sheath of the system, regions
encoding the gene were counted and analyzed. Three main T6SS were observed, with similar
structures to the HI-T6SS , H2-T6SS and H3-T6SS previously seen in literature. Table 6

contains the collated counts.

3.4.2 P.aeruginosa T6SS

The P.aeruginosa strains contained five different regions that encoding for /cp. Three of
these were orphaned /cp regions without the rest of the T6SS core genes either up or
downstream. These strains did contain two regions where the zss family of 13 core genes were
observed. One of two regions contained the regulatory genes, pppA and ppkA, to control the
system and one without these regulatory genes. This likely appears to be a H3-T6SS system as
seen in literature (Duran et al., 2021). Just upstream of vgrG, two genes likely to encode a toxin
were observed, one for the toxin it and one for immunity. This constitutes a effector-immunity
pair, which has been a pattern routinely seen in other toxin-antitoxin genes such as the type six
effectors, Tge, Tle, Tge and Tde (Gallique et al., 2017). For these effectors, the anti-toxin gene
occurs upstream and adjacent to the gene encoding for the toxin. Here, the DUF4280 domain
was observed just after a toxin gene all seven strains P.aeruginosa. Functional studies would be

required to confirm this finding.
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Table 6: Counts of the Hcp gene, Hep orphan and an intact T6SS (Whole system).

by species.

Strain/Species

HCP count

HCP Orphan

Whole system

Color coded

(total)

(tss genes)

CFSAN084944 P.aeruginosa 5 3 2|DUF4280
CFSAN084945 P.aeruginosa 5 3 2|DUF4280
CFSAN084946 P.aeruginosa 5 3 2|DUF4280
CFSAN084947 P.aeruginosa 5 3 2|DUF4280
CFSAN084948 P.aeruginosa 5 3 2|DUF4280
CFSAN084949 P.aeruginosa 5 3 2|DUF4280
CFSAN084950 P.aeruginosa 5 3 2|DUF4280
CFSAN084951 P.putida 2 0 2
CFSAN084952 P.fluorescens 2 0 2
CFSAN084953 Pseudomonas sp. 1 0 1
CFSAN084954 Pseudomonas sp. 3 1 2
CFSAN084956 P.fluorescens 2 0 2
CFSAN084957 P.fluorescens 2 0 2
CFSAN084958 P.fluorescens 3 1 2|DUF4225
CFSAN084959 P.fluorescens 4 1 3|DUF4225
CFSAN084960 P.fluorescens 4 1 3|DUF4225
CFSAN084961 P.fluorescens 3 1 2|DUF4225
CFSAN084962 P.fluorescens 6 5 1{DUF4225
CFSAN084963 P.fluorescens 3 1 2|DUF4225
CFSAN084964 P.fluorescens 3 1 2|DUF4225
CFSAN084965 P.fluorescens 2 1 1
CFSAN084966 P.fluorescens 4 2 2|2xDUF4225
CFSAN084967 P.luteola 3 1 2|DUF4225
CFSAN084968 P.luteola 3 1 2|DUF4225
CFSAN084969 Pseudomonas sp. 3 1 2|DUF4225
CFSAN084970 Pseudomonas sp. 4 2 2|2x DUF4225
CFSAN084971 P.putida 2 0 2
CFSAN084973 P.putida 2 0 2
CFSAN084974 P.mendocina 2 1 1
CFSAN084975 P.putida 3 2 1
CFSAN084976 P.putida 0 0 0
CFSAN084977 P.putida 2 0 2
CFSAN084978 P.putida 2 1 1{DUF4225
CFSAN084979 P.putida 0 0 0
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3.4.3 P.fluorescens

The P.fluorescens strains contained more variety in terms of total number of icp genes,
the count varied from two to six, only a single Acp gene is required for T6SS functionality. For
strain CFSAN084962, with six observed Acp genes, this strain had one functional H1- T6SS with
the core zss family of genes along with the regulatory genes and five orphaned /4cp genes were
observed. Nine P.fluorescens strains contained at least one orphaned /cp gene. Furthermore, for
the eight P.fluorescens strains, upstream and adjacent to the orphaned /4cp gene, the gene
encoding for DUF4225 was observed, see figure 10. In a recent analysis of the Vibro
paramaemolyticus pan genome, Jana et al. found the DUF4225 to be an effector protein capable
of inducing cell lysis in the periplasm similar to the effects of the type six amidase effector
Tselfrom the Tae family (Durén et al., 2021; Jana et al., 2022). Therefore, it is possible for the
DUF4225 region in Pseudomonas to also encode for a toxin effector protein. Furthermore, some
strains like CFSAN084964, have an additional 297bp region that codes for a hypothetical
protein. If DUF4225 is a toxin, it would make sense that this region would encode for its
immunity cognate, similar to the findings of Jana et al. Functional studies are required to
properly characterize this, however if is a toxin, this would be the first observation of DUF4225
as an effector in Pseudomonas.

Additionally, some strains contained a transpose gene downstream from the hcp-
DUF4225 region, see figure 10a. This raises the possibility of the surrounding regions including

the HCP-DUF4225 region to have been acquired through horizontal gene transfer.
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Figure 10: Hcp Orphan and DUF4225 region, color coded. In red the orphan
hcp gene. Green, DUF4225 gene, Yellow, gene for a hypothetical protein.

Purple, transposase.
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3.4.4 P.putida/P.luteola/others

Among P.putida strains in this dataset, the 4cp gene counts ranged from zero to three. Two
strains did not contain the T6SS. Four strains had an orphan 4cp gene but only one of these
strains had the putative DUF4225 gene adjacent to an orphaned Acp gene.

In comparison, both P.luteola strains contained three total 4cp genes. One of these
encoded for a fully functional HI-T6SS while the other was a H3-T6SS. Each of these P.luteola
strains had one orphan /cp along with DUF4225 and an adjacent hypothetical protein that might
encode for immunity. Strain CFSANO084969 Pseudomonas sp. had 3 total hcp genes and had
similar findings as P.luteola strains.

For the second largest strain CFSAN084970 Pseudomonas sp., had four total 4cp genes,
two orphans with an adjacent DUF4225 region, one HI-T6SS and one H2-T6SS. Interestingly,

the largest genome, CFSANO084966 P.fluorescens, also contained two orphan hcp-DUF4225
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regions, both of similar size. Again, more testing would needed to properly understand if an

additional set of genes confers more virulence and antagonism.

3. 5 Other observations

3.5.1 Transposases

A high degree of transposes was seen throughout some P.fluorescens strains, for example
CFSANO084965 contained 114 different transposes, see table 7. This count was significantly
larger other strains. Mobile elements enable genomic rearrangement, gene duplication and
horizontal gene transfer between bacteria causing mutations, some of which may be beneficial
thus allowing greater adaptability when facing a diverse environment (Casacuberta & Gonzélez,
2013).

These were seen throughout various parts of the genomes while analyzing the annotations
for target genes in this study. For example, in figure 10A, a transposase was seen right next to
the hcp/DUF4225 pair. This raises the possibility of the region being acquired from another

source, conferring a fitness advantage.

3.5.2 Sigma 54

Some of the genomes had the genes encoding for sigma factor 54 adjacent to LuxR solo
coding regions. For example, strain CFSANO084952 P.putida, the sigma 54 Fis family
transcriptional regulator was observed upstream of a LuxR solo, see figure 11. In P.aeruginosa
the sigma factor 54 or RpoN is known to control global regulators which consequently regulate
expression of biofilms, virulence factors and QS responsible for QS through the RhlI gene

(Lloyd et al., 2017; Thompson et al., 2003). Since RpoN requires an activator protein to function
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and the Fis family of genes operates as a transcriptional repressor, this combination appears to
function as a shutoff off switch for gene expression (Danson et al., 2019; Jakovleva et al., n.d.).
This would have to be confirmed by functional studies. This observation was also seen in strain

CFSANO084975 P.putida.

Figure 11: LuxR solo and Sigma 54
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Similarly, a sigma 54 transcriptional factor gene was frequently seen in the middle of
T6SS genomic islands from strains of P.fluorescens and P.putida, see figure 12. This insertion
has been seen before by Bernard et al. In their study they showed that the T6SS was regulated by
a combination of sigma 54 and that bacterial enhancer binding proteins were required for to
transcription to start (Bernard et al., 2011). These bacterial enhancer binding proteins operate on

the sigma 54 region by DNA bending (Wigneshweraraj et al., 2008).
Figure 12: Zoomed in section of sigma 54 regulator in the middle of the T6SS island.
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Table 7: Transposase count. Color coded by species.

Strain & Species Transposases

CFSAN084944 P.aeruginosa 20
CFSAN084945 P.aeruginosa 20
CFSAN084946 P.aeruginosa 19
CFSAN084947 P.aeruginosa 20
CFSAN084948 P.aeruginosa 8
CFSAN084949 P.aeruginosa 20
CFSAN084950 P.aeruginosa 20
CFSAN084951 P.putida 31
CFSAN084952 P.fluorescens 38
CFSAN084953 Pseudomonas sp. 7
CFSAN084954 Pseudomonas sp. 15
CFSAN084956 P.fluorescens 103
CFSAN084957 P.fluorescens 55
CFSAN084958 P.fluorescens 72
CFSAN084959 P.fluorescens 88
CFSAN084960 P.fluorescens 88
CFSAN084961 P.fluorescens 74
CFSAN084962 P.fluorescens 23
CFSAN084963 P.fluorescens 18
CFSAN084964 P.fluorescens 18
CFSAN084965 P.fluorescens 114
CFSAN084966 P.fluorescens 24
CFSAN084967 P.luteola 19
CFSAN084968 P.luteola 21
CFSAN084969 Pseudomonas sp. 18
CFSAN084970 Pseudomonas sp. 24
CFSAN084971 P.putida 25
CFSAN084973 P.putida 24
CFSAN084974 P.mendocina 41
CFSAN084975 P.putida 19
CFSAN084976 P.putida 10
CFSAN084977 P.putida 5
CFSAN084978 P.putida 27
CFSAN084979 P.putida 9
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Chapter 4: Discussion

4.1 Study summary

In trying to understand Pseudomonas antagonism and competition in Salmonella
selective cultures, the genes responsible for quorum sensing and the Type VI secretion system
were studied and observed. In this dataset, Pseudomonas were phenotypically seen to
outcompete other bacterial species in different food or food associated matrixes. 34 different
strains of Pseudomonas were fully sequenced and will be released to the public repositories at
NCBI at the completion of this study. From the annotation files, the genes responsible for QS,

PVF and the T6SS were analyzed.

4.2 Quorum sensing

When looking at the observed Lux genes in this study, the P.aeruginosa strains all
contained the same counts of known QS genes. These well-known QS genes have been heavily
studied due to the strain’s medical and clinical relevance. The genome sizes of the seven
P.aeruginosa strains in this study were very similar, ranging from the largest strain
CFSANO084948- 6284583bp, to the smallest strain CFSAN084946- 6410905bp. The size of the
strain CFSANO084948 is larger than the other P.aeruginosa strains in the set, see table 2. The
core genome of P.aeruginosa is highly conserved with only 0.5%-0.7% variation (Pohl et al.,
2014). This strain had a size variation of 2.45% from the mean of the other observed
P.aeruginosa strains. Since the core genome is usually conserved, it is possible that this strain
acquired additional features through horizontal gene transfer (Pohl et al., 2014). This could also

potentially explain the higher LuxR coding region count of this strain.
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Similarly, a majority of the putative LuxR genes observed in the P.fluorescens strains
appeared to be LuxR solos. LuxR solo types A, C and I that were observed in the annotation files
had a very similar structure to QS LuxR solos previously seen in literature that were responsive
to AHL-signaling molecules (Bez et al., 2021). Therefore, these genes would appear to be
functional, but more studies would be needed to understand if they have a role in QS regulation
or a novel function. The study by, Bez et al., used strains of P.fluorescens containing only LuxR
solos found in the rice rhizosphere. The rhizosphere is the area of soil surrounding the root
system of a plant containing a highly diverse environment of microorganisms (Kennedy & de
Luna, 2005). The ability of P.fluorescens to survive in this highly diverse environment implies
that LuxR solo genes impart a competitive advantage. This could possibly be acquired through
horizontal gene transfer as the lack of a functioning LuxR/I AHL QS system also implies
environmental adaptation the essence of evolution. This, in turn, could explain the numerous
transposons observed across the P.fluorescens strains. Additionally, this could explain its ability

to proliferate in the mBPW culture medium.

4.3 PVF

PVF was detected primarily in P.fluorescens strains, and the other Pseudomonas .sp
strains where it was grown in a non-selective enrichment, see table 1. It was not detected in
P.putida or P.aeruginosa strains. PVF has been shown to upregulate the secretion of many
different proteins including those of the T6SS (Kretsch et al., 2021) In that study, Kretsh et al.,
saw Hcp and VgrG, as one of the many proteins being secreted. These correspond to the T6SS’s
innertube protein and the spike protein used to penetrate cell membranes. As observed in this

study and in literature, orphaned scp and vgrG genes have been shown carry toxin effectors
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(Lien & Lai, 2017). Therefore, it’s possible that the fitness of the P.fluorescens strains could be
explained by the inclusion of the PVF operon. The Lux box regions certainly do provide
regulatory functions in the genomes, however, the addition of PVF could further affect global
regulation and impart increased competition since it was shown in literature to upregulate over
113 different proteins (Kretsch et al., 2021).

The finding of the putative toxin effector DUF4225 next to an orphaned Acp gene
demonstrates the strain’s potential to be virulent and antagonistic. Therefore, these two findings,
PVF and the putative toxin might further explain the fitness seen amongst the P.fluorescens
strains in this study.

However, not all strains that contained PVF had a functioning version of the operon.
Since, it was reported by that pvfB, pvfC and pvfD are all required for virulence for P.
entomophilia in Drosophila, the variations seen here raise new questions (Kretsch et al., 2021;
Vallet-Gely et al., 2010). Do these variations carry any function? There were six strains where an
insertion between pvf4 and pvfB. While there were 11 strains that had a missing pvfD.
Additionally, all but one P.fluorescens strains seen in this dataset contained some variation of the
of the PVF operon. More studies will be needed to elucidate it’s function.

Understanding of the PVF operon is very recent, only in 2021 did the group studying find
PVF in the genome of 308 bacterial strains in addition to its potential autoinducers (Kretsch et
al., 2021; Morgan et al., 2019). In these studies, P.entomophila 148 was utilized as the model
Pseudomonas for PVF knockouts along with Drosophila as the medium for the studies.(Kretsch
et al., 2021; Vallet-Gely et al., 2010). To fully test the influence of PVF in bacterial competition

and antagonism, functional studies of direct head-to-head competition with Salmonella or other
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pathogenic bacteria would be needed. The P.fluorescens strains in this study have been shown to
contain PVF and has shown a phenotype for fitness along with antagonism.

The lack of PVF in P.putida is interesting. These strains were able to out compete other
more pathogenic bacteria in a pre-enrichment environment, yet they appear to lack some of the
systems in this study. The P.putida strains didn’t have the traditional LuxR pairs of QS genes,
some didn’t even have a functioning T6SS or other explanations such as PVF that might globally
regulate parts of the genome. Curiously, the sequenced genome sizes were lower in average
when compared against the other Pseudomonas strains. Additionally, only one of these strains
had a genome length over 6Mbp, a rough metric based on what is seen in literature. P.putida is
frequently associated with rhizospheres and as such possibly has evolved the need for the
weapon systems of the T6SS (Silby et al., 2011). For example, P.putida KT2440 does not have
the genes for the type III secretion system as well as other toxins (Silby et al., 2011).

However, another explanation might be that P.putida is not a singular species but instead
a group of species. In a study published in 2019, Keshavarz-Tohid et al. performed phylogenetic
analysis showing nine different species were contained in this group (Keshavarz-Tohid et al.,
2019). Therefore, the P.putida strains in this dataset could hold more diversity than is originally

believed.

4.4 Type 6SS

Nearly all the Pseudomonas strains in this study contained at least one functional copy of
the T6SS with known regulator genes flanking the T6SS genomic islands. Only two P.putida
strains did not a contain single functioning T6SS, CFSAN084976 and CFSAN084979 .

Searching through the annotation of CFSANO084976, there were zero copies of any of genes that
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allow the T6SS to function, this included zero orphans that were seen in other strains.
Considering that this strain was competitive in a mTT selective enrichment environment, further
analysis would be needed to ascertain the source of it’s competitive phenotype.

The DUF4225 gene was observed upstream on an orphaned /cp gene. In Vibro
paramaemolyticus this gene was shown to cause cell lysis in periplasmic membrane. (Jana et al.,
2022) While functional studies are needed to prove that same function is present in
Pseudomonas, the location finding makes logical sense. Hep is a secreted protein and orphaned
vgrG genes are frequently seen next to other effectors (Lien & Lai, 2017). For example, Whitney
et al identified #se5 ,an effector located on an island vgrG4/tse5/tsi5 island was capable of being
transported through the H1-T6SS in P.aeruginosa (Whitney et al., 2014). This finding might
explain the virulence capabilities of the strains where the hcp/DUF4225 gene pair. However, not
all strains contained the hypothetical immunity gene seen adjacent to the 2cp/DUF4225 gene
pair. This raises the question whether or not these strains might be susceptible to the toxin, or if it

even is an effector.

4.5 Survival

In a bacterial community, survival of the fittest means securing more resources to thrive.
The Type 6 Secretion System is one the weapons bacteria can utilize to gain an advantage in this
competitive environment. T6SS is not unique to Pseudomonas but is seen across other gram-
negative bacteria such as E.Coli, Salmonella and Vibro. Therefore, the competitive advantage of
Pseudomonas in these strains may be less associated with simply having a T6SS. Instead, one
speculative possibility might be that it more associated with how Pseudomonas utilizes the

T6SS, possibly through superior communication via the QS systems. This can be seen by the
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multiple QS systems each being able to play a part in controlling the T6SS. Even in the lack of
the Las/Rhl signaling pathway, P.fluorescens can potentially retain control of the T6SS through
the PVF. For, P.putida the pathway to controlling T6SS is less clear however, the numerous

LuxR solos might play a role in this.

4.6 Limitations of this study

This study comparing phenotypic results of competition to genomic observation in silico
in nature and is the first step in a process to properly understanding Pseudomonas bacterial
competition in food matrixes. Through WGS we can analyze the exact make up of these
Pseudomonas strains but our understanding of the genome and how it operates is an ongoing
process. Comparative sequence analysis relies heavily upon annotations of previous genomes,
protein sequence similarity does not guarantee homology and is only one step in understanding
the functionality underlying the gene in question. All the identified results in this study still need
to be systematically verified with functional studies so that the phenotypic results can be

verified.
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Chapter 5: Conclusion

The Pseudomonas gnome is a highly complex and redundant system with multiple
avenues that regulate its antagonism and virulence. By performing whole-genome sequencing on
the Pseudomonas strain, this study has added to the public data of knowledge of closed
Pseudomonas genomes.

By studying the reasons for Pseudomonas antagonism and quorum sensing, better pre-
enrichment broths can be designed to help compensate for Pseudomonas dynamics and save time
for researchers to help prevent food outbreaks.

This study has shown the Pseudomonas virulence factor (PVF) operon existing in several
P.fluorescens strains where it was known to outcompete Salmonella. Additionally, it was shown
that the DUF3050 domain is homologous to the gene pvfA4. Several variations of the PVF operon
were shown to exist but their functionality has yet to be determined. These findings open the
doors to more questions of the functionality of this operon not been studied in bacterial
competition.

This study has also shown the findings of several new potential effector-immunity pairs.
DUF4280 as seen in P.aeruginosa strains and DUF4225 as seen in the P.fluorescens and other
strains. Based on existing literature there is high confidence these will functionally be shown to
encode for toxins and immunity proteins.

The type VI secretion systems (T6SS) of the Pseudomonas are regulated by multiple
pathways. In addition to the LasR control pathway seen in P.aeruginosa, the P.flluorescens strain
in this study might be under control of PVF. Additionally, the sigma 54 switches seen in the

middle of the genes encoding for the T6SS might be yet another control mechanism.
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This study is only a one step in understanding Pseudomonas antagonism and virulence.
There are still many questions left to be answered and this study provides a gateway into the next

steps.
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Chapter 6: Future studies

Since this study was designed to identify and categorize the important factors at play
during Pseudomonas antagonism in pre-enrichment cultures, functional studies would certainly
need to be performed to verify many of the potential findings in this study. There are different
routes to take for next studies.

There is the T6SS effector route, analyzing the different type six effectors that are still
undetermined. The simplest way to test the influence of these genes would be to create knockout
mutants then compare the mutant’s ability to survive against the wildtype. This should probably
be done in the presence of competition/ antagonism so that the QS systems and the T6SS systems
products can be studied.

For example, in the case of potential of the potential toxin effector-immunity pair, DUF
4225 and the hypothetical protein next to it, the first study would be identifying the effector .
This could be done by measuring the protein abundance of the secreted proteins of the with and
without the E-I pair. Since the gene encoding the toxin is known, the expected size of the
effector can determined and identified. If successful, the second study would be to test if the
neighbor gene does indeed confer immunity. A third test could be to determine if a second copy
of DUF4225 confers any additional benefit, lethality in terms of competition or greater survival
as a side effect.

Another avenue to purse would be trying to further characterize PVF and to see if it plays
any larger role in the regulation or explore if the PVF operon variations are fully functional or
partial functional. Another potential avenue would be to verify if the DUF3050 is indeed the start

of PVF operon in other bacteria.
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Appendices

Appendix A
Code used for Flye assembler where the input was the concatenated fastq files from a for a single

strain :

Code used for three rounds of Pilon for error correction using bwa and samtools,
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Appendix B2: Full Annotation table information.
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44) 5,920| 5,841 5,771 5,771 79|4, 4, 4 (554, 4, 4 (5S, 16S, 235) 63 4 70 70|0 of 70 44 0of 70 |300f 70 |8 of 70 10 of 70 1
45| 5,920( 5,841 5,776 5,776 79|4, 4,4 (554, 4, 4 (5S, 16S, 235) 63 4 65 650 of 65 390f65 |300f65 |8of65 10 of 65 1
46| 5,885| 5,804 5,742 5,742 81|4,4,4(55/4, 4,4 (5S, 16S, 235) 65 4 62 620 of 62 370f62 |300f62 |20f62 7 of 62 4
47| 5,780| 5,701 5,594 5,594 79|4, 4,4 (55/4, 4,4 (5S, 16S, 235) 63 4 107 107|0 of 107 |82 of 107 |37 of 107 |3 of 107 |14 of 107 1
48| 5,827| 5,748 5,690 5,690 79|4, 4, 4 (554, 4, 4 (5S, 16S, 235) 63 4 58 58]0 of 58 38 of 58 [210f58 |4 of 58 5 of 58 1
49| 5,921| 5,842 5,779 5,779 79|4, 4,4 (554, 4, 4 (5S, 16S, 235) 63 4 63 63|0 of 63 370f63 |330f63 |90f63 13 of 63 1
50| 5,918| 5,839 5,790 5,790 79|4, 4,4 (55/4, 4,4 (5S, 16S, 235) 63 4 49 490 of 49 230f49 |300f49 |80of49 10 of 49 1
51| 5,687| 5,586 5,493 5,493 101(8,7,7(55/8,7, 7 (55, 168, 235) 75 4 93 93[00f93 [330f93 [610f93 [120f93 [120f93 0
52| 5,774| 5,680 5,591 5,591 94|7,6,6(55|7, 6,6 (5S, 16S, 23S) 71 4 89 89|0 of 89 390f89 [540f89 |170f89 |18 of 89 0
53| 5,165 5,061 4,984 4,984 10418, 7,7 (558, 7, 7 (5S, 16S, 235) 78 4 77 77|0 of 77 350f 77 |480f77 |30f77 8of 77 0
54| 5,447| 5,360 5,302 5,302 87(6, 5,5 (556, 5, 5 (55, 16S, 235) 67 4 58 580 of 58 29 of 58 |32 0f 58 |6 0f 58 8 of 58 0
56| 6,047| 5,955 5,820 5,820 92|7,6,6(55/7, 6,6 (5S, 16S, 23S) 68 5 135 135|0 of 135 |40 of 135 |101 of 13914 of 135 |17 of 135 0
57| 5,805| 5,719 5,617 5,617 86(6, 5,5 (556, 5,5 (5S, 16S, 235) 66 4 102 102|0 of 102 |52 of 102 |64 of 102 |16 of 102 |27 of 102 0
58| 5,886| 5,796 5,654 5,654 90|7, 6,6 (55/7, 6,6 (5S, 16S, 23S) 67 4 142 142[0 of 142 |40 of 142 [112 of 1428 of 142 |15 of 142 0
59| 5,922| 5,831 5,670 5,670 91|7,6,6(55/7, 6,6 (5S, 16S, 23S) 68 4 161 161|0 of 161 |61 of 161 |100 of 16113 of 161 |12 of 161 0
60| 5,917| 5,826 5,669 5,669 91|7,6,6(55/7, 6,6 (5S, 16S, 235) 68 4 157 157|0 of 157 |57 of 157 |100 of 15713 of 157 |12 of 157 0
61| 5,889| 5,799 5,645 5,645 90(7, 6,6 (55]7, 6,6 (55, 165, 235) 67 4 154| 154|00f 154 |46 of 154 |117 of 1548 of 154 |14 of 154 0
62| 4,674| 4,574 4,475 4,475 100(8, 7,7 (55]8, 7, 7 (5S, 16S, 23S) 74 4 99 990 of 99 42 0f99 [630f99 [220f99 [200f99 0
63| 5,728| 5,634 5,514 5,514 9417, 6,6 (55/7, 6,6 (5S, 16S, 235) 71 4 120 120]|0 of 120 |27 of 120 |100 of 12010 of 120 |15 of 120 0
64| 5,734 5,640 5,523 5,523 9417, 6,6 (55/7, 6,6 (5S, 16S, 235) 71 4 117 117|00f 117 |28 0of 117 |100 of 1149 of 117 |17 of 117 0
65| 6,756| 6,663 6,515 6,515 93(7,6,6(55]7, 6,6 (55, 165, 235) 70 4 148| 148|00f 148 |82 of 148 |78 of 148 |13 of 148 |16 of 148 0
66| 6,750| 6,657 6,563 6,563 93|7,6,6(55/7, 6,6 (5S, 16S, 235) 70 4 94 940 of 94 330f94 |670f94 |90f94 13 of 94 0
67| 5,822 5,728 5,606 5,606 94|7,6,6(55/7, 6,6 (5S, 16S, 235) 71 4 122 122|00of 122 |30 of 122 |101 of 1229 of 122 |16 of 122 0
68| 6,017 5,922 5,796 5,796 95|7,6,6(55/7, 6,6 (5S, 16S, 23S) 72 4 126 126{00f 126 |35 of 126 |101 of 12611 of 126 |18 of 126 0
69| 5,779 5,685 5,558 5,558 94(7,6,6 (55]7, 6,6 (55, 165, 235) 71 4 127| 127[|00f127 |37 0f 127 |99 0f 127 |9 0f 127 |15 of 127 0
70| 6,749| 6,656 6,566 6,566 93|7,6,6(55/7, 6,6 (5S, 16S, 23S) 70 4 90 90|0 of 90 280f90 |67 0f90 |9 of90 12 of 90 0
71| 4,504 4,404 4,345 4,345 10018, 7,7 (55/8, 7, 7 (5S, 16S, 235) 73 5 59 590 of 59 250f59 |390f59 |[110f59 |13 0f59 0
73| 4,481| 4,382 4,319 4,319 99|8,7,7(55/8,7,7(5S, 16S, 235) 73 4 63 63|0 of 63 28 of 63 [440f 63 |12 0f 63 |14 of 63 0
74| 6,072| 5,986 5,884 5,884 86(5,5, 5 (55)5, 5,5 (55, 165, 235) 66 5 102| 102[{00f102 |48 of 102 |61 0f 102 |4 0f 102 |11 of 102 2
75| 5,079| 4,986 4,914 4,914 93|7,6,6(55/7, 6,6 (5S, 16S, 23S) 70 4 72 72|0 of 72 350f72 |370f72 |70f72 7 of 72 0
76| 4,814| 4,717 4,652 4,652 97|7,6,6(55/7, 6,6 (5S, 16S, 235) 73 5 65 650 of 65 390f 65 |290f65 |12 0f65 |14 0f 65 0
77| 4,960| 4,863 4,804 4,804 97|7,6,6(55/7, 6,6 (5S, 16S, 235) 74 4 59 59/0 of 59 290f 59 |290f59 |8of59 7 of 59 0
78] 5,208| 5,110 5,023 5,023 98(8,7,7(55)8, 7,7 (5, 165, 235) 72 4 87 87|00f87 [410f87 |480f87 |100f87 [120f87 0
79| 4,818| 4,721 4,673 4,673 97|7,6,6(55|7, 6,6 (5S, 16S, 23S) 73 5 48 480 of 48 190f 48 [290f48 |7 of 48 7 of 48 0
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Appendix B3: Bioprojects Ids for strains used in this study

Strain name NCBI BioProject.
CFSAN084944 PRJNA243331
CFSAN084945 PRJNA243332
CFSAN084946 PRJNA243333
CFSAN084947 PRJNA243334
CFSAN084948 PRJNA243335
CFSAN084949 PRJINA243336
CFSAN084950 PRJNA243337
CFSAN084951 PRJNA243338
CFSAN084952 PRJINA243339
CFSAN084953 PRJNA243340
CFSAN084954 PRJINA243341
CFSAN084956 PRJINA243343
CFSAN084957 PRJUNA243344
CFSAN084958 PRJUNA243345
CFSAN084959 PRJINA243346
CFSAN084960 PRJNA243347
CFSAN084961 PRJNA243348
CFSAN084962 PRJNA243349
CFSAN084963 PRJNA243350
CFSAN084964 PRJNA243351
CFSAN084965 PRJUNA243352
CFSAN084966 PRJNA243353
CFSAN084967 PRJINA243354
CFSAN084968 PRJINA243355
CFSAN084969 PRJINA243356
CFSAN084970 PRJNA243357
CFSAN084971 PRJINA243358
CFSAN084973 PRJNA243360
CFSAN084974 PRJNA243361
CFSAN084975 PRJNA243362
CFSAN084976 PRJINA243363
CFSAN084977 PRJNA243364
CFSAN084978 PRJINA243365
CFSAN084979 PRJINA243366
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