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Abstract

Yersinia entomophaga MH96 is a virulent pathogenic bacterium that is infective
towards a broad range of insects and is under development as a biopesticide. MH96
produces insecticidal toxin complex called Yen-TC that is secreted at temperatures
of 25 °C and below and has been shown to be the primary virulence factor (VF)
during per os challenge against the New Zealand grass grub, Costelytra giveni and

other agricultural pests (Hurst et al., 2011a, 2019).

New insights into the pathobiology of MH96 during insect infection were gained
from the in vivo transcriptome, including identification of a core secreted weaponry
of co-expressed/co-secreted VFs, including Yen-TC and other exoenzymes; however,
many other diverse types of VFs, including toxins, effectors, fimbriae, secretion
systems, efflux pumps, iron acquisition, stress response and metabolic adaptation
were also identified as highly expressed under in vivo conditions. A small DNA-
binding protein, Yen6, was shown to be wunder thermoregulation at the
transcriptional level and host-dependent-regulation at the post-transcriptional level
and contributed to virulence during intrahemocoelic infection of Galleria mellonella

at 37 °C.

The in vivo transcriptome of Ayen6 and in vitro DNA-binding specificity analysis
provided evidence that Yen6 is a novel LytTR-containing regulator that activates a
ribose uptake/metabolism gene cluster, rbsD-xylG-rbsC-xylF-rbsK-ccpA, and
represses a fructose uptake/metabolism gene cluster, IIA-fruK-1IB and a gene for
RNA-binding protein yhbY during infection at 37 °C. Another small DNA-binding
protein, Yen7, was also implicated as a potential temperature-dependent activator
of Yen-TC component genes and over-expression of yen7 resulted in restored
secretion by MH96 at 37 °C; however, deletion of yen7 did not abrogate Yen-TC
production. Experimental investigations into potential regulatory linkages between
Yen6 and yen7 were undertaken, and evidence to date does not support Yen6 as

transcriptional repressor of yen7.

A 17.5 Kb unstable element within the genome of MH96 with linkages to Yen-TC

and toxin secretion, motility and cell shape was identified. Overall the findings



presented in this thesis represent the most detailed investigation of MH96
pathogenesis to date, reinforcing MH96 as one of the most highly entomopathogenic
bacteria known to humankind; yet suggesting MH96 has possibly maintained at
least one core thermoregulatory mechanism more typical of an opportunistic

pathogen.
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Chapter 1. Introduction

11 Thesis Statement

This thesis investigates temperature- and host-dependent regulatory responses
controlling the production of virulence factors (VFs) in the entomopathogenic
bacterium Yersinia entomophaga MH96, using both high-throughput in vivo
transcriptomics and molecular microbiology approaches. Entomopathogenic bacteria
have evolved pathogenic strategies to infect insect hosts, which rely on the ability to
regulate a coordinated response to environmental cues encountered during infection.
Genome-wide responses to changes in temperature and in vivo growth conditions by
MH96 are characterized in this thesis, followed by experimental work defining a
thermoregulator that switches carbon metabolism during infection at 37 °C and
contributes to intrahemocoelic virulence against Galleria mellonella. The thesis also
reports on the presence of an excisable element within the genome of MH96 that

contributes to secretion, cell shape and motility.

1.2 Thesis contribution to knowledge

e Provides a method of in vivo transcriptomics for bacterial pathogens from
the hemolymph of model host, Galleria mellonella, which has broad potential

application in pathogenic bacteriology;

e Offers insights into the pathobiology of MH96 by genome-wide in vivo
transcriptome investigations, representing the first entomopathogenic

bacterium in vivo transcriptome to be reported;

e Gives evidence for the presence of complex and layered regulatory
responses to temperature and host-specific factors by an insect pathogen

that occur at both transcriptional and post-transcriptional levels;



e Represents the first investigations into thermoregulatory mechanisms of
MH96’s main weapon, secreted insecticidal toxin complex called Yen-TC,

by putative transcriptional regulators Yen6 and Yen?7;

e Highlights novel LytTR-containing transcriptional regulator Yen6 as an
important temperature- and host-dependent small DNA-binding protein
that can activate ribose uptake/metabolism genes and repress genes for
fructose uptake/metabolism and an RNA-binding protein involved in

protein translation during infection at 37 °C; and

e Provides the first report of an unstable island containing phage-related
holin-endolysin secretion system and citrate fermentation clusters, that is

associated with secretion, motility and cell shape in MH96.

1.1 Major research motivators — biopesticide development, thermoregulation of
Yen-TC and studying pathogenic bacteria in vivo

Y. entomophaga MH96 represents a virulent entomopathogen that is known to secrete
Yen-TC, a potent toxin that is required to penetrate the midgut allowing for successful
infection of insect hosts (Hurst et al., 2011a, 2014; Marshall et al., 2012). Temperature
has also been shown to have major effects on virulence by per os challenge against G.
mellonella and Yen-TC secretion by MH96 as well (Hurst et al., 2011a, 2015). In addition
to Yen-TC component genes, which are encoded on a pathogenicity island (PAI) called
PAlvess, the genome encodes numerous other putative VFs, including toxins and
secretion system machinery, many of which are also located on regions of the genome
believed to be acquired by horizontal gene transfer (HGT) (Hurst et al., 2016). Despite
noticeable phenotypic differences of MH96 at 25 and 37 °C during intrahemocoelic
infection of G. mellonella, temperature shifts were not found to affect virulence level
(Hurst et al., 2015). Based on these results, this thesis reports on further investigations
into the in vivo transcriptome and putative VFs encoded by MH96, probing molecular
host- and temperature-dependent regulatory mechanisms controlling virulence during

intrahemocoelic infection of G. mellonella at 25 and 37 °C.



There are three primary drivers for the research presented in this thesis. Firstly, this
thesis contributes to the identification of potential biopesticide agents with novel
modes of actions, especially by using in vivo transcriptomics to identify genes for
putative VFs that responded to conditions specifically within an insect host. A second
major motivator for research conducted as part of this thesis is the current focus on
understanding thermoregulatory mechanisms controlling insecticidal TC production
by pathogenic bacteria, including Yersinia spp. (Fuchs et al., 2008; Starke and Fuchs,
2014; Starke et al., 2013). Finally, this thesis was also driven by the need to better
understand genome-wide responses of pathogenic bacteria to the host environment
and how host- and temperature-dependent signals influence virulence and metabolic

adaptation during infection.

111 Entomopathogenic bacteria - important source of biopesticides

With an ever-growing human population, global food security is facing serious and
impending threats including climate change, reduced soil productivity and loss of crop
production due to pests, such as weeds, diseases and animals. Among animal pests,
arthropods (mainly insects and mites) are responsible for the most global crop damage
(18 — 26 %), with an estimated total annual loss of more than $470 billion USD
(Culliney, Thomas, 2014). Arthropods are typically managed by application of
synthetic pesticides, which is considered less effective compared to weed management
that can be achieved by both herbicides and mechanical control (Oerke, 2006).
Arthropod pests are also a challenge to manage because modern industrial agricultural
systems are more prone to infestations compared to traditional farming methods;
therefore, intensive production systems must receive more excessive pesticide
application, which can select for resistance among pest populations (Culliney, Thomas,
2014; Oerke, 2006). So, to meet future global food security needs, the development of
more sustainable and efficient management tools for arthropod pests must be a

research priority.

Due to non-target effects on natural predators and pollinators as well as risks to human
health and the environment, growing social pressure has led nations to impose tighter

regulations on the use of chemical pesticides, especially endocrine disruptors (Garcia et
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al., 2017; Li et al., 2016). In addition, development of alternative strategies to control
arthropod pests is also needed to combat insect resistance to pesticides; for example,
Diamondback moth (DBM), Plutella xylostella, has become one of the world’s most
economically damaging agricultural pests, now demonstrating resistance to 95
different chemical and biological pesticide agents (according to the Arthropod
Pesticide Resistance Database as of 2019). Additionally, symbiont-mediated resistance
to chemical pesticides has also been described, where populations of hemipteran
insects have gained resistance to chemical pesticides by acquiring (from the field)
symbiotic bacteria of the genus Burkholderia, that can detoxify or metabolize pesticidal

agents (Kikuchi et al., 2012; Tago et al., 2015).

Derived from natural sources like bacteria, viruses or fungi, biopesticides represent a
promising avenue for control of arthropod pests, especially since these agents tend to
have specific targets, rather than broadly affecting both target and non-target species.
Well-known biopesticide products based on Bacillus thuringiensis (Bt) consist of spore-
forming Bt strains that produce pore-forming Cry and Cyt toxins and vegetative
insecticidal proteins (VIPs) (Bravo et al., 2011; Federici, 2005; Glare et al., 2012; Jurat-
Fuentes and Jackson, 2012). Bt has been commercially available as a sprayable
biopesticide for over 70 years, and Cry toxins and VIPs have been transformed into
several different insect-resistant transgenic crops (Bravo et al., 2011; Jurat-Fuentes and
Jackson, 2012; Lacey et al., 2015). However, just like synthetic pesticides, insects have
been shown to develop resistance to Bt when selection is applied both in the laboratory
and field (Farias et al., 2014; Gassmann, 2016; Pickett et al., 2017; Reisig and Kurtz,
2018). Therefore, there is a growing need to use integrated management approaches,
including development of novel biopesticide agents with diverse and novel modes of

action (Bravo et al., 2011).

The Gammaproteobacteria class of bacteria contains many entomopathogenic species,
including the triphasic nematode symbionts Photorhabdus luminescens and Xenorhabdus
nematophila, as well as insect pathogenic Pseudomonas (Ps.) entomophila, Serratia
entomophila and MH96, all of which are known to produce a diversity of insecticidal
toxins and other insect-specific VFs. This thesis is focussed on identifying novel VFs in

MH96 (Hurst et al., 2011b), which is a highly virulent insect pathogen and currently



under development as biopesticide, but the methods described here could be widely
applicable to any potential biological control agent. Here we describe a method for the
identification of putative insect-specific VFs from genome-wide in vivo transcriptome

sequencing.

1.1.2  Thermoregulation of insecticidal TC from entomopathogenic bacteria

Understanding regulatory and secretory mechanisms associated with insecticidal TCs
produced by pathogenic bacteria represents an active area of research and recent
reports have characterized thermoregulatory mechanisms governing insecticidal TC
expression in Y. enterocolitica W22703 (Starke and Fuchs, 2014; Starke et al., 2013) and,
more recently, secretion of insecticidal TC by domesticated phage-related holin-
endolysin secretion system that is co-located with the insecticidal TC genes on a PAI
called tc-PAI* (Springer et al.,, 2018a). The occurrence of insecticidal TCs associated
with diverse mobile genetic elements (MGEs) such as plasmids or PAIs is widespread
among genomes of pathogenic bacteria including S. entomophila, P. luminescens, P.
asymbiotica (Duchaud et al., 2003a; ffrench-Constant et al., 2003; Waterfield et al., 2004),
X. nematophila (Morgan et al., 2001), Y. pestis, Y. pseudotuberculosis, Y. enterocolitica, Y.
mollaretii, Y. frederiksenii, Ps. syringae pv. tomato, Fibrobacter succinogenes and Treponema
denticola (Dobrindt et al., 2004, 2015; Dodd et al., 2006; Fuchs et al., 2008) and MH96
(Hurst et al., 2011a). This is likely the result of a complicated evolutionary history of
high rates of HGT and recombination of insecticidal TC genes among diverse

pathogens.

Extensive structural investigations have also provided insights into the molecular
mechanism of toxin translocation by insecticidal TCs in P. [uminescens (Gatsogiannis et
al., 2013, 2016; Meusch et al., 2014) and MH96 (Busby et al., 2012, 2013b; Landsberg et
al., 2011; Piper et al., 2019) revealing a versatile toxin delivery system. Despite the
obvious importance of insecticidal TCs in pathogenesis against insects, there has been
limited study into regulatory mechanisms of insecticidal TCs that have evolved in
entomopathogens. To this end, this thesis aims to further characterize temperature-
and host-dependent regulatory mechanisms controlling Yen-TC production in MH96,

including the role of two hypothetical regulators, Yen6 and Yen?7.
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1.1.3  Coordinated virulence responses of bacterial pathogens to host- and
temperature-dependent cues

Coordinated responses of VFs to environmental signals encountered within the host is
essential to pathogenic bacteria, but much of our current understanding of such global
response networks has been identified under specific in vitro conditions, including
metal limitation (Andrews et al., 2003; Litwin and Calderwood, 1993; Morrissey et al.,
2004), shifts in temperature (Lam et al., 2014; Ono et al., 2005; White-Ziegler and Davis,
2009) and pH (Foster, 1999; Olson, 1993) or exposure to oxidative stress (Fang et al.,
2016; Van Der Straaten et al., 2004) for example, but the actual signals that the
pathogen responds to during infection are not that well-known. Furthermore, in the
environment, microbes are expected to exist in much more dynamic and complex
systems compared to in vitro conditions experienced during laboratory culture
conditions, and there is a growing need to understand how pathogens respond and
adapt to in wvivo environments, especially in the development of novel
antimicrobials/biopesticides as well as understanding how host-dependent factors are
driving the evolution of pathogenesis and antibiotic resistance among microbes. So,
along these lines, this thesis investigates both temperature- and host-dependent
regulation of VFs of MH96 to identify important regulatory networks involved in

virulence.

Temperature is a common regulatory cue for pathogenic bacteria; however,
thermoregulatory mechanisms can be complex, exerting multi-level control at
transcriptional and post-transcriptional levels (Lam et al., 2014). For example, the
expression of pYV-encoded T3SS and Yop effector genes by human-pathogenic Yersinia
spp- (i.e., Y. pestis, Y. enterocolitica and Y. pseudotuberculosis) is controlled by
transcriptional regulator LcrF (VirF) (Bohme et al., 2012; Han et al., 2004; Marceau,
2005). In Y. pseudotuberculosis, transcription of IcrF is repressed at temperatures lower
than 37 °C by nucleoid-associated protein YmoA, which is heat-labile at 37 °C (Bohme
et al., 2012). The messenger RNA of IcrF is also thermally regulated by the presence of
an RNA thermometer that obscures the Shine-Dalgarno sequences at temperatures

lower than 37 °C due to secondary structure formation (Bohme et al., 2012).



Adding to the complexity, another heat-labile regulator, RovA, is also known from
Yersinia spp. as a transcriptional repressor of genes for VFs (Cathelyn et al., 2006, 2007;
Nagel et al,, 2001, Wagner et al., 2013) and tolerance to host-induced stress and
colonization (Heroven et al., 2007). Like LcrF, RovA is also heat-labile and undergoes a
conformational change at 37 °C, resulting in de-repression of its regulon upon infection
of mammalian host (Herbst et al., 2009; Quade et al, 2012). RovA is also
thermoregulated at the protein-level by enhanced proteolytic cleavage by at 37 °C
(Herbst et al., 2009). In addition to the thermoregulatory control of important VFs by
LcrF, RovA and YmoA in Yersinia spp., temperature is also known to be a key
regulatory factor that controls motility (Ding et al., 2009; Kapatral et al., 1996, 2004) as
well as insecticidal TC (Starke and Fuchs, 2014; Starke et al., 2013) and Yst exotoxin
production (Delor and Cornelis, 1992; Mikuliskis et al., 1994). In MH96, temperature is
also known also affect the production of Yen-TC components and secretion under in
vitro conditions (Hurst et al, 201la), and considering temperature is such a key
regulatory cue among other pathogenic Yersinia spp. further investigations into

temperature-dependent regulation of virulence by MH96 were considered warranted.

Pathogenic bacteria have not only evolved to sense physiological changes in the
environment, such as temperature, pH, or iron availability, but also host-specific
factors including host-derived hormones (Karavolos et al., 2013; Lesouhaitier et al.,
2019; Moreira et al., 2016; Patt et al., 2018) or antimicrobial peptides (AMPs) (Bader et
al., 2005; Otto, 2009), cytokines (Luo et al., 1993; Porat et al., 1991; Wu et al., 2005) and
glutathione (Reniere, 2018; Reniere et al., 2015, Wong et al., 2015) produced by the
immune system of the host. Furthermore, pathogenic bacteria also use nutritional
sensing in order to modulate virulence during infection; for example, a carbon and
nitrogen nutrient source found in mammalian skin, urocanate, is emerging as a cue for
bacterial pathogenesis (Zhang et al., 2014). Similarly, ethanolamine- (Anderson et al.,
2015; Gonyar and Kendall, 2014; Kendall et al., 2012; Luzader et al., 2013) and sugars,
such as fucose can also potentiate virulence and colonization by intestinal pathogens
that sense the break-down products of other gut associated bacteria (Autieri et al,,
2007; Pacheco et al., 2012). Sensing of the amino acid L-proline by entomopathogenic P.
luminescens and X. nematophila was found to regulate metabolism, proton-motor force
and virulence (Crawford et al., 2010), which makes sense because L-proline is known
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as a major constituent of the hemolymph of G. mellonella (Killiny, 2018). Recognition of
host through interkingdom signaling is often a critical step for pathogenesis (Kendall
and Sperandio, 2016; Miller et al., 2007; Rohmer et al., 2011); however, the underlying
mechanisms related to host recognition by bacterial pathogens, especially
entomopathogens remains mainly uncharacterized. While this thesis does not
necessarily identify specific host-factors recognized by MH96 during insect infection,
this work does characterize the host-dependent effects on virulence regulation in
MH96 and then builds on these findings to provide further insights into the complex

molecular mechanisms governing pathogenesis of MH96.

1.2 Thesis structure

The introductory and literature review components of this thesis are located within
this chapter (Chapter 1) and Chapter 2, respectively. Chapter 1 provides general
introduction to the research topic and background context motivating the research
presented in this thesis, while Chapter 2 provides an overview of VFs and virulence
regulatory mechanisms of entomopathogenic bacteria with specific focus on MH96 and
temperature-dependent regulation of insecticidal TCs. The general molecular materials
and methods are provided in Chapter 3. This thesis contains four data chapters that are
presented in draft manuscript format, each including a brief manuscript-style intro,
summary methods, results, discussion and summary. The four data chapters included
in this thesis are as follows:

Chapter4: In wvivo transcriptome provides insights into putative host- and

temperature-dependent response of entomopathogenic bacterium,
Yersinia entomophaga MH96 during infection of Galleria mellonella;

Chapter 5: Targeted investigations into putative VFs of MH96; consisting of:

Part A. Phenotyping of several deficient mutant strains by protein
visualization and virulence testing by intrahemocoelic infection of G.
mellonella; and

Part B. Molecular characterization of Yen6 and Yen7, including regulatory
influences on chil (Yen-TC proxy), Yen-TC component levels and
secretion;



Chapter 6:  Characterization of the Yen6 regulon and molecular phenotyping of
Ayen6 and AcspA123/HCUIvess by RNA-seq; and

Chapter 7:  Characterization of an excisable holin-endolysin secretion system and
citrate fermentation island in the genome of MH96.

The last chapter of this thesis (Chapter 8) provides a final discussion, including
synopsis of all combined data to form conceptualized models of MH9 pathogenic
strategies at 25 and 37 °C. The final chapter also considers limitations and future

perspectives related to the research presented in this thesis.

1.3 Research implications

Advanced understanding of MH96 pathobiology may drive future research-based
development of safer and more sustainable biopesticide products, First, this thesis
describes a high-throughput method to identify putative insect-specific toxins and
effectors that could be developed as biopesticide products with novel modes of action
or enhancers for pre-existing products to support adaptive management approaches;
and second, by determining putative VFs that respond to the in vivo environment
encountered at mammalian host temperature (i.e., 37 °C), these methods also identify
putative VFs which may support mammalian infection and could be considered as
potential candidates for targeted deletion in genetically modified biopesticide products

as a means to reduce risks of non-target infections.

As G. mellonella emerges as an important model host for pathogenic testing for human
pathogenic bacteria, the methodologies described within this thesis, for both in vivo
transcriptomics and in vivo (3-galactosidase reporter assay from within the hemolymph
of G. mellonella are predicted to have broad applicability among the field of pathogenic
bacteriology. It is also predicted that with increasing genomic resources for G.
mellonella becoming available, these methods will also foster enhanced dual-seq
approaches that may provide new insights into regulatory networks controlling
virulence and in-host metabolism by opportunistic pathogens, including medically

important human pathogens such as Escherichia coli, Sa. enterica, and Yersinia spp.



A major finding reported in this thesis was the discovery of LytTR-containing
regulator, Yen6, which was shown to contribute to virulence of MH96 against G.
mellonella at 37 °C by modulating central carbon metabolism towards the pentose
phosphate pathway and repression of a gene for the RNA-binding protein YhbY. While
much work was undertaken as part of this thesis to experimentally determine
regulatory linkages between Yen6 and the putative Yen-TC activator, yen7, limited
evidence was found to support a direct regulatory connection between Yen6 and yen?7,
even though both loci are co-located on PAlvess. As a result, additional investigations
will be required to unravel the host- and temperature-dependent regulatory
mechanisms controlling production and secretion of Yen-TC and co-secreted factors by

MHO96.

Finally, this thesis reports an unstable element (unexpectedly discovered from the
transcriptome of AcspA123/AHCUIvess strain) that can actively excise from the genome
of MH96, and when excised MH96 undergoes a conspicuous phenotypic change, with
markedly reduced protein secretion and Yen-TC production, rounder cell shape and
reduced motility. These results have important implications on future research,
especially due to the high rate of excision in MH96, which has major phenotypic
consequences that may affect formulation for development or efficacy of whole-cell

biopesticide applications.
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Chapter 2. Virulence factors produced by entomopathogenic bacteria - focus
on Yersinia entomophaga and temperature-dependent regulation of
insecticidal toxin complexes

21 Defining virulence factors of entomopathogenic bacteria

Similar to human pathogens, entomopathogenic bacteria have evolved specialized
virulence factors (VFs) that are essential for gaining: entry into the insect body,
colonization and proliferation within host tissue(s) that are not normally colonized,
circumvention of host defences, and bioconversion of host tissues into nutrients (Hill,
2012; Vallet-Gely et al., 2008). VFs contribute to pathogenesis by facilitating
attachment, invasion and/or damage to host cells and tissues, avoidance or disruption
of normal host immune response and acquisition of essential nutrients, such as iron,
while inside the host (Hill, 2012; Korves and Colosimo, 2009; Wu et al., 2008). While
many proposed strategies to categorize or define virulence factors have been presented
in the past, there is not a single globally accepted method for defining VFs (Hill, 2012;
Korves and Colosimo, 2009; Vallet-Gely et al., 2008; Wassenaar and Gaastra, 2001; Wu
et al., 2008). In this work, any gene product that has been shown to contribute to
pathogenesis (i.e., deficient mutant strain has reduced virulence compared to wild-
type) was considered a VF. Subsequently, putative VFs were defined when a gene
demonstrated significantly higher expression in vivo compared to in vitro growth
conditions and either A) shared significant sequence homology to a VF identified in
another system (primarily assigned from the virulence factor database (VFDB)), or B)
were located within a specific genomic region of interest containing several other
known or putative VFs (e.g., PAlvess or rearrangement hotspot (Rhs)-associated

regions).

Using this very broad definition of a VF, this work considers a much larger breadth of
gene products with diverse roles in pathogenesis (Table 2.1), than have been
undertaken in previous ‘VF bioprospecting’ efforts with entomopathogens, which
typically are more focused on secreted toxins and effectors. Therefore, it is important to
also distinguish between primary VFs produced by entomopathogenic bacteria (i.e.,

secreted toxins and effectors) and other virulence-associated life-style genes, which are
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considered in this thesis as secondary VFs (see definition in Wassenaar and Gaastra,
2001). Primary VFs are generally toxins or other effectors that are secreted and directly
act on host cells and tissues to promote pathogenesis and are generally not present in
non-pathogenic strains, while secondary VFs comprise all other gene products that
contribute a pathogens ability to proliferate and cause disease within a host. The
identification and characterization of novel primary VFs produced by
entomopathogenic bacteria represent an important source for discovery of new
insecticidal biopesticide agents, but secondary VFs, including secretions systems,
defensive proteases, secondary metabolites and virulence regulatory mechanisms also
represent key areas of research with respect to bacterial entomopathogens. Below is a
broad overview of different types of VFs that have been characterized from

entomopathogenic bacteria.
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Table 2.1. Categories of virulence factors considered in this study.

Category

Definition

Examples

Primary — secreted and directly act against host cells/tissues

Toxin

Effector

Proteins that are secreted and
directly target host cells/tissues,
giving rise to pathogenesis.

Proteins that are translocated
directly into host cells by type 3 or 6
secretion systems.

Insecticidal toxin complex,
vegetative insecticidal protein
or Cry toxin.

Yersinia spp. Yop or Salmonella
spp.- Spa type 3 secretion
system and hemolysin co-
regulated protein (Hcp) or
polymorphic rearrangement
hot-spot (Rhs) toxins.

Secondary — all other non-primary factors contributing to pathogenesis (i.e., gene
abrogation results in attenuated virulence).

Adherence

Defence
response

Horizontal

gene transfer

Iron
acquisition

Metabolic
adaptation
Mobility
Outer
membrane

Regulation

Secretion
system

Unclassified

External structures used to attach to
host cells or tissues.

Factors used to detoxify against
antimicrobial compounds or host-
induced stress.

Factors that promote lateral gene
acquisitions or mobilization.
Systems used by pathogenic
bacteria to acquire iron in the host
environment.

Enzymes and transporters involved
in bioconversion of host-derived
nutrients.

Factors related to motility.

Factors related to modification of
outer membrane/capsule often used
to evade host-immune response.

Regulatory factors controlling
pathogenic response to host.

Multi-component systems used for
translocation and secretion of toxins
and effectors by bacteria.

Factors that could not be classified
specific categories listed above.

Fimbriae or filamentous
hemagglutinins.

Superoxide dismutase, efflux
pumps, iron-sulfur cluster.

Conjugative pili or integrases.

Siderophores, hemolysins and
iron-specific transporters.

Amino acid transporters or
chitinases.

Flagella or chemotaxis.

Lipopolysaccharide or outer
membrane proteins.

Two-component sensors,
quorum sensing or
diguanylate cyclase.

Type 2, 3, and 6 secretion
systems.

Non-ribosomal peptide
synthetase or tellurium
resistance genes.
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2.11  Toxins

Among primary VFs produced by entomopathogenic bacteria, toxins have been best
characterized and developed as biopesticide agents and there are many different types
of insecticidal toxins, ranging in complexity, structure and mode of action, but all
toxins cause destruction of host cells and tissues. Historically, research on insecticidal
toxins has primarily focused on pore-forming Cry and Cyt toxins of Bt; both toxins
interact with host cell receptors, which triggers a conformational change and insertion
into the host cell membrane resulting in the formation of a pore (Parker and Feil, 2005).
Cry and Cyt toxins are not just restricted to Bt though; a Cyt-like toxin with insecticidal
activity against the pea aphid was identified from the plant pathogenic bacteria,

Dickeya dadantii (Grenier et al., 2006).

In addition to Cry and Cyt toxins of Bt, binary (Bin) toxins are another crystallized
insecticidal protein produced by entomopathogenic bacteria. Bin toxins are comprised
of two components, BinA and BinB, with the former component being considered the
main toxic effector, while the role of the BinB component is the binding of host midgut
epithelial membrane (Srisucharitpanit et al., 2013, 2014). The Bin toxin produced by
Lysinibacillus sphaericus was shown to have insecticidal activity against mosquitoes in
the genera Culex and Anopheles, where it is thought to interact with the midgut
epithelial cell membrane receptors, causing pore formation and subsequent cell
destruction (Tangsongcharoen et al., 2015). Interestingly, the nematode symbionts,
Photorhabdus luminescens and Xenorhabdus nematophila also encode genes for Bin toxins,
PirAB and XaxAB respectively; however, these are not crystallized like in L. sphaericus.
PirB shares similarities with a beetle protein, leptinotarsin (i.e., a known potent
neurotoxin) (Crosland et al., 2005) and the pore forming domain of Bt Cry toxin
(ffrench-Constant et al., 2007). PirAB has oral activity against mosquito larvae
(Ahantarig et al., 2009) but also has a toxic effect when injected into the greater wax
moth, Galleria mellonella (Ahantarig et al., 2009), while XaxAB has hemolytic activity

against insect hemocytes and mammalian red blood cells (Ribeiro et al., 2003).

Insecticidal TCs, otherwise known as ABC toxins, have been identified in a number of

important entomopathogens, including P. luminescens (Waterfield et al.,, 2001), X.
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nematophila (Morgan et al., 2001), Bt (Blackburn et al., 2011), Serratia entomophila (Hurst
et al., 2000) and MH96 (Hurst et al., 2011a). Other pathogenic species of Yersinia also
encode insecticidal TCs, some of which are not known to be pathogenic against insects
(Alenizi et al., 2016; Fuchs et al., 2008). The TCs of entomopathogens are orally active
against a broad range of insects and are tripartite toxins, assembled from TcA, TcB and
TcC sub-units, with maximum toxicity achieved in heteromultimeric form (AsBC)
(Lang et al., 2010; Waterfield et al., 2001). More detail of one of the best described
insecticidal TCs, Yen-TC from MH96, is provided in section 2.3.1 below.

Further to TCs, pore-forming Cry/Cyt and Bin toxins mentioned above,
entomopathogenic bacteria are known to harbour genes that encode many other toxins,
including the apoptotic makes caterpillar floppy (MCF) cytotoxin encoded by P.
luminescens (Daborn et al.,, 2002), repeats-in-toxin (RTX) exoproteins produced by
Gram-negative bacteria (Daborn et al., 2001), cytolethal distending toxins produced by
pathogenic Proteobacteria (Vodovar et al., 2006) and vegetative insecticidal proteins
(VIPs), which are known as the other main toxin produced by Bt (Zhu et al., 2006).
Work continues to characterize the diversity of toxins produced by insect pathogenic
bacteria and identify new toxins with different targets and modes of action for

biopesticide applications.

2.1.2 Host cell adhesion

Another requirement of a successful pathogen is the ability to interact with host cells
and tissues. For this reason, entomopathogens must produce adhesive factors to attach
to host cells. Such adhesion VFs range from simple monomeric adhesion molecules to
more sophisticated multimeric proteins including attachment fimbriae and highly
complex secretion systems (Pizarro-Cerdd and Cossart, 2006). The genome of P.
luminescens contains a number of putative genes that are likely involved in adhesion,
including two adhesins, one calcium dependent cadherin-like adhesion molecule and
several fimbrial clusters (Duchaud et al., 2003b). The genome of another insect
pathogen, Pseudomonas (Ps.) entomophila, contains several putative genes that likely
contribute to host cell adhesion, including two autotransporter proteins with a

pertactin-like domain, two filamentous hemagglutinin and one putative surface
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adhesion protein (Vodovar et al., 2006). Other surface molecules, such as invasins, can
facilitate attachment and invasion of host cells by manipulation of actin filaments at the
site of entry (Pizarro-Cerda and Cossart, 2006), yet this phenomenon has not been well
studied in entomopathogenic bacteria, although the genome of P. luminescens does

contain one putative invasin (Heermann and Fuchs, 2008).

2.1.3 Secretion systems

Secretion systems of Gram-negative pathogenic bacteria are another important class of
VFs, especially since toxins and effectors must be secreted and/or translocated into host
cells to work. Secretion of exotoxins and other effectors is facilitated by type 1, 2 and 5
secretion systems (T1SS, T2SS and T5SS), while the intracellular delivery of toxins,
secondary metabolites, proteases and other virulence determinants is carried out by
type 3, 4, and 6 secretion systems (T3SS, T4SS and T6SS) (Costa et al., 2015). Type 7
secretion systems have been shown to be important for virulence of Mycobacterium
(Daleke et al., 2012) and secretion of a nuclease toxin that targets competitor bacteria in
Staphylococcus aureus (Cao et al., 2016). The type 8 secretion system is involved in the
secretion and assembly of usher/chaperone fimbriae (Barnhart and Chapman, 2006;
Remaut et al., 2008). A type 9 secretion system has also been described, and was shown
to be involved in gliding motility and chitin utilization among Bacteroides (Kharade
and McBride, 2014; McBride and Zhu, 2013). The presence of different types of
secretion systems can vary among entomopathogenic bacteria; for example, the
genome of P. luminescens encodes several secretion systems, including four T1SS, one
T2SS and T3SS (Waterfield et al., 2002), while Ps. entomophila does not encode any T35S
or T4SS secretion systems (Vodovar et al., 2006). Due to the non-constitutive activity of
secretion systems among Gram negative bacteria, it has been suggested that
specialized adhesion molecules targeting host-specific receptors may trigger activation

of secretion systems in the host environment (Gerlach and Hensel, 2007).

Similar to multi-drug efflux pumps, T1SSs consist of three components structures that
span both the inner and outer membrane and use adenosine triphosphate (ATP)
energy to secretes proteins directly into the extracellular milieu (Delepelaire, 2004;

Kanonenberg et al., 2013). The T1SS secretes unfolded proteins containing signal
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sequences, such as C-terminal glycine rich repeats (Delepelaire, 2004) or N-terminal
encoded C39 peptidase domain (Kanonenberg et al., 2013). Many entomopathogenic
bacteria including P. luminescens, X. nematophila and Ps. entomophila produce toxins that
belong to a larger family of RTX exoproteins, which are all secreted via the T1SS
(Linhartova et al., 2010). Such toxins include MCF in P. luminescens and X. nematophila
(Daborn et al., 2002; Kim et al., 2017) as well as metalloprotease PrtA in P. luminescens
and X. nematophila (Bowen et al., 2003; Caldas and Cherqui, 2002) and homologous
metalloprotease AprA in Ps. entomophila (Lee et al., 2018; Liehl et al., 2006). In P.
asymbiotica, both the genes encoding PrtA and the T1SS exporter complex, as well as
mcfl, which encodes a MCF toxin were all found to be under thermoregulation during
in vitro growth, with significantly higher expression at 37 compared to 28 °C (Mulley et
al., 2015); however, temperature-dependent differences in the levels of these T1SS-

secreted toxins by P. asymbiotica have yet to be determined under in vivo conditions.

While T1SS use a single step to secrete proteins across both membranes, T2SS and T55S
require a two-step process for protein secretion because these take advantage of “Sec-
dependent” mechanisms. First, unfolded substrate proteins containing N-terminal
signal sequences are directed across the cytoplasmic membrane by either the SecYEG
translocon (conserved cytoplasmic transportation machinery) or Tat (twin-arginine-
translocation) system. Once inside the periplasmic space, either unfolded (from
SecYEG translocon) or folded (from Tat transporter) exoproteins can then be
transported across the outer membrane by T2SS (Nivaskumar and Francetic, 2014) or
T5SS autotransporter, two-partner systems (TPS) or trimeric autotransporter adhesins
(Chauhan et al., 2019; Leo et al., 2012; Leyton et al., 2012). The structure and function of
T2SS and T5SS completely differ however; the T2SS structure is comprised of 12-16
different components spanning both inner and outer membranes (Nivaskumar and
Francetic, 2014), while T5SS secretion pore (C-terminal (3-barrel translocator domain) is
fused into a larger, multi-domain polypeptide that also encodes a passenger domain
(i.e., the exoprotein) and N-terminal Sec-dependent signal sequence (Leo et al., 2012;
Leyton et al., 2012). Another key difference between T5SS and T3SS is the requirement
for chaperones during periplasmic transit of the TPS and outer membrane-bound f3-

barrel assembly machinery (Leyton et al., 2012).
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Among entomopathogenic bacteria, T2SS have been identified from the genomes of P.
luminescens, X. bovienii, Y. entomophaga and Ps. entomophila (McQuade and Stock, 2018),
but their functional role in secretion during pathogenesis has not been a focus of much
research to date. On the other hand, several VFs produced by entomopathogenic
bacteria are known to be secreted using T5SS mechanisms (McQuade and Stock, 2018).
For example, Ps. entomophila produces a putative autotransporter sharing similarities
with a hemolysin produced by Y. pestis (Vodovar et al., 2006). Furthermore, a number
of different TPS -secreted VFs are encoded by P. luminescens TT01, including the gene
for hemolysin PhlA, which was shown to be expressed during insect infection using
green fluorescent protein (GFP)-reporter assays, but was not required for virulence
against Manduca sexta (Brillard et al., 2002). A homologous hemolysin produced by X.
nemtatophila, XhlA, was shown to contribute to virulence against M. sexta, possibly by

destruction of host hemocytes (Cowles and Goodrich-Blair, 2005).

T3SS are commonly found in Gram-negative bacterial pathogens (Galan et al., 2014),
where in mammalian pathogens they have been shown to facilitate attachment to
intestinal cells and active transport of toxic effectors into the host cell, resulting in
cellular death (Tseng et al., 2009). Recent studies suggest that the target of T3SS in
entomopathogens may not be the epithelial cells of the insect gut, but instead the
phagocytic immune cells (hemocytes) (Fauvarque et al., 2002; Walker et al., 2013). For
example, P. [uminescens uses a T3SS to inhibit phagocytosis by the immune cells of M.
sexta (Brugirard-Ricaud et al., 2005). Y. entomophaga encodes two T3SS systems that
may also target host cells during infection; T3SSYE1 is arranged in a similar gene order
to the T3SS of Salmonella (Sa.) enterica serovar Typhimurium SP1 1 (involved in entry of
intestinal cells) and located downstream from a putative intestinal cellular attachment
intimin protein, suggestive of a role in invasion of host mid-gut epithelial cells (Hurst
et al., 2016). In contrast the MH96-encoded, T3SSYE2 shares the same gene order with
the Ysa system of Y. enterocolitica biotype 1B (Hurst et al, 2016), which was
demonstrated to facilitate intracellular replication of Y. enterocolitica within Drosophila

melanogaster S2 cells (Walker et al., 2013).

Like the T3SS, the T6SS is also a cell envelope spanning multi-component secretion

machine that is used to translocate effectors into target cells (Ho et al., 2014; Zoued et
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al., 2014). The T6SS is a contractile injection system, sharing structural components
homologous to contractile bacteriophage tails (Bock et al., 2017; Leiman et al., 2009).
T6SS have also been widely identified from the genomes of P. luminescens, P.
asymbiotica, X. nematophila, X. bovienii, Ps. entomophila and MH96 using bioinformatics,
but only few functional studies have been carried out (McQuade and Stock, 2018). Ps.
entomophila encodes two predicted T6SS that are proposed to target eukaryotic hosts
because these loci share similarities with divergent Pseudomonas species known to
infect humans (Sarris and Scoulica, 2011). In X. bovienii, strains that encode a greater
number or T6SS could out-compete strains encoding fewer T6SS during in vitro intra-
species competition assays (McMullen et al., 2017). Temperature-dependent expression
of T6SS has been observed in Y. pestis, where genes for T6SS structural proteins were
more highly expressed at 26 compared to 37 °C, indicating a possible role for T6SS in
the flea vector (Pieper et al., 2009).

2.1.4 Defense against host immune responses

Entomopathogenic bacteria are known to produce secondary metabolites and
proteolytic enzymes that enhance virulence by interfering with the host immune
response or cause direct damage to host cells/tissues. For example, P. luminescens is
able to avoid melanisation by the host immune system by producing a small-molecule
antibiotic, (E)-1,3-dihydroxy-2-(isopropyl)-5-(2-phenylethenyl)benzene, which inhibits
the key melanisation enzyme, phenol oxidase (Eleftherianos et al., 2007). P. luminescens
also produces a number of metalloproteases, including PrtS, which causes
melanization when injected into G. mellonella (Held et al.,, 2007). Furthermore, a
serralysin metalloprotease present in S. marcescens culture supernatant was shown to
inhibit attachment capability of silkworm hemocytes and murine macrophages in vitro
(Ishii et al., 2014). In another insect pathogen, Ps. entomophila supresses the host
immune response by producing a metalloprotease that can deactivate host-derived

antimicrobial peptides (AMPs) (Lee et al., 2018; Liehl et al., 2006).

Production of secondary metabolites by non-ribosomal peptide synthetases (NRPS) or
polyketide synthases (PKS) has also been described from entomopathogenic bacteria.

Secondary metabolites produced by NRPS and PKS system in the honey bee specific
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pathogen Paenibacillus (Pa.) larvae have antibacterial and antifungal activities and are
thought to play a role in eliminating bacterial competitors (Garcia-Gonzalez et al.,
2014a, 2014b; Miiller et al., 2015; Sood et al., 2014) or possibly even have cytotoxic

effects against host cells (Sood et al., 2014).

Another important aspect of survival within the host environment is resistance to
various physiological stressors that can be encountered during infection, especially
oxidative stress resulting from exposure to reactive oxygen species (ROS) generated by
the immune system of the host. In order to cope with such stresses, many pathogenic
bacteria can produce antioxidants including reactive thiols, such as glutathione or iron-
sulfur cluster or superoxide dismutase, that provide resistance against harmful ROS,
reactive nitrogen species (RNS) and other damaging hydroxyls (Amich et al., 2013;
Broxton and Culotta, 2016; Reniere, 2018; Song et al., 2013). In general, bacteria have
evolved mechanisms to maintain cellular homeostasis, which include orchestrated
responses to environmental stress, such as the SOS, stringent, cold-, heat- and acid-
shock responses. Maintaining homeostasis during infection also imperative for
pathogenic bacteria, and not surprisingly both cold- and heat-shock proteins have been
shown to contribute to virulence of bacterial pathogens (Eshwar et al., 2017; Michaux
and Giard, 2016; Stewart and Young, 2004). Furthermore, the SOS response in
Staphylococcus aureus was shown to promote increased horizonal transfer of VFs
encoded within PAIs by induction of helper prophages that mediate the lateral spread
of VFs (Maiques et al., 2006; Penadés et al., 2015; Ubeda et al., 2005).

2.1.5 Outer membrane

The modification of outer membrane by pathogenic bacteria represents another
important aspect of virulence, because the outer membrane of the bacteria can have
direct contact with host cells and tissues and contribute to intoxication or adherence to
host cells. With respect to outer membrane, a well-known example, is the surface
molecule lipopolysaccharide (LPS), which is an immune system elicitor of Gram-
negative bacteria and has been shown to be a VF in at least one entomopathogenic
bacterium (Rodriguez-Segura et al., 2012). Also, the LPS of X. nematophila has been

shown to suppress the phenol oxidase cascade when injected into G. mellonella
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(Dunphy and Webster, 1991). Other important outer membrane associated VFs are
outer membrane protein/porins (OMPs), which have not been extensively studied
among entomopathogenic bacteria; however, in X. nematophila an OMP called OpnS
contributed competitive advantage for growth within an insect host (Van Der Hoeven

and Forst, 2009).

2.1.6 Iron acquisition

Another obstacle to persistence within the host environment is the uptake of iron and
other limiting nutrients, which can be scarce within the host environment. Some
entomopathogenic bacteria are known to encode genes for iron scavenging molecules,
such as siderophores and iron-storage proteins (i.e., ferritin and bacterioferritin)
transferrins (Andrews et al, 2003; Ratledge and Dover, 2000) and these iron
acquisition systems are considered VFs (Ratledge and Dover, 2000). The diversity of
putative iron acquisition systems found in the genome of P. luminescens provides
evidence of the importance of iron acquisition in invertebrate hosts (Crennell et al.,
2000; Duchaud et al., 2003b; Heermann and Fuchs, 2008). In Bt, expression of a gene
for a hemolysin Hlyll is activated by an iron sensing ferric uptake regulator, Fur (Tran
et al., 2013). These findings suggest that at time points during the infection when iron
is scarce (i.e., host phagocytic cells have sequestered iron as a natural host defence), the
pathogen responds by producing HlyIl, which acts on hemocytes, resulting in cell lysis

and release of the sequestered iron.
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2.1.7 Degradative enzymes and nutrient acquisition

Except for iron, not much attention has focused on the acquisition of other essential
nutrients by entomopathogenic bacteria during infection of the insect host. Recently,
untargeted metabolomic profiling showed that the hemolymph of G. mellonella
contained a rich source of nutrients in the form of amino acids, organic acids and to a
lesser extent fatty acids (Killiny, 2018). A primary source of carbon that was abundant
in the hemolymph was in the form of a glucose-glucose disaccharide called trehalose,
which is a common sugar known to be important in insects as a carbon storage (Elbein
et al., 2003), source of glucose energy (Reyes-DelaTorre et al., 2012) and cryo-protectant
(Saeidi et al., 2013; Wang et al., 2010). In addition to trehalose, chitin represents another
abundant source of carbon and nitrogen among arthropods (as well as crustaceans,
fungi and parasitic nematodes), making it the second most abundance biopolymer in
nature (Gooday, 1990; Souza et al., 2011). Accordingly, entomopathogens have evolved
metabolic processes that facilitate bioconversion of chitin via the chitinolytic pathway
which requires the activity of glycoside hydrolases (i.e., GH18 and 19 family chitinase
or GH20 family chitobiase) that initiate the degradation of chitin by hydrolysis of the
(1—4)-B-glycoside bond yielding [3-1,4-N-acetylglucosamine (GIcNAc)x residues
(Adrangi and Faramarzi, 2013; Beier and Bertilsson, 2013; Berini et al., 2018; Toratani et
al., 2008; Uchiyama et al., 2003). The chitinolytic pathway can also involve enzymes in
the AA10 family, called lytic chitin monooxygenases (LCMOs), otherwise known as
chitin-binding proteins (CBPs), which contribute to chitin degradation by making
breaks in the polymer chain through oxidative cleavage which increases accessibility

for chitinases (Vaaje-Kolstad et al., 2005a, 2010).

Within the insect host, chitin also plays an important role as a component of the
peritrophic membrane (PM), which is comprised of chitin fibrils attached to
glycoproteins and proteoglycans and forms a physical barrier between the gut lumen
and the mid-gut epithelia (Erlandson et al., 2019; Kelkenberg et al., 2015). In this
context, chitinolytic enzymes secreted by entomopathogenic bacteria may also be
considered primary VFs because the main outcome of their activity is degradation of
the PM, which allows further access to underlying midgut epithelia, where the

pathogen can then release additional VFs targeting host-specific ligands for adhesion.
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Some entomopathogenic bacteria, such as S. marcescens and S. proteamaculans, secrete a
chitinolytic machinery (Suzuki et al.,, 1998; Vaaje-Kolstad et al., 2005a, 2013), which
consists of multiple chitinases (Suzuki et al., 2002), a chitobiase (Toratani et al., 2008;
Uchiyama et al, 2003), and a lytic chitin monooxygenase/chitin-binding protein
(LCMO/CBP) (Suzuki et al., 1999). MH96 also secretes several putative and known
chitinolytic factors in vitro at 25 °C, including three chitinases, two (Chil and Chi2) that
form the outer portions of the Yen-TC holotoxin (Busby et al., 2012; Landsberg et al.,
2011; Piper et al., 2019) and LCMO/CBP (CbpA) (supplemental Figure S18). Pa. larvae
produces a LCMO/CBP known as PICBP49 during infection of honey bees and when
the gene for PICBP49 was deleted, the deficient strain was almost completely avirulent

and could no longer degrade the PM (Garcia-gonzalez et al., 2014).

2.1.8 Regulation of virulence factors in response to host by entomopathogenic
bacteria

Entomopathogenic bacteria regulate expression of key VFs in response to cues from the
host environment, including host-specific nutrients or iron availability (Crawford et al.,
2010; Fang et al., 2016; Tran et al., 2013). In P. luminescens and X. nematophila, L-proline
(a free amino acid found in the hemolymph of G. mellonella) was shown to induce the
production of virulence factors and secondary metabolites as well as affect proton
motor force (Crawford et al., 2010). Also, in Bt the gene for hemolysin, Hlyll, was
shown to be regulated by iron availability in vivo through the global regulator Fur
(previously described in section 2.1.6). Other than these two examples, the host-specific
environmental signals that control gene regulation in entomopathogenic bacteria have
not yet been widely characterized but important host signals including temperature,
pH, nutrient and oxygen limitation, envelope stress and iron availability likely induce
coordinated virulence responses, as shown in other pathogenic bacteria (Fang et al.,

2016; Foster, 1999; Lam et al., 2014; Reniere, 2018).

One well-known regulatory mechanism used by pathogenic bacteria to respond to
extracellular signals during infection are two-component regulatory systems (TCRSs),
which usually are comprised of a membrane-bound histidine kinase (the sensor) and

cytosolic response regulator (Zschiedrich et al., 2016). The sensor components of TCRSs
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have been shown to sense temperature and light, as well as respond to changes in the
concentration of Mg, O2, specific amino and carboxylic acids as well as presence of
antimicrobial peptides produced by the host (Zschiedrich et al., 2016). When activated,
the kinase drives phospho-relay, resulting in conformational change of the DNA
binding domain of the response regulator, that acts to regulate appropriate response
genes (Capra and Laub, 2012; Zschiedrich et al., 2016). TCRSs are widely distributed
among pathogenic bacteria and some have been shown to be required for virulence in
entomopathogens, like Ps. entomophila, where the TCRS GacS/GacA was shown to be a
master virulence regulator that activates two small ncRNAs which then sequester two
RNA-binding proteins, RmsA1l and RmsA2. In the absence of GacS/GacA activation,
the RmsAs is not sequestered and can then repress the translation of target genes,
including several important VFs (Dieppois et al., 2015; Liehl et al., 2006; Opota et al.,
2011; Vallet-Gely et al., 2010). Similarly, the TCRS in P. luminescens, PhoP/PhoQ, was
shown to be required for virulence in the host Spodoptera (Sp.) littoralis and deletion of

phoP had impacts on several components of the cell envelope (Derzelle et al., 2004).

Quorum sensing (QS) is also emerging as important regulatory mechanism of
pathogenic bacteria, including entomopathogens. QS is a process of cell-cell
communication in bacteria, where gene expression is modified depending on cell
densities, which is sensed through the accumulation of auto-induced signalling
molecules (Rutherford and Bassler, 2012). First described in a squid symbiont, Vibrio
fischeri, the LuxR QS system, which binds an acyl-homoserine lactone (AHL) signal
molecule, was found to control bioluminescence in the light organs of the host in a cell-
density-dependent manner (Antunes et al., 2010; Schuster et al., 2013; Verma and
Miyashiro, 2013). The LuxR/LuxI QS sensing system is common among Gram-negative
pathogenic bacteria and has been shown to be involved in the regulation of VFs in Ps.
aeruginosa and S. marcescens for example (Jimenez et al., 2012; Thomson et al., 2000). In
P. luminescens, the presence of large clusters of LuxR solos (quorum sensing signal
receivers without the presence of autoinducer) containing N-terminal PAS4-domains,
has led to the hypothesis that the PAS4-domain may bind insect hormones, since this
domain shares similarity with insect juvenile hormone receptors in D. melanogaster

(Brameyer et al., 2014; Subramoni et al., 2015).
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Regulation of virulence by another important and ubiquitous secondary messenger,
cyclic di-GMP has also been linked to insecticidal activity (Fu et al., 2018; Kalia et al.,
2013; Mielich-Siiss and Lopez, 2015; Slamti et al., 2016) as well as biofilm formation
(Mielich-Stiss and Lopez, 2015), cell-cell aggregation (Tang et al., 2016) and motility (Fu
et al., 2018) in the entomopathogen, Bt. When cyclic di-GMP was over-expressed, over
4 % of genes were found to be differentially expressed based on transcriptome analysis,
including genes related to unexpected pathways such as protein translation and
nucleotide metabolism (Fu et al., 2018). Other research found that levels of cyclic di-
GMP regulate chemotaxis and adhesion, via a cyclic di-GMP-sensing riboswitch
located within the 5 untranslated region (UTR) of collagen adhesion protein (Tang et
al., 2016). Cyclic di-GMP is also known to regulate motility and biofilm formation
among other pathogenic bacteria, and recently Sa. enterica serovar Typhimurium was
shown to modulate levels of cyclic di-GMP in response to carbon sources such as
glucose, GIcNAc, sialic acid and L-arginine (Mills et al.,, 2015). Cyclic di-GMP is
synthesized by diguanylate cyclases, which are also recognized as important
contributors to virulence (Tamayo, 2019; Tischler and Camilli, 2012). Furthermore, the
diguanylate cyclase gene, rrpl, has been found to be essential for survival of the
causative agent of Lyme disease, Borrelia burgodorferi, within the tick vector, where
cyclic di-GMP appears to control a catabolic switch related to glycerol transport and

metabolism (He et al., 2011).

A complex interplay between the regulation of virulence and flagellar motility is also
recognized in P. [uminescens and X. nematophila (Givaudan and Lanois, 2017). For
example, in X. nematophila, the flagellar master regulators, fIhD and fliZ were both
shown to be involved in the regulation of virulence (Givaudan and Lanois, 2000, 2017;
Lanois et al., 2008). DNA methylation by deoxyadenosine methylase (Dam) is another
regulatory factor in P. luminescens and X. nematophila that was also shown to be an
important contributor to motility and virulence, where dam overexpression resulted in
impaired motility and effects on virulence against Sp. littoralis (Payelleville et al., 2017,
2018). This section provides some examples of how entomopathogenic bacteria
respond to dynamic environmental stresses through a variety of regulatory
mechanisms; however, a full review of this fascinating topic is considered well beyond
the scope of this thesis.
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2.2 Focal entomopathogen: Yersinia entomophaga MHg6

The research reported in this thesis focused on Y. entomophaga MH96, which has been
shown to be highly virulent against a broad range of insect pests during oral challenges
due to the primary actions of a secreted insecticidal toxin called Yen-TC, which is
required to penetrate the midgut allowing for successful infection (Hurst et al., 2011a,
2014, 2019; Marshall et al., 2012). While Yen-TC may be the best-studied VF produced
by MH96, a Yen-TC-deficient mutant was still found to be as virulent as wild-type
during infection of G. mellonella by injection (Hurst et al., 2015), which demonstrated
that additional VFs must also contribute to pathogenesis during intrahemocoelic
infection. Furthermore, the genome of MH96 was found to encode genes for numerous
different toxins, secretion systems and other putative VFs suspected to have hemocylic
activity (Hurst et al., 2016). For these reasons, MH96 represented an opportunity to
identify novel VFs with hemocoelic activity during infection of G. mellonella and
expand the understanding of pathogenic strategies utilized by MH96 during
intrahemocoelic infection and the cytotoxic potential of MH96 against insect cells
beyond Yen-TC. MH96 was considered an ideal subject for utilization of in vivo
transcriptomics to identify genes for putative VFs that respond to the host
environment, especially because the genome contains many (likely functionally
redundant) putative VFs, which makes high-throughput transposon mutant screening
for attenuated virulence particularly difficult in this species. A detailed review of
MH96, including current phylogenetetics, understanding of pathobiology and

insecticidal TC production and secretion is provided below.

2.2.1  Phylogenetic context

MH96 belongs to the genus Yersinia (order Enterobacteriaceae within the class
Gammaproteobacteria and family Yersiniaceae). The genus currently contains 18
species, of which three, Y. pestis, Y. pseudotuberculosis and Y. enterocolitica can cause
disease in humans; Y. pestis is the infamous causative agent of plague while the latter
two species are known to cause sporadic outbreaks of enteritis in humans (McNally et

al., 2016). Other species of Yersinia, including Y. rhodei, Y. aldovae, Y. bercovieri, Y.
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frederiksenii, Y. intermedia, Y. kristensenii and Y. moolaretti are considered enterocolitica-
like opportunistic pathogens causing diarrheal illness among susceptible individuals
(Agbonlahor, 1986; Cafferkey et al., 1993; Loftus et al., 2002) and some strains of Y.
kristensenii and Y. frederiksenii were found to have high invasion potentials in Caco-2
cells (Imori et al., 2017). Furthermore, a different strain of Y. entomophaga, IP36721 (not
MH96), was recently isolated from human urinary tract but was not associated with

pathology (Le Guern et al., 2018).

Although, the three Yersinia species that cause disease in humans have been the
primary focus of research, the entire genus is emerging as a model for studying
pathogen evolution (McNally et al., 2016). Phylogenetic analysis based on maximum-
likelihood of 84 concatenated housekeeping genes revealed that the genus Yersinia
contains 14 discrete ‘species clusters’ and that pathogenicity has independently
evolved several times over evolutionary timescales (McNally et al., 2016; Reuter et al.,
2014). Comparative genomics of Yersinia spp. has revealed key drivers of the evolution
of pathogenesis among the group (and perhaps more broadly among
Enterobacteriaceae) including gene loss/gain and genome re-arrangement (McNally et

al., 2016).

In addition to the human pathogenic species, there are other pathogenic species among
the genus Yersinia, including Y. ruckeri, the causative agent of red-mouth disease in
salmonids (Ewing et al., 1978) and MH96, which is the focal organism in this thesis.
Entomopathogenic properties of other Yersinia species have been reported, with Y.
frederiksenii and Y. intermedia found to be insecticidal against M. sexta and G. mellonella
(Springer et al., 2018b). There is also emerging evidence that some Yersinia may be
zoonotic, including the highly heterogenous group Y. enterocolitica, which contains
some strains with insecticidal and/or nematocidal activity (Alenizi et al., 2016; Bresolin
et al., 2006; Spanier et al., 2010). Among Y. enterocolitca are six distinct phylogroups, of
which one, phylogroup 1 (PG 1), is known to be non-pathogenic against mouse
infection model (Bottone, 1997) and lacks the virulence plasmid pYV that encodes key
VF required for successful human infection (Bottone, 1999). Recently PG 1 Y.
enterocolitca was shown to be highly virulent against the insect G. mellonella, with a

median lethal dose (LDso) of only 10 colony forming units (CFUs) (Alenizi et al., 2016).
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So, from an ecological evolutionary perspective, it is this high propensity for virulence
among species of Yersinia, which includes a spectrum of pathogenic strategies ranging
from opportunism (i.e., Y. enterocolitca) to highly-specialized zoonotic pathogens (i.e.,
Y. pestis) that make this group particularly useful for understanding drivers of

pathogen evolution.

2.2.2  Yersinia entomophaga, MH96 - current state of knowledge

MH96 was isolated from a larva Costelytra giveni (Coleoptera: Scarabaeidae) cadaver
(Hurst et al.,, 2011b), which is an endemic and economically significant pasture pest in
New Zealand. Development of MH96 as a biopesticide has proven consistent
pathogenesis by per os challenge against C. giveni, as well as a wide range of
coleopteran, lepidopteran and orthopteran species (Hurst et al., 2011a, 2014, 2019;
Marshall et al., 2012). The recently published MH96 draft genome consists of a single
chromosome of ~ 4.3 Mb in length, encoding 4,225 predicted proteins and sharing 93.8
% sequences similarity to Y. nurmii type strain APN3a-cT (Hurst et al., 2016). The draft
genome confirms the highly virulent nature of MH96, which encodes a diverse array of
putative VFs, including toxins, effector proteins, secretion and iron acquisition
systems, proteolytic enzymes and adhesion structures (Hurst et al., 2016). The
extensive repertoire of putative VF encoding genes in the genome of MH96 supports
the observation that MH96 is highly pathogenic against a broad range of hosts,
probably through the utilization of a diverse pathogenic strategies to invade, colonize,

proliferate within the host and cause disease.

The genome of MH96 contains regions likely acquired by horizontal gene transfer
(HGT). Compared to Y. ruckeri 29473 and Y. enterocolitica 8081, the genome of MH96
contains two unique regions that encode a number of putative VFs including toxins
components, iron acquisition systems and genes related to adhesion (Hurst et al., 2016).
Also thought to be acquired by HGT, the genome of MH96 contains five Rhs-associated
regions, each encoding a single Rhs-containing protein. Rhs-associated region 1 is
located within the MH96 pathogenicity island (PAI) called PAlvess, that also encodes
Yen-TC component genes and is further described in section 2.3 below. The Rhs

domain resides with the C subunit of the toxin, forming one of the capped ends of the
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B-barrel sheath structure (Busby et al., 2013b). The role of the remaining four Rhs-
associated regions (2-5) in MH96 virulence have yet to be characterized. It is suspected
that Rhs-associated regions 2, 3, and 4 contain operons involved in the production and
delivery of hemocoelic active toxins, LopT, Spt4 and a hypothetical protein,
respectively. LopT is known to target eukaryotic cells (Brugirard-Ricaud et al., 2004)
and Spt4 shares amino acid sequence similarity with a eukaryotic transcription
elongation factor domain (Hurst et al., 2016). Furthermore, Rhs-associated region 3 also
appears to contain all necessary T6SS component genes and Rhs-associated region 5 is
predicted to be an effector island. (Hurst et al., 2016). Further characterization of the
Rhs-associated regions in MH96 and their role in intrahemocoelic infection, specifically
the third region containing the putative T6SS, is an interesting direction for future

research.

2.3 Insecticidal toxin complexes and Yen-TC

High molecular weight (~ 1 million Daltons) insecticidal TCs, otherwise known as
“ABC toxins’, were first discovered in the nematode symbiont P. luminescens and were
shown to have oral toxicity against M. sexta (Bowen and Ensign, 1998; Bowen et al.,
1998). Subsequent investigations have shown that insecticidal TCs have oral activity
against a broad range of insects and are produced by many other entomopathogens
including, X. nematophila (Sergeant et al., 2003), Bt (Blackburn et al., 2011), S.
entomophila (Hurst et al, 2000) and MH96 (Hurst et al., 2011a) as well as non-
entomopathogenic bacteria. Insecticidal TCs are composed of three protein subunits,
designated TcA, TcB and TcC, which must be assembled into the Yen-TC holotoxin for
maximum toxicity (Lang et al., 2010; Waterfield et al., 2001). The genomic organization
of the genes encoding the TC components may be complex; for example, the genome of
P. luminescens contains multiple homologous tcA, tcB and tcC component genes, which
are primarily located on large tandom arrays or PAls (Waterfield et al., 2002). In
contrast, three Serratia species and Y. frederiksenii encode the sepABC-like tc genes on a

virulence plasmid (Dodd et al., 2006; Hurst et al., 2000).
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In MH96, the Yen-TC operon is located within 32 kb PAlyes and consists of two tcA
(yenAl and yenA2), one tcB (yenB), two tcC (yenC1 and yenC2) homologous genes and
two chitinase genes (chil and chi2) that flank yenAl and yenA2 (Hurst et al., 2011a)
(Figure 2.1). Yen-TC holotoxin is the main virulence determinant of MH96 and
exposure of C. giveni and the diamond-back moth, Plutella (Pl.) xylostella to secreted
Yen-TC by oral challenge resulted in dissociation of the midgut (Hurst et al., 2011a;
Marshall et al., 2012). The TcA-subunit is a pentameric structures decorated by two
chitinases, Chil and Chi2 (Busby et al., 2012; Landsberg et al., 2011; Piper et al., 2019)
that are thought to increase the pathogenicity of Y. entomophaga against a broad range
of insect hosts due to endochitinase activity, (Busby et al., 2012; Hurst et al., 2011a;
Landsberg et al.,, 2011) as well as performing other important structural and host-

surface lectin binding functions (Piper et al., 2019) .

1 2,500 5,000 7,500 10,000 12,500 15,000 17,500 20,000 23,861
55425 57,924 60,424 62,924 65,424 67,924 70,424 72,924 75,424
" Chi1

Yen6 Yen7

Figure 2.1: Genomic organization of insecticidal toxin complex, Yen-TC components
and putative regulators Yen6 and Yen7, from Yersinia entomophaga MH96. Arrows
represent open reading frames that are color-coded for function; light grey =
regulatory, red = chitinase, blue = YenA component, dark grey = YenB component and
black = YenC component. Top scale is in bp and bottom scale is with reference to MH96
genome (GCA_001656035.1).

Electron microscopy (EM)-derived structure of Yen-TC previously showed that YenAl
and YenA2 combine to form the TcA-subunit (Landsberg et al., 2011). Similarly, cryo-
EM of the insecticidal TcA component from P. luminescens supports a syringe-like
mechanism of toxin translocation across the host membrane, in which the TcA
homologue forms a trans-membrane pore by interacting with receptors on the surface
of host cells (Gatsogiannis et al., 2013, 2016; Meusch et al., 2014; Piper et al., 2019). More
recent cryo-EM visualization of the Yen-TC TcA-subunit inserted into the liposome
determined the pore forming apparatus is formed by YenA2, including the
neuraminidase-like domain pore-closing loop, while a portion of YenA2 and YenAl
form the inner longitudinal pore structure (Piper et al., 2019). Cryo-EM structure also

confirmed that in addition to the pore forming apparatus, Chil and Chi2 also interact
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with host surface receptors and conformational change of Chil upon binding is critical
to pore formation (Piper et al., 2019). This study identified that Yen-TC, Chil and Chi2
all had significant binding activity against a range of structures, including GIcNAc, the

natural substrate of chitin (Piper et al., 2019).

With respect to the TcBC-subunit, x-ray crystallography-derived structures of Yen-TC
revealed that the BC complex forms a large hollow beta-barrel structure that encases
the toxic portion of the C protein and is capped on either end by a beta-propeller and
the Rhs -associated core domain of the C protein on the B and C ends, respectively. The
repetitive elements of the Rhs domain (YD repeats) correspond to a stand-turn-strand
motif, which form the extended B-sheet tube-like shell extending from the N-terminal

region of the C subunit into the B subunit (Busby et al., 2013b).

The currently proposed mode of action of Yen-TC involves recognition of host insect
midgut epithelial cells surface ligands by the YenA2, Chil and Chi2 resulting in Chil
conformational change exposing the pre-pore apparatus which becomes inserted into
the lipid bilayer of the host cell, followed by formation of the trans-membrane pore,
through which the TcC toxin-subunit is translocated into the host cell cytoplasm. As
such, the YenA2, Chil and Chi2 components are thought to contribute to host-
specificity through interaction with host-specific surface ligands (Piper et al., 2019). To
this end, encoding multiple TcA orthologs may contribute to P. luminescens” ability to
kill a broad range of insect hosts. Similarly, the TcA components encoded by X.
nematophila have been shown to have varied activity against different lepidopteran
pests (Sergeant et al., 2003). Meusch et al. (2014) found that the TcA of P. luminescens
contains four putative receptor-binding domains, which share structural features with

the receptor-domains of anthrax and diptheria toxins.

In MH96, the TcB and TcC homologues were shown to be the sole determinants of the
toxicity by per os challenge against Pl. xylostella through histopathological and
quantitative dose response analysis (Landsberg et al., 2011); however, all three protein
sub-units (TcA, TcB and TcC) are required for maximum toxicity (ffrench-Constant,
Richard Waterfield, 2005). The TccC3 and TccC5 components of P. luminescens were
identified as adenosine diphosphate (ADP)-ribosyltransferases, which can act on host-

cell microtubules and Rho-GTPases (Lang et al.,, 2010). Exposure of G. mellonella
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hemocytes and HeLa cells to the these TcCs resulted in major modifications of host cell
cytoskeleton, including clustering of actin and inhibition of phagocytosis (Lang et al.,
2010). Hurst et al., (2015) also reported host cell invasion as well as ruffling of G.

mellonella hemocytes in response to Yen-TC.

2.3.1 Insecticidal TCs in non-entomopathogenic Yersinia species

Several non-entomopathogenic species of Yersinia also encode the genes for an
insecticidal TC, located within the ‘Yersinia TC-pathogenicity island” (tc-PAIY),
including Y. pestis, Y. pseudotuberculosis, Y. enterocolitica (biotype 2-5 strains only), Y.
mollaretii and Y. similis (Fuchs et al., 2008) (Figure 2.2). The 20 kb fc-PAI** is missing
from Y. enterocolitica biotype 1B (highly pathogenic) and most 1A (generally non-
pathogenic) strains (Bresolin et al., 2006; Fuchs et al., 2008; Spanier et al., 2010). The fc-
PAI region is embedded in a common genomic backbone, flanked by a genes for
putative LysR-like DNA regulator and DNA gyrase modulator, 5 and 3, respectively
(Fuchs et al., 2008). The organization of the tc-PAI** region is similar among strains,
although frameshift mutations in some strains are present among tcA and tcB
component genes (Fuchs et al., 2008). In Y. pestis CO92, it is thought that a frame-shift
mutation in a fcB gene represents an adaptive gene-loss that contributed to an
evolutionary advantage for persistence within in the flea vector due to reduced
insecticidal activities (Parkhill et al., 2001). Homologous tcC genes are also encoded
outside of tc-PAI'* among a few strains of Y. pestis and Y. pseudotuberculosis 1P32953
(Fuchs et al., 2008). Other genes located within fc-PAI** include a gene for LysR-like
DNA regulator tcaR2, and four highly conserved phage-associated genes are located
between the tcB and tcC homologues. The four genes in the phage-associated region
were shown to encode a lysis cassette in Y. enterocolitica strain W22703, consisting of a

holin, endolysin, endopeptidase and two spanins (Springer et al., 2018a).
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Figure 2.2: Comparison of insecticidal toxin complex components from Yersinia
entomophaga MH96, Serratia entomophila AIMO2, Photorhabdus luminescens subspecies
laumondii TTO1, Y. enterocolitica W22703, Y. pestis KIM and Y. pseudotuberculosis
IP32953.

There is evidence that TCs may contribute to mammalian infections in Y. enterocolitica.
It was shown that Y. enterocolitica strain T83 mutants with attenuated tc genes had
reduced ability to colonize the intestinal tracts of mice compared to wild-type (Tennant
et al., 2005). Transient production of TC proteins from Y. pseudotuberculosis strain
IP32953 and Y. pestis strain KIM+ resulted in actin and nuclear rearrangements in
cultured human gut (Caco-2) and mouse fibroblast cells (NIH3T2), respectively. Similar
results were also found when recombinant TC proteins were applied topically to these
cell lines, suggesting that insecticidal TCs have specificity against mammalian cells as

well as insect cells (Hares et al., 2008).

The tc genes of mammalian pathogenic Yersinia have also been shown to have
contribute to virulence against insects. For example, the homologous tcA gene of Y.
enterocolitica is required for insecticidal activity (Bresolin et al., 2006). Furthermore,
crude extract of E. coli strain BL21 with heterologously expressed fc genes of Y.
pseudotuberculosis IP32953 were shown to be toxic against larval M. sexta (Pinheiro and
Ellar, 2007). The insecticidal TCs produced by Y. pseudotuberculosis were also shown to
be acutely toxic to fleas (Erickson et al., 2007). Furthermore, it was recently found that
PG 1 Y. enterocolitica (this phylogroup is non-pathogenic to mammals and lacks major

virulence plasmid pYV), is highly pathogenic to G. mellonella by intrahemocoelic
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injection (LDso of 10 cells) (Alenizi et al., 2016). Presently, it is unclear why some non-
insect pathogenic species of Yersinia possess insecticidal tc genes, but this may suggest
that insects serve some yet unknown purpose in the lifecycle of these pathogenic

species or relate to some yet unknown environmental niche.

2.3.2 Temperature-dependent regulation of TCs in Yersinia

The regulation of the insecticidal fc genes has been shown to be temperature-
dependent in some human-pathogenic Yersinia species. For example, expression of tcaA
is strongly induced at low temperatures (10 — 15 °C) but repressed at mammalian body
temperature (37 °C) in Y. enterocolitica W22703 (Bresolin et al., 2006). The expression of
tcaA and tcaB homologues in two Y. pestis strains was upregulated at 26 compared to
37 °C, but this effect was not observed for tccC (Han et al., 2004; Motin et al., 2004). In
contrast, expression of tcaABC in Y. pseudotuberculosis strain IP32953 was observed over
a range of temperatures from 15 °C to 37 °C, visualized by sodium dodecyl sulphate-

polyacrylamide (SDS-PAGE) (Pinheiro and Ellar, 2007).

A mechanism of temperature-dependent regulation of TCs has been described in Y.
enterocolitica W22703, where transcription of tcaA and tcaB is silenced at 37 °C, but
highly induced at lower temperatures (Bresolin et al., 2006). A LysR-type thermolabile
regulator, TcaR2, was shown to induce tcaA and tcaB expression (Starke et al., 2013).
Another LysR-type regulator, TcaR1, was shown to act as a repressor of tcaR2 (Starke et
al., 2013). The nucleoid-associated protein and H-NS in complex with YmoA were also
shown to globally repress TC gene expression in W22703, by binding regions upstream
and downstream of tcaA and tcaB at body temperature (Starke and Fuchs, 2014). The
global role of H-NS and its associated YmoA in the temperature-dependent regulation
of the fc genes in W22703 is not surprising, as H-NS has been shown to be global
regulator of horizontally acquired virulence factors and plasmids broadly among the

Enterobacteriaceae (Hiittener et al., 2015; Landick et al., 2015; Navarre et al., 2007).
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2.3.3 Effects of temperature on Yen-TC production and virulence of MHg6

A key characteristic of MH96 is constitutive production and secretion of Yen-TC
components into liquid culture when grown at temperatures of 25 °C or lower, which
can be visualized by SDS-PAGE (Figure 2.3) (Hurst et al, 2011a). While toxin
components can be visualized in MH96 cell pellets (CP) grown at 25, 30 and 37 °C,
more YenAl and YenA2 (at least) are produced at 25 °C compared to higher
temperatures. The toxicity of culture supernatant (CS) from MH96 grown at 25, 30 and
37 °C were tested per o0s against C. giveni, which confirmed the CS were only toxic when
MHO96 was grown at 25 °C and not at higher temperatures. In a different study, Hurst
et al. (2015) determined that the rate of mortality of the wax moth, G. mellonella, when
challenged per os with MH96, was significantly reduced from 93 % to 16 % when the
host was incubated at 25 °C compared to 37 °C. Furthermore, very few (zero to less
than 1,000) MH96 cells per larva were recovered from macerates of larvae provided a

diet containing 2.4 x 108 CFUs, when incubated at 37 °C for 24 hours.
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Figure 2.3: Yersinia entomophaga protein production and secretion at 25, 30 and 37 °C,
including identification of Yen-TC components. Modified from Hurst et al. (2011). (A)
SDS-polyacrylamide gel (silver stained) of Y. entomophaga MH96 culture supernatant
(CS) and cell pellets (CP) grown at 25, 30 and 37 °C. Lane M contains Bio-Rad broad
range protein standard. (B) SDS-polyacrylamide gel (silver stained) of MH96 (Y) and
the AYen-TC mutant (A) CS and pellet after ultracentrifugation and application to a
step gradient (UC2P) grown at 25 °C. (C) SDS-polyacrylamide gel (Coomassie brilliant
blue stained) showing bands that were assessed with either LC-ESI-MS/MS (E), N-
terminal sequence analysis (N) or western blot (W).

In the same study, MH96 was also shown to be highly virulent when injected directly
into the hemocoel of G. mellonella, with median lethal dose (LDso) of ~ 3 cells after four
days, regardless of whether the insects were incubated at 25 or 37 °C. Unlike the per os
challenge, the four-day LDs0 was comparable to wild-type when G. mellonella was
injected with the ATC (Yen-TC deficient strain) and incubated at 25 °C, which
demonstrated that MH96 must deploy additional hemocoel-active factors, in addition
to Yen-TC, during intrahemocoelic infection of G. mellonella (Hurst et al.,, 2015).
Observations of green fluorescent protein (GFP)-tagged MH96 budding inside of
hemocytes was observed at 24 hours using fluorescence microscopy. Further
microscopic investigations using a Yen-TC-linked GFP-reporter strain, called YenAl,

revealed temperature-dependent differences in cell morphology and density-
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dependent fluorescence when injected into the hemocoel of G. mellonella. When insects
were maintained at 25 °C, the Yen-TC GFP-reporter strain fluoresced at a minimum
cell density of 2 x 107 CFU/ml and cells took on irregular forms (i.e., bulging, spherical
and filamentous), while at lower cell densities the shapes of cells were smaller and
more uniform in shape. At 37 °C, fluorescence occurred at a minimum cell density of
~3 x 10° CFU/ml but was more sporadic and weaker and the cells were smaller

compared to 25 °C.

In both in vitro (Hurst et al., 2011b) and in vivo (Hurst et al.,, 2015) investigations
described above, temperature-dependent effects on Yen-TC were observed and
temperature shift from 25 to 37 °C reduced virulence of MH96 by per os challenge
against insects due to reduced secretion/toxin production/tc gene expression.
Therefore, one major goal of this thesis was to use in vivo RNA-seq to unravel
temperature- and host-dependent regulatory networks potentially involved in
thermoregulation of Yen-TC component genes in MH96 as well as experimentally
determine the role of two putative regulators, Yen6 and Yen7 (co-located on PAlves
with Yen-TC component genes). A detailed introduction to RNA-seq is provided in

Chapter 4 (see section 4.1.1).

2.4 Specific Objectives

By understanding the host- and temperature-dependent transcriptional responses of
MH96, this thesis aimed to fill several important gaps in scientific knowledge as

outlined below.

1. A general lack of genome-wide transcriptional investigations of
entomopathogenic bacteria during insect infection (see Chapter 4, section
4.1.1 for more detailed review), and more specifically to identify the
currently unknown hemocoelic VFs produced by MH96 during

intrahemocoelic infection of G. mellonella.
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The first data chapter of this thesis (Chapter 4) addressed these gaps by providing
one (if not the first) in vivo transcriptome of an entomopathogenic bacteria therefore
greatly increases our knowledge of how entomopathogenic bacteria, like MH96,
respond during insect infection and also provided a proof of principle, that in vivo
transcriptomics combined with functional enrichment can be used to effectively

identify hemocoelic factors that respond to the host environment.

2. While the structure of MH96’s main weapon, Yen-TC has been the focus of
much research, there has not been any investigations into the thermo or
host-dependent regulatory mechanisms governing production of Yen-TC

by MH96 to date.

High resolution transcriptional insights into the host- and temperature-dependent
effects on MH96 expression of Yen-TC is provided in Chapter 4 of this thesis, which
also reports the identification co-expression of several gene clusters encoding toxins,
exoenzymes or secretion systems, some of which are also known to be co-secreted

with Yen-TC components by MH96.

The first molecular investigations into the direct regulatory linkages between yen6,
yen7 and Yen-TC production and secretion are provided Chapter 5 of this thesis. A
key area of focus included in this data chapter was the determination of whether
Yen6 is a thermoregulatory repressor of yen7 and/or Yen-TC production and
whether Yen7 was a thermoregulatory activator of Yen-TC production/secretion.
These preliminary investigations identified the regulation of Yen-TC is complex,

including transcriptional and post-transcriptional mechanisms.

3. First characterization of a novel LytTR-containing virulence regulator that
responds to both temperature- and host-dependent cues during further
implicating the interconnectivity of metabolism and virulence in pathogenic

bacteria.
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A key finding of this thesis was the importance of a Yen6 during intrahemocoelic
infection of G. mellonella at 37 °C, which could be attributed to increased expression
of yen6 at 37 °C (reported in Chapter 4) and increased translation of Yen6 under in
vivo conditions (reported in Chapter 5). Based on these findings Chapter 6 of this
thesis reports the transcriptome of Ayen6 under in vivo conditions at 37 °C that
revealed the Yen6 regulon, which was further validated by electrophoretic mobility
shift assays (EMSA). These findings combined with phenotypic investigations of
yen6 impact on carbon utilization by MH96 supports Yen6 as a key regulator that
potentially alters central carbon metabolism during oxidative stress. These findings
contribute to a growing body of evidence supporting the entanglement of
metabolism and virulence in pathogenic bacteria and expand the diversity of known

LytTR-containing transcriptional regulators from pathogenic bacteria.

4. Horizontal gene transfer is a major driver in pathogenic bacteria evolution
(more detailed review in Chapter 7, section 7.1.1) but limited knowledge of
mobile genetic elements in the genome of MH96, and among the genomes of

entomopathogenic bacteria is currently lacking.

The first report of an unstable genomic element from the genome of MH96
encoding a holin-endolysin secretion system and citrate fermentation cluster is
provided in the final data chapter of this thesis (Chapter 7). Importantly, further
bioinformatic and molecular investigations linked this element to secretion of Yen-
TC and also shared regulatory elements suggesting cross-talk between PAlves and
the unstable element. These findings contribute to our understanding of the role of

HGT in the evolution of entomopathogenic genome evolution.
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Chapter 3. General molecular materials and methods

The general molecular materials and methods provided in this chapter (Chapter 3)
represent generic methods that were used to generate the data presented in this thesis.
Some additional methods for more specific applications, such as in vivo RNA-seq,
electrophoretic mobility shift or [-galactosidase assays for example, are provided

within summary method sections of each data chapter, as required.

3.1  Bacterial strains, plasmids and growth conditions

Standard microbiological culture techniques, including sterile practices were carried
out under Physical Containment level 2 as required by the AgResearch Containment
and Transitional Facility Manual (Version 6.8), including the Invertebrate Containment
Standard Operating Procedures (Version 1.0). All strains used in this study are listed in
supplementary Table S1 (targeted mutagenesis) and Table S2 (lacZ-reporter strains).
All plasmids used in this study are provided in supplementary Table S3 (targeted
mutagenesis) and Table S4 (arabinose induction and lacZ-reporter). Yersinia
entomophaga MH96 and Escherichia coli strains were routinely grown at 25 or 30 °C and
37 °C, respectively. All cultures were grown at 250 rpm in Luria Broth Base
(Invitrogen) broth (LB broth) or on LB agar Miller (LB agar) (Merck), unless otherwise
stated. Antibiotic concentrations used for E. coli derivative strains were ampicillin 100
ug/ml, chloramphenicol 30 pg/ml, kanamycin 50 pg/ml, spectinomycin 100 pg/ml and
tetracycline 30 pg/ml. Antibiotic concentrations used for MH96 derivative strains were
ampicillin or carbenicillin 400 pug/ml, chloramphenicol 90 ug/ml, kanamycin 50 pg/ml,
spectinomycin 100 pg/ml and tetracycline 30 pg/ml.

3.2 Bacterial enumerations

Viable plate counts for bacterial enumerations were conducted using serial (ten-fold)
dilutions series. Dilutions were made using phosphate buffer solution (PBS; 137 mM
NaCl, 2.7 mM KCI and 10 mM phosphate, pH 7.4 at 25 °C; Sigma) or sterile MilliQ
water and 50 pl of dilution were spread on agar plates using a disposable spreader,

unless otherwise stated. Only plates containing between 30 and 300 colony forming
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units (CFUs) were enumerated. Enumerations were conducted using LB agar plates
unless otherwise specified. Optical density (OD) of culture was measured at 600 nm

using Smart Spec Spectrometer (BIO-RAD).

3.3 DNA Manipulation

3.3.1 Plasmid DNA isolation by alkaline lysis

Plasmid DNA isolation by alkaline lysis (or ‘minipreparation”) was routinely carried to
prepare plasmids for diagnostic restriction, restriction/ligation for cloning and
transformation as well as for polymerase chain reaction (PCR) template. Cells from 1
mL of overnight cultures were pelleted by centrifugation and resuspended in 150 ul of
25 mM Tris-HCI (pH 8.0), 10 mM ethylenediaminetetraacetate (EDTA) and 0.9 %
glucose and then mixed with 200 ul of 200 mM NaOH and 1 % SDS in MilliQ water
and incubated at 37 °C for 4 min. Next 150 ul of 3M sodium acetate (pH 5.2) was added
and mixed vigorously to shear genomic DNA and the mixture was incubated on ice for
at least 5 min. The mixture was centrifuged for 10 min at 16,100 x g and the
supernatant decanted into 1 ml of 100 % ethanol and mixed by inverting the tube five
times. The DNA was pelleted by centrifugation at 16,100 x g for 5 minutes and the
ethanol was removed. The DNA pellet was air-dried for 30 min at 37 °C and then

resuspended in MilliQ water.

3.3.2 Polymerase chain reaction for targeted mutagenesis

All primers used to generate constructs for targeted mutagenesis by PCR are provided
in supplementary Table S5. All methods related to commercial kits were completed as
recommended by the manufacturer unless otherwise stated. Genomic DNA template
from MH96 and derivative strains were purified from 1 ml overnight cultures using
PrepMan Ultra Sample Preparation Reagent (Applied Biosystems) and diluted 100-
fold. Plasmid DNA template for antibiotic markers was isolated by minipreparation

from 1 ml overnight culture and diluted 1,000-fold.
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PCR for antibiotic markers, sequence validation and construct synthesis (not including
overlap-extension PCR) were performed using Platinum Tag DNA polymerase
(Invitrogen) using a standard two-step program: 95 °C for 3 min; then 95 °C for 25 s, 55
°Cfor 25 s, 72 °C for 1 kb/min repeated 5 times; then 95 °C for 25 s, 50 °C for 25 s, 72 °C
for 1 kb/min repeated 30 times; then 72 °C for 10 min on either a BioRad C1000 Touch
Thermal Cycler or Eppendorf Mastercycler Gradient. Optimization using gradient
PCRs were performed as required using the above-mentioned program but testing a

range of two-step annealing temperatures between 50/55 and 60/65 °C, as required.

3.3.3 Constructs for homologous recombination

Targeted mutagenesis constructs were made either using naturally occurring
restriction sites found within genes of interest (GOI) or using overlap-extension PCR.
Amplicons of approximately 2 kb were generated containing these GOI, which were
used as a base for the homologous recombination construct by gene interruption
(further described in section 3.3.7 below and Chapter 5, section 5.2.1). Most
mutagenesis constructs were generated by over-lap extension PCR using Phusion
High-Fidelity DNA polymerase (New England Biolabs (NEB)) to generate error-free
overlap-extension PCR products (further described in section 3.3.4 below and Chapter

5, section 5.2.1).

3.3.4 Overlap-extension PCR

All amplicons used to synthesize overlap-extension PCR constructs (except for some
selective markers) were generated using Phusion High-Fidelity DNA polymerase
(NEB). Custom annealing temperatures (Tm) for each primer pair were calculated
using the NEB Tm Calculator (v.1.10.3; http://tmcalculator.neb.com). Regions of
approximately 1 kb directly 5" and 3" to the GOIs were amplified to include 21 bp
overlap for selectable markers using the following PCR program: 98 °C for 30 s; then 98
°Cfor 10 s, Tm for 30 s, 72 °C for 1 kb/30 s repeated 5 times; then 98 °C for 30 s; then 98
°C for 10 s, (Tm -5 °C) for 30 s, 72 °C for 1 kb/30 s repeated 25 times; then 72 °C for 10

min). Overlap-extension PCR was then used to fuse the specified selectable marker
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between the 5" and 3’ regions using the following PCR protocol with nested primer

pairs:
Primerless reactions:

Amplicons to be fused (i.e, 5 and 3’ regions flanking GOI regions and selectable
marker) were mixed in approximately equal molar with dNTPs, polymerase and high-
tidelity (HF)-buffer (total reaction volume of 20 ul). The primerless cycle consisted of
98 °C for 30 s; then 98 °C for 10 s, Tm for 30 s, 72 °C for 1 kb/30 s repeated 15 times;
then 72 °C for 10 min.

Overlap-extension reaction:

Next 5 pl of the above mixture was used as template for the overlap-extension reaction,
containing dNTPs, polymerase, HF-buffer and nested primers, total reaction volume of
50 ul. The above PCR program was repeated 25 times, followed by a final 72 °C

elongation.

Finally, overlap-extension products were purified using the High Pure PCR Product
Purification Kit (Roche) resuspended in water (instead of TE buffer supplied with the
kit) and then A-tailed using Klenow Fragment (3" = 5 exo-) (NEB) in a 50 ul reaction
volume. Following incubation at 37 °C for 30 min, the A-tailed constructs were purified

again using the High Pure PCR Product Purification Kit.

3.3.5 Cloning of targeted mutagenesis constructs

To facilitate cloning of targeted mutagenesis constructs into suicide vectors, the
constructs were first ligated into pGEM-T vector and incubated overnight at room-
temperature. The bacterial strain E. coli (DH10B) was grown overnight in 3 ml LB
broth. A 250 ml conical flask containing 50 ml LB broth was inoculated with 1 %
overnight culture and grown for approximately 1 hour and 45 minutes to an ODsoo
between 0.6 — 0.7. The culture was incubated on ice for 20 minutes then centrifuged at 4
°C for 10 minutes at 2,268 x g. The cells were resuspended in 25 ml ice-cold 0.1 M

CaCla. Centrifugation was repeated to pellet the cells again, which were next
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resuspended in 1 mL ice-cold 0.1 M CaClz and incubated on ice for at least one hour

prior to transformation.

Ligation reactions (1-3 ul) were incubated on ice for 5 minutes and then transformed
into 100 pl chemically competent DH10B by a 30 second heat-shock in a 42 °C heat
bath. Transformed cells were incubated in 1 ml broth at 37 °C and then plated on
selective media. Clones were screened using ampicillin and either spectinomycin or
kanamycin for overlap extension PCR products. Amplicons containing GOIs rovA and
vipB, were ligated into pGEM-T and transformed into DH10B and clones were
screened on ampicillin plates containing 100 ug/ml X-gal (5-bromo-4-chloro-3-indolyl-
-D-galacto-pyranoside) for blue/white selection (pGEM containing an insert in the
multiple cloning site (MCS) results in an interruption of the lacZ gene, so colonies are

white instead of blue on X-gal as the strain will not produce 3-gal).

3.3.6 Validation of targeted mutagenesis constructs

Clones carrying plasmids with correct insertion sizes were confirmed by restriction
enzyme digestion (often with EcoRI flanking the TA cloning site pGEM-T) and
visualization on 1 % agarose gel by electrophoresis and such ‘diagnostic restriction
digestions” were carried out in a total volume of 10 puL using NEB enzymes and
reagents. Once correct sized inserts were confirmed by digestion, plasmids were
isolated from 3 ml overnight culture using the High Pure Plasmid Isolation Kit (Roche)
and the inserts were sequenced using M13F/M13R primers by Macrogen Korea. The
sequence data were validated in Geneious (v.R10) by comparison of sequence and
base-call quality abl chromatograms against the MH96 reference genome to ensure

correct nucleotide sequence of all inserts.

3.3.7 Gene interruption by restriction and ligation of selective marker

The selective marker spectinomycin was used to interrupt GOIs rovA and vipB by
naturally occurring Clal and BgIII restriction sites, respectively. Restriction digests
were carried out using NEB enzymes and reagents in 100 ul total reaction volumes and

incubated at 37 °C for 1.5 hours. The DNA was then precipitated by ethanol
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precipitation; briefly the DNA were incubated for two min at room temperature with
two volumes 100 % ethanol and one-tenth volume 3 M sodium acetate (pH 5.2), then
DNA were pelleted at 15,700 x g for 5 min, decanted and then dried for ~ 15 - 20
minutes at 37 °C and resuspend in 7 pl MilliQ water. Next, 2 pl of the digested DNA
was visualized on 1 % agarose gel by electrophoresis. Digested PCR products (insert
DNA) were mixed with linearized plasmid DNA in an approximate ratio of 1:3 in a
total reaction volume of 10 ul. Ligations were incubated overnight at room
temperature with T4 DNA ligase (Invitrogen) and supplied buffers and stored at -80 °C
(as required). The ligation reaction was transformed into competent DH10B E. coli cells
as described above in Section 3.3.5 and screened using ampicillin and spectinomycin.

Clones were confirmed by diagnostic restriction as described above (section 3.3.6).

3.3.8 Ligation of suicide plasmids

Following sequence validation, pGEM-T with targeted mutagenesis constructs were
digested (often by EcoRI from the pGEM-T MCS) to release the construct, which were
then ligated into linearized suicide vectors pJP5608 (kan®) or pJP5603 (tet®) by ligation

using T4 DNA Ligase (Invitrogen) as previously described in Section 3.3.7.

3.3.9 Electroporation of E. coli

The suicide plasmids pJP5603 and pJP5608 contain the R6K-based origin of replication,
requiring host strain to supply pir-encoded m protein of plasmid R6K for replication
(Penfold and Pemberton, 1992). To maintain the suicide plasmids, ligation reactions
containing suicide vector and targeted mutagenesis constructs (from pGEM-T) were

transformed into E. coli EC100D (pir*) by electroporation.

E. coli strain EC100D was grown overnight in 3 ml LB broth. A 250 ml conical flask
containing 50 ml LB broth was inoculated with 1 % overnight culture and grown for
approximately 1 hour and 45 minutes to an ODew between 0.6 — 0.7. Electrocompetent
cells were made at either room temperature or 4 °C (Tu et al., 2016). The culture was
incubated for 20 min then centrifuged at 2,604 x g to pellet the cells and resuspended in

50 ml MilliQ water. The cells were pelleted and resuspended four more times with
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increasing g-forces (3,214 x g, 3,889 x g, 4177 x g and 4,629 x g) and decreasing
volumes (40 ml, 30 ml, 20ml and ~ 800 ul), respectively. MilliQ water containing 10 %
glycerol was used for the final three resuspension steps and single reaction aliquots

were stored in pre-chilled microcentrifuge tubes at -80 °C.

Transformation of electro-competent cells was carried out using standard methods
described by (Dower et al., 1988), except some transformations were done at room-
temperature, depending if the cells were also made at room-temperature or not (Tu et
al., 2016). A 1 ul aliquot of ligation mix was added to 40 pl electro-competent cells and
transferred into an electro-cuvette. Cells were subjected to 2.5 kV charge for
approximately 5.2 microseconds using a E. coli Pulser (BioRad, Hercules, CA). Cells

were elaborated in 1 ml LB broth at 37 °C for 1 hour.

Recovered cells were plated on selective media containing either tetracycline or
kanamycin to select for the suicide plasmid and either the kanamycin or spectinomycin
to select for mutagenesis construct. Resistant clones were screened for sensitivity to
ampicillin (to ensure loss of pGEM-T cloning vector) and validated for correct insert
size by digestion and visualization on agarose gel by electrophoresis as previously

described (Section 3.3.5).

3.3.10 Chemical transformation of E. coli ST18

Next, validated suicide plasmids carrying targeted mutagenesis constructs were
chemically transformed into an E. coli donor strain (ST18). ST18 is a derivative of
S17Apir that is deficient for the hemA gene, rendering it defective in tetrapyrrole
biosynthesis (Thoma and Schobert, 2009). Subsequently, for ST18 to survive, it must be
grown in media containing 5-aminolevulinic acid (ALA), which allows

counterselection on media lacking ALA.

E. coli ST18 were grown overnight in 3 ml LB broth supplemented with ALA 50 ug/ml.
A 250 ml conical flask containing 50 ml LB broth was inoculated with 1 % overnight
culture and grown for 1 h and 45 min until OD ~ 0.6 — 0.7 was reached. Cells were
incubated at 4 °C for 1 hour. Cells were pelleted by centrifugation at 2,219 x g for 10

min at 4 °C and then resuspended in 10 ml Solution A and incubated on ice for 20
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minutes. The cells were pelleted again by centrifugation at 2,219 x g for 10 min at 4 °C
and resuspended in 1.5 ml of Solution A with glycerol. Single-reaction aliquots (50 ul)

were stored in pre-chilled tubes at -80 °C.

Solution A 9.9 ml 1 M MnCl:
49.5 ml 1 M CaCl:
198 ml 50 mM 2-(N-morpholino) ethanesulfonic acid
(MES)
742.6 ml MilliQQ water

Solution A with glycerol 10 ml1 M MnCl:
50.1 ml 1 M CaCl
200.5 ml 50 mM MES
300.6 ml 50 % Glycerol
438.6 ml MilliQ water

Validated mutagenesis plasmids were then transformed into ST18 by chemical
transformation as previously described in Section 3.3.5, except heat shock was
administered for two minutes and cells were recovered in 1 ml LB broth supplemented

with ALA 50 pg/ml.

3.4 Targeted mutagenesis by homologous recombination

Targeted mutagenesis by homologous recombination was achieved by conjugation of
ST18 derivatives to MH96 at 30 °C for 6 — 7 h with ALA 50 ug/ml supplemented LB
agar. Post-conjugation, transconjugants were then grown for 24 h on LB agar without
ALA and appropriate antibiotics to select for genomic integration of the marker. All
putative mutants were then screened for loss of suicide plasmid on media containing
either kanamycin or tetracycline. Genomic template was extracted from putative
mutants and screened by PCR, as described in section 3.3.2, using validation primers
(external to the region combined) confirming correct integration. These PCR products
were shipped to Macrogen, purified and then sequenced to validate mutant strains
reported here. The sequence data were validated as described in section 3.3.5 to
confirm proper integration of the selectable marker and correct sequence covering both

points of recombination.
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3.5 Protein visualization and identification

3.5.1 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis

For visualization of crude protein extracts, wild-type and mutant strains were grown in
3 ml LB broth for approximately eight hours with appropriate antibiotics. Overnight
cultures were diluted to 2 % in flasks containing 50 ml LB broth and grown at either 25
or 37 °C with 200 rpm shaking overnight (~ 18 hours) with appropriate antibiotic. In
the morning, 1 ml culture were pelleted by centrifugation for 10 minutes at 8,000 x g
and the cell supernatant was filter sterilized (0. 22 um). Serial dilutions of the overnight
culture were made in PBS (Sigma) and CFUs were enumerated to confirm consistent

cell density among the overnight cultures.

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed according to (Laemmli, 1970) on one-dimensional slab gels (1.0 mm thick)
containing 0.1 % SDS. Cell pellet (CP) were diluted 1:10 in water and 25 ul of diluted
CP or undiluted cell supernatant (CS) samples were denatured at 95 °C for five
minutes with 8 pl of 4 x loading buffer (125mM Tris/HCl (pH 6.8), 20 % glycerol (v/v),
3.8 % (w/v) SDS, 0.1 % (w/v) bromophenol blue and 10 % (v/v) 2-mercaptoethanol).
Mid-range proteins were separated by size on hand-cast or Novex pre-cast tris-glycine
with 10 % polyacrylamide under reducing conditions with 200 V for 55-60 minutes in
SDS-PAGE running buffer (25 mM Tris/HCl, 200 mM glycine, 0.1 % (w/v) SDS, pH 8.3).
Precision Plus Protein standard (Bio-Rad) was used as a marker. Smaller sized
denatured proteins were mobilized on Novex pre-cast 10 % tricine (Life Technologies)
under reducing conditions (added 0.4 pl B-mercaptoethanol to the Novex tricine
sample buffer) by applying 125 V for 75 - 90 min in Novex 1 X tricine running buffer.
Separated proteins were stained with silver as described by (Blum, H., Beier, H., Gross,
1987) but with the following modified incubation times: fixative: 30 min; methanol
washes x 3: 10 min each; 0.02 % sodium thiosulphate pretreatment: 1 min; distilled
water washes x 3: 20 sec each; stain: 10 min; distilled water washes x 2: 20 sec each;
development: 1 — 10 min; stop development: 10 min; and then placed in distilled water
for longer-term storage. Visualization of CS and CPs from mutants demonstrating an

observed protein-level phenotype was repeated at least twice to confirm the phenotype
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by SDS-PAGE, except for AcpbA. The size and location of Yen-TC components
visualized by SDS-PAGE were inferred from previous analysis performed in the Hurst
lab, including protein identification using a combination of approaches including
liquid chromoatogrpahy-electrosparay ionization ion trap-tandem mass spectromoetry
(LC-ESI-MS/MS), N-terminal sequences analysis and/or western immunoblot

approaches (Hurst et al., 2011) and unpublished data (supplemental Figure S18).

3.5.2 Liquid chromatography-tandom-mass spectrometry

Specific unknown protein samples for LC-ESI-MS/MS analysis were separated by SDS-
PAGE as described above and stained with 0.1 % (w/v) Coomassie Brilliant Blue R-250,
45 % (v/v) methanol and 10 % (v/v) acetic acid for 30 — 60 min at room temperature
(approximately 22 °C). The gels were destained with MilliQ water with 40 % (v/v)
methanol and 10 % (v/v) acetic acid until al bands were visable. The gel was stored in
MilliQ water over-night at room-temperature (23 °C) and excised bands were stored at

-20 °C.

LC-ESI-MS/MS analysis were carried by Ancy Thomas and Evelyne Maes of the
AgResearch Proteomics Platform. De-stained proteins of interest (POIs) were reduced
with 0.1 M tris(2-carboxyethyl) phosphine (Fluka Chemie, GmbH, Buchs, Germany),
alkylation with 20 pl of 0.15 M iodoacetamide (Sigma, St. Louis, MO, USA) and
digested for 18 hours with 1 ug of TPCK-trypsin (Promega, Madison, WI, USA) in
presence of 10 % Acetonitrile. After digestion the peptides were dried and resuspended

in 50 pl of 0.1 % FA prior to injection on the mass spectrometer.

LC-ESI-MS/MS was performed on a nanoAdvance UPLC coupled to a Bruker amaZon
speed ion ETD trap mass spectrometer equipped with a CaptiveSpray ion source
operated at 1900 V. Five pl of sample was loaded on a C18 nano trap column (Bruker,
75 pm x 2 cm, C18AQ, 3 um particles, 200 A pore size). The trap column was then
switched in line with the analytical column (Bruker Magic C18AQ, 100 pm x 15 cm
C18AQ, 3 um particles, 200 A pore size). The column oven temperature was 50 °C.
Elution was with a multipart linear gradient from 2 to 45 % B in 70 min. at a flow rate

of 800 nL/min. Total run time including column re-equilibration was 90 min. Solvent A

50



was water with 0.1 % formic acid (FA) and 2 % acetonitrile (ACN); solvent B was ACN
with 0.1 % FA and 2 % water. Auto MS/MS data acquisition was performed with 10

precursors selected in the m/z 350-1200 range during each cycle per second.

Proteins were identified by using the database search tool Peaks DB (v8.5) (Zhang et
al., 2012). The raw data were refined by a built-in algorithm. The proteins/peptides
were identified with the following parameters: a precursor mass tolerance of 0.3 Da
and fragment mass tolerance of 0.6 Da were allowed, the Uniprot_Yersinia entomophaga
database (v2018.08) was used, semi-trypsin was specified as digestive enzyme and up
to 2 missed cleavages were allowed. Both oxidation (M) and deamidation (NQ) are
chosen as variable modifications, carbamidomethylation (C) is defined as fixed
modification and a maximum of 3 post translational modifications per sample were
allowed. False discovery rate (FDR) estimation was made based on decoy-fusion and

FDR was set to 1%.

3.6  Galleria mellonella intrahemocoelic bioassay

MHO96 and its derivatives were grown overnight in 3 ml broth at 30 °C, with shaking at
250 rpm. A series of five dilutions were made with PBS with the aim of covering a

range of dosages from 0 — 10 cells (1:20,000,000 to 1:400,000,000) and placed on ice.

Larval Galleria mellonella (Biosuppliers, Auckland) were maintained on a fresh diet of
honey, glycerol, plain baby rice cereal (Farex, New Zealand) and live granular yeast
(Pam’s, New Zealand) for no longer than one week. Healthy larvae of similar lengths (~

20 mm) and weights (0.15 - 0.25 g) were selected and immobilized on ice for up to 1 h.

Larvae were injected with 10 pl inoculum containing MH96 strain culture dilutions or
PBS (control) just below their third right leg with a 30-gauge needle on a 1 mL
tuberculin syringe (BD) using a microinjector. Ten larvae were injected per
dilution/strain and incubated at 25 or 37 °C. The larvae were checked daily for color
changes, web production and mortality over a seven-day period. The bioassay was

repeated three times per strain and temperature.

Median lethal dose (LDso) for each strain/temperature combination were determined by
fitting day-four mortality rates with binomial-type generalized linear models
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(including logit link function) and the LDso and its standard error were estimated using
the R package MASS (Crawley, 2013) and plotted using ggplot2 (Wickham, 2016) in R
(R Core Team, 2017). Dose responses were corrected for control mortality (~ 1 % control

mortality for all bioassay data combined).
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Chapter 4. In vivo transcriptome provides insights into putative host- and
temperature-dependent response of entomopathogenic bacterium,
Yersinia entomophaga MHg6 during infection of Galleria mellonella

4.1 Introduction

411  Overview - In vivo transcriptomics of bacterial entomopathogens

Transcriptomics (or ‘RNA-seq’) refers to genome-wide characterization of gene
expression by high-throughput sequencing of cDNA and over the last decade,
transcriptomics has been used to study diverse bacteria in a variety of growth
conditions. The use of in vivo transcriptomics in the study of pathogenic bacteria has
been particularly useful for illuminating the molecular interplay between host and
pathogen (Avican et al., 2015; Damron et al., 2016) as well as discovery of virulence-
associated small non-coding RNA (sRNA) regulatory networks (Baddal et al., 2016;
Barquist et al., 2016; Westermann et al., 2016; Yan et al., 2013) and riboregulators (Nuss
et al.,, 2017). Initially, transcriptomic investigations of bacterial pathogens from within
the host environment (‘in vivo’) has been limited by a lack of methods to enrich for
bacterial RNA from mixed samples containing substantially greater amounts of host-
derived RNA (Westermann et al., 2017). More recently, the availability of dual
host/microbe rRNA depletion kits (Baddal et al., 2016; Damron et al., 2016; Mavromatis
et al.,, 2015; Rienksma et al., 2015; Thanert et al., 2017), fluorescence-activated cell
sorting (Avraham et al., 2015; Westermann et al., 2016), laser capture microdissection
(Vannucci et al., 2013) and/or bacterial-specific enrichment protocols (Bent et al., 2013b,
2013a; Humphrys et al., 2013; Mavromatis et al., 2015) has made dual-seq possible for

pathogenic bacteria from within a variety mammalian host tissues and cell lines.

While methods to conduct in vivo transcriptomics are readily available, to our
knowledge, in vivo transcriptomics has not yet been reported for an important
arthropod pathogen or any other pathogenic bacteria that use arthropods as vectors.
Such studies could potentially yield novel biopesticide agents or critical insights into
possible control strategies for vector-borne diseases. As with any dual-seq study, the
biggest hurdle is obtaining enough bacterial transcriptional signal from within the host

cells/tissue, especially at early stages of infection when bacterial cell densities may be
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relatively low. Another challenge is achieving adequate depletion of host insect rRNA,
for which unlike for mammalian-host systems, there are no commercial kits currently
available. Lastly, while a poly(A) enrichment strategy has been reported as a means to
subtract insect host mRNA from mixed RNA samples (Kumar et al., 2016), this
approach may result in confounding biases due to presence of polyadenylated
messengers in bacteria (Mohanty and Kushner, 2006) or the presence of laterally-

acquired genes in the host genome (Kumar et al., 2012).

Due to such technical challenges, there has been comparatively fewer reports of
genome-wide expression using RNA-seq for entomopathogenic bacteria during
infection of an insect or another invertebrate host compared to pathogens infecting
mammalian hosts. To date, there has only been one reported study on the in vivo
transcriptome of a bacteria that can infect insects, which investigated plant-pathogenic
Dickeya dadantii (not normally known as an entomopathogen) during infection of the
aphid host, Acyrthosiphon pisum (Costechareyre et al., 2013). In this study, no toxin-like
genes were found to be highly expressed in the aphid compared to in vitro growth
conditions, and all of four insecticidal toxins genes encoded by D. dadantii had higher
expression in vitro. The study also found the expression of genes related to response to
antimicrobial peptides (AMPs), efflux systems/transporters, motility (chemotaxis and
flagella) and stress response (acid shock, anaerobiosis, a redox-sensitive transcriptional
regulator gene (soxR) and Fe-S cluster assembly) responded to the in vivo growth

conditions compared to in vitro (Costechareyre et al., 2013).

Other in vivo transcriptomics investigations of bacteria associated with invertebrate
hosts has primarily focused on non-pathogenic associates, such as obligate
endosymbiont Wolbachia pipientis infecting fruit flies and filarial nematodes (Kumar et
al., 2012, 2016; Luck et al., 2017; Woolfit et al., 2015), obligate symbionts of agricultural
pest Glassy-Winged Sharpshooter, “Candidatus Sulcia muelleri” and “Candidatus
Baumannia cicadellinicola” (Bennett and Chong, 2017), citrus pathogen “Candidatus
Liberibacter solanacearum” that is vectored by psyllid Bactericera cockerelli (Ibanez et
al., 2014), gut-associated symbiont Burkholderia insecticola of the bean bug Riptortus
pedestris (Ohbayashi et al.,, 2019) and obligate endosymbiont Wigglesworthia (Wi.)

glossinidia of the important tsetse fly disease vector (Vigneron et al., 2017). Obligate
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intracellular bacteria such as W. pipientis are particularly challenging with respect to
enrichment for RNA-seq and most-definitely require specific enrichment approaches,
such as host insect rRNA depletion and/or subtraction of polyadenylated mRNAs
(Kumar et al., 2012, 2016) or bacterial mRNA enrichment (Luck et al., 2017). So far, the
in vivo transcriptome investigations of W. pipientis within both fly and nematode hosts
has identified putative ncRNAs (Woolfit et al., 2015) as well as the expression of genes
from the W. pipientis genome that have been laterally integrated into the host genome
(Kumar et al., 2016). Among glassy-winged sharpshooter endosymbionts, Baumannia
and Sulcia, genes for the molecular chaperones DnaK and GroESL as well as genes
related to nutritional synthesis (i.e., essential amino acid synthesis and B vitamins)
were found to be expressed while in the host (Bennett and Chong, 2017). Similar to
Baumannia and Sulcia, the obligate endosymbiont of tsetse flies, Wi. glossinidia was also
found to over-express the molecular chaperone GroEL and genes related to transport
and biosynthesis of B-vitamins (Vigneron et al., 2017). The transcriptome of B.
insecticola from the midgut of the bean bug revealed that the symbiont produces all
essential amino acids and B vitamins which are lacking in the host diet food and
upregulates diverse transporters and metabolic pathways related uptake of sugars (i.e.,
ribose and rhamnose) and sulphur compounds (i.e.,, sulphate and taurine) and
assimilation of host-derived nitrogenous waste products (i.e., allantoin and urea)
(Ohbayashi et al., 2019). Recently, dual-seq was used to identify Escherichia coli genes
with higher expression within the gut of Caenorhabditis (Ca.) elegans compared to in
vitro growth conditions, which included several genes related to two-component
regulatory systems (TCRS), lipopolysaccharide (LPS) biosynthesis and antibiotic

resistance (Chan et al., 2019).

4.1.2  Host- and temperature dependent gene expression in Photorhabdus and
Xenorhabdus species

While entomopathogenic bacteria have not been explored using dual-seq or in vivo seq
approaches, in vivo expression of netmatode symbionts/entomopathogenic P. temperata
and X. koppenhoeferi was achieved using selective capture of transcribed sequences

(SCOTS) (An et al., 2009). The SCOTS approach aims to enrich for genes preferentially

55



expressed under specific growth conditions using subtractive hybridization of cDNA
against biotinylated DNA followed by polymerase chain reaction (PCR) amplification,
cloning and identification of cloned genes by sequence similarity (Wang et al., 2014b).
In this example, An et al. (2009) used the SCOTS method to identify genes expressed in
vivo by P. temperata and X. koppenhoeferi during infection of white grub, Rhizotrogus
majalis. In this method in vitro and in vivo cONA was hybridized against biotinylated
bacterial genomic DNA that was pre-blocked with rRNA and transcripts explicitly
produced in vivo where identified by additional hybridization against biotinylated
bacterial genomic DNA, pre-blocked with the in vitro cDNA. Genes specifically
produced by either P. temperata or X. koppenhoeferi were identified using a similar
subtractive hybridization approach. From these investigations, hemolysin-related
proteins and insecticidal TC genes were identified as expressed in vivo by both
entomopathogens, while type 3 secretion system (T3SS) component genes were also
identifed in vivo from P. temperata suggesting delivery of effectors via T3SS may be
important in virulence in this species. Notably the work identified numerous host-
induced stress response genes in both pathogens, including genes related to
glutathione biosynthesis (important detoxification mechanism), DNA chaperone dnaK
and well known stress repsonse genes surA (outer-membrane protein folding

chaperone) and uspB (universial stress protein) (An et al., 2009).

An in wvitro transcriptome study of opportunistic human pathogen/nematode
symbiont/entompathogenic P. asymbiotica characterized genes with temperature-
dependent responses at 28 and 37 °C. In this work very few primary virulence factors
specifically repsonded to different temperatures, but a noticeable temperature-
dependent effect was observered for genes related to carbohydrate and nitrogen
metabolism (Mulley et al., 2015). At 37 °C several genes related to carbohydrate and
nitrogen metabolism were reduced and several genes related to metabolism of
peptides and amino acids were elevated, leading the authors to suggest P. asymbiotica
may have evolved a temperature-dependent ‘nutritional virulence” strategy within the
human host. In this same study, the authors were able to identify proteins with
temperature-dependent abundances using 2D-Fluorescence difference gele
electrophoresis and LC-MS/MS. Using this approach, P. asymbiotica produced greater
amounts of the molecular chaperones (GroEL, GroES, DnaK and ClpB), as well as
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proteins related to oxidative stress response, quorum sensing, LPS biosynthesis, iron
acquisition and a secreted asparaginase at 37 °C, while at 28 °C, a greater proportion of
proteins with metabolic functions were identified. Such temperature-dependent
metabolic shifts were confirmed using the Omnilog phenotype microarray system,
which confirmed P. asymbiotica can survive on far greater diversity of sole carbon
sources at 28 compared to 37 °C, which validated the results of the transcriptome and
proteomics. Temperature was also identified as causing noticeable effects on utilization
of amino acids and other sole sources of nitrogen as well as osmotic and pH tolerance
(Mulley et al., 2015). Unlike, Y. entomophaga (MH96), P. asymbiotica was shown to be
avirulent against M. sexta by low dose (1,000 cells) injection when incubated at 37 °C
(Mulley et al., 2015), but both MH96 and P. asymbiotica are known to be highly virulent
against insects at lower temperatures of 25 and 28 °C, respectively. Similar to the
Mulley et al. (2015) study, this thesis also combine genome-wide changes at
transcriptome and phenotype microarry data from MH96 under 25 and 37 °C to to

further characterize nutritional strategies used by MH96 during infection.

4.1.3 Host- and temperature-dependent gene expression in pathogenic Yersinia
species

While not the main focus here, dual-seq investigations on human pathogenic Yersinia
species have been undertaken recently an in vivo transcriptome study of Y.
pseudotuberculosis comparing samples from early and persistant stages of infection
within mouse cecum identified characteristic expression signatures for each stage of
infection. The pYV-encoded T3SS components and other virulence factors of Y.
pseudotuberculosis were highly expressed only during early infection, and genes related
to anaerobiosis, motility and defense against oxidative and acid stress were found to be
more highly expressed during the persistant stage (Avican et al., 2015). In a different
study, in vivo transcriptome analysis of Y. entoercolitica during extracellular and
intracellular interactions with murine macrophages was used to identify Ysa T3SS, Yts2
T2SS and tad locus endoding a type IVb pilus, as potentially important virulence and

survival within macrophages (Bent et al., 2015).
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Generally temperature is widely known as a key environmental cue regulating
virulence factors in pathogenic species of Yersinia and more broadly among pathogenic
bacteria (Konkel and Tilly, 2000; Lam et al., 2014; Ono et al., 2005). Among Yersinia
species, the nucleoid-associating Yersinia modulating protein, YmoA, and histone-like
nucleoid-structuring (H-NS) protein are known to be key global regulators that are
influenced by temperature (Madrid et al., 2007; McFeeters et al., 2007; Nieto et al., 2002)
and act as important xenogeneic silencers (Navarre et al., 2007) that are involved in
virulence regulation (Cornells et al., 1991, Madrid et al., 2001). Therefore, H-NS and
YmoA would be expected to play a thermoregulatory role in MH96 as well, but were
not the focus of this thesis. Despite attempts, a Yersinia spp. with a H-NS mutation has
yet to be reported (including MH96) and a MH96 mutant deficient for ymoA was the

target of a different research project.

The effect of temperature on genome-wide transcription has been previously
investigated in Y. pseudotuberculosis using a tissue dual-seq approach (Nuss et al., 2017).
This study revealed similar expression profiles of pYV-encoded virulence genes at 37
°C in both in vitro and in vivo conditions compared to lower temperatures, suggesting
temperautre is a primary regulatory driver of pYV gene expression within the
mammalian host. Another key finding of this study was higher in vivo expression of
genes related to T3SS, iron acquisition and neutrifil- and nutritional stress-induced
response were identified in lymphatic tissues during infection by Y. pseudotuberculosis

(Nuss et al., 2017).

4.1.4 Advances in insect infection model - Galleria mellonella

The larva of the greater wax moth G. mellonella is emerging as a useful model host in
the study of microbial infection and innate immunity (Champion et al., 2016; Desbois
and McMillan, 2015; Tsai et al.,, 2016). Compared to traditional murine models, G.
mellonella offers may advantages, including reduced husbandry, storage and training
requirements, limited ethics concerns and ease of availability for use in virulence
testing. Compared to other invertebrate models, such as Caenorhabditis elegans or
Drosophila melanogaster, G. mellonella can be maintained at a range of temperatures,

including that of mammalian hosts (37 °C). G. mellonella has been reported to be a
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suitable model organism for virulence testing with a wide range of pathogenic bacteria
including (but not limited to) Listeria monocytogenes, Y. pseudotuberculosis, Campylobacter
jejuni, Acinetobacter baumannii and Salmonella (Sa.) enterica serovar Typhimurium
(Champion et al., 2009; Kamal et al., 2011, Mukherjee et al., 2010; Peleg et al., 2009;
Viegas et al., 2013).

G. mellonella can also be considered a good model host for investigation of human
pathogens as it possesses an innate immune system, consisting of cellular and humoral
components, some of which are considered relatively conserved between both insects
and mammals (Champion et al., 2009; Desbois and McMillan, 2015; Junqueira, 2012;
Mukherjee et al., 2010; Senior et al., 2011). The hemolymph of G. mellonella contains six
different kinds of hemocytes that play various roles in immunity against pathogens
and parasites (Boman and Hultmark, 1987). At least two different types of hemocytes
(specifically plasmatocytes and granulocytes) are involved in phagocytosis,
encapsulation and nodule formation (Pech and Strand, 1996; Tojo et al., 2000) and
could be considered analogous to human macrophages and neutrophils. For example,
the phagocytic cells of G. mellonella were found to produce a protein sharing homology
to human calreticulin, which can also be found in the plasma membrane of neutrophils
(Choi et al., 2002). Furthermore, investigations of the respiratory burst process in G.
mellonella hemocytes also found conservation with human macrophages, since both
share a number of homologous components, including the NADPH oxidase complex
(Bergin et al., 2005) and translocated proteins involved the activation of the oxidative

burst enzymatic cascade (Renwick et al., 2007).

In addition to the cellular component of the G. mellonella innate immune system, a
range of different humoral factors are found in the hemolymph, including AMPs,
pattern recognition molecules and reactive oxygen species (Tsai et al., 2016; Wojda,
2017). Some humoral components produced by G. mellonella have been studied in detail
due to high homology with important innate immune factors produced by the
mammalian innate immune system. For example many insects, including G. mellonella,
produce an exchangeable lipid-binding protein called apolipophorin III (apoLp-III)
that is present in the hemolymph and has been shown to play multiple roles in

immune function, including pattern recognition, detoxification of bacterial endotoxins,
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increased superoxide production by hemocytes and enhancement of other
antimicrobial processes (Dunphy and Halwani, 1997; Niere et al., 1999; Park et al., 2005;
Zdybicka-Barabas et al., 2013). ApoLp-III is homologous to the human apolipoprotein
E, which has been shown to protect against LPS-induced septic shock caused by gram-
negative bacteria (Van Oosten et al., 2002). As a recognition protein, apoLp-III has been
shown to interact with both bacterial LPS and lipoteichoic acid (Halwani et al., 2000;
Leon et al., 2006; Oztug et al., 2012) as well as fungal 3-1,3 glucans (Whitten et al,,
2014). Recently, pathogen-specific responses in re-localization of apoLp-IIl in the
hemocytes and apoliophorin composition provided further support that apoLP-III is an
important signalling molecule during early stages of immune response of G. mellonella
and may coordinate immunogen-dependent responses by the innate immune system

(Staczek et al., 2017).

Another important humoral component of the innate immune system of G. mellonella is
prophenoloxidase (proPO), which is sequestered inside a specific type of hemocyte
called oenocytoides (Schmit et al., 1977; Wojda, 2017). While few studies have focused
on the phenoloxidase (PO) cascade in G. mellonella specifically, it has been better
described in Drosophila, where upon pattern recognition or wounding a serine protease
cascade activates proPO to PO, which is a main component of the melanin synthesis
pathway (Cerenius et al., 2008; Tang, 2009). In response to an invading microbe, the
innate immune system quickly responds by producing a dark pigment melanin which
is used to encapsulate the pathogen. Another outcome of the PO cascade is the
generation of highly-toxic intermediary compounds, including droxyphenylalanine
(DOPA), quinons and free radicals, which are cytotoxic to host as well as the invader
(Cerenius et al., 2008). As such, the PO cascade must be under tight regulation, and in
G. mellonella, the activation of proPO was found to be regulated by apoLp-III as well as

several other defence molecules (Park et al., 2005; Zdybicka-Barabas et al., 2014).

While G. mellonella has clearly found a role as a model host in virulence testing, there
are still some challenges associated with variability in this host system. Currently most
research is carried out on mixed-genotype larvae locally sourced from small growers
that sell ‘wax worms’ as pet food and/or bait, which can lead to higher experimental

variabilities requiring lots of biological replication. Recently however, a biotechnology
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company in the U.K. has begun to supply research grade G. mellonella, called TruLarv
(https://biosystemstechnology.com/products), which is a good indicator that the use of
this model host is gaining wider scientific acceptance. Like any animal model, there
are many other factors, including diet, handling, light-cycle, humidity, incubation
temperature, pre-existing exposure to pathogens/parasites or pre-treatment with
antibiotics or hormones for example, that may affect variability of G. mellonella model
of infection. Pre-exposure to increased temperatures has been shown to result in an
immune-priming effect (Mowlds and Kavanagh, 2008), while extended starvation
(seven days with no food) was found to have a negative effect on G. mellonella
immunity by reducing both cellular and immune responses (Banville et al., 2012). Some
recommendations on standardized experimental approaches for study of bacterial
diseases and antimicrobial drug tested have recently been published (Tsai et al., 2016)

and were generally followed in this thesis.

Another challenge related to using G. mellonella as a model host is lack of genomic
resources compared to other invertebrate model hosts such as D. melanogaster (Santos
et al., 2015) or C. elegans (Yook et al., 2012), for example. Recently a draft shotgun-
assembled genome for G. mellonella was published, but this resource does not yet
include any gene annotations (Iglauer et al., 2018). An expressed-sequence tag (EST)

library for immune genes of G. mellonella is however available (Vogel et al., 2011).

To date, no studies have used in vivo RNA-seq of a bacterial pathogen during infection
of G. mellonella. This has been achieved for the human fungal pathogen Candida
albicans, through enrichment of the C. albicans ORFome using biotinylated probes
(Amorim-Vaz et al., 2015). In this study, the transcriptional response of Caenorhabditis
albicans was surprisingly similar in both G. mellonella and mouse host at two different
infection time-points, and infection-responsive genes were related to iron acquisition,
stress response, adhesion and biofilm formation (Amorim-Vaz et al., 2015). In another
study exploring in vivo transcriptome response of entomopathogenic fungi Beauveria
bassiana at different stages of infection in G. mellonella, Chen et al. (2018) were able to
characterize several discrete expression patterns among genes that responded to the in
vivo conditions over-time, including genes related to host recognition/adhesion, host

cuticle penetration and detoxification, evasion of host immune system and occupation
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of the whole host, including limiting bacterial competition by production of

antimicrobial compounds.

Here we describe a simplified method of enrichment of bacterial RNA from within the
hemolymph of G. mellonella and demonstrate adequate enrichment and discovery of
putative virulence factors (VFs) in MH96. This method was successfully used to
identify genes encoding known and putative VFs under host- and temperature-
dependent regulation, and to characterize functional categories of putative VFs that are
expressed over the course of infection. This method was also able to provide a wealth
of insight into a relatively understudied, yet highly pathogenic organism, and
represents one (if not the only) reports of genome-wide expression of a pathogenic

bacterium within an insect host at the time of publication.

4.2 Invivo and in vitro RNA-seq and phenotype microarray methods

4.21  RNA collection

4.21.1  Invitro samples

Wild-type MH96 was grown overnight in 3 ml Luria Broth Base (Invitrogen) (LB broth)
at 25 °C with shaking (250 rpm). The next day, flasks containing 50 ml media were
seeded with 1 % overnight culture and grown at either 25 or 37 °C with shaking until
the appropriate cell densities were reached. In vitro samples (1 — 2 ml depending on cell
density) were stabilized using RN Aprotect Bacterial Reagent (Qiagen), according to the

manufacture’s guidelines and stored at -80 °C.

4.2.1.2  In vivo samples

Larval G. mellonella (Biosuppliers, Auckland, New Zealand) were maintained on a fresh
diet of liquid honey, glycerol, Farex brand baby rice cereal and granular yeast for up to
one week. Healthy larvae of similar lengths (> 20 mm) and weights (0.15 — 0.30 g) were

selected and immobilized on ice.

MHO96 was grown overnight (18 hours) in 3 ml nutrient broth with shaking (250 rpm)

at 30 °C. Overnight culture was diluted in phosphate buffer solution (PBS) and placed
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on ice. Larvae were surface sterilized with 70 % ethanol and then injected below the
third right leg with 10 ul of inoculum using a 30-gauge %2” needle on a 1 ml tuberculin
syringe (Terumo) with a micro-injector. Three larvae per treatment were mock-injected

with PBS as a control.

For higher accuracy, inoculum from the microinjector was spread onto LB agar (Miller)
to determine cell density. A significantly higher number of cells (five-hold higher) were
administered for the early-infection samples compared to the middle- and late-
infection samples at 25 °C to generate enough total RNA following extraction (see
below for details on early-, middle-, and late-infection stages). Initially, a lower
inoculum was administered for the 37 °C middle-infection samples; however,
following the incubation period, the number of colony forming units (CFUs) were
variable (ranging beyond a log value). Subsequently, the cell density in the inoculum
was increased tenfold, which resulted in a more consistent cell density following in

vivo incubation at 37 °C.

Larvae were placed in petri-dishes and incubated at either 25 or 37 °C within sealed
plastic bags with moistened paper towel to maintain humidity. For RNA collection,
hemolymph was obtained by puncturing the dorsal cuticle near the second segment
with a 30-gauge %2” needle. Hemolymph was pooled from five to six individuals
(depending on estimated cell density), yielding approximately 150 pl. Hemolymph
samples from the early-infection time-point hemolymph were collected 75 — 90 minutes
post infection. Hemolymph samples from the 25 and 37 °C middle-infection time-
points were collected after 18 — 19 and 10 h post-infection, respectively. Hemolymph

samples from the late-infection time-points were collected 26 — 30 h post infection.

Pooled hemolymph samples were immediately placed into a Micro centrifuge tube
with 300 pl of RNAprotect Bacterial Reagent (Qiagen), vortexed for five seconds,
incubated at room temperature for 5 min and then centrifuged at 300 x g for 5 min at 4
°C to pellet the hemocytes. The supernatant was carefully separated from the cell pellet
by pipette. The supernatant was then pelleted by centrifugation for 10 min at 5,000 x g
at ambient temperature (~ 22 °C). Following centrifugation, the supernatant was

removed, and the samples were immediately stored at -80 °C.
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To estimate the CFUs per larvae, serial dilutions from G. mellonella homogenate (5
larvae per treatment; surface sterilized with 70 % ethanol) were plated on K1 selective
media and all orange colonies (Yersinia-positive) were counted within 24 hours. The
weight of each larva was measured enabling the determination of CFUs per gram of
larval homogenate. In vivo growth of MH96 at 25 °C was also measured by
determining cell density per larva by dilution plating of G. mellonella homogenate (3

larvae per time point) to make a growth curve over 24 h.

4.2.2 RNA Extraction

Extraction of the RNA was completed within one week following sample collection.
The samples were placed at room temperature and then re-suspended in 100 pL
Ambion molecular biology grade Tris-EDTA (TE) buffer (10mM Tris-HCl, ImM EDTA;
pH 8.0) (Invitrogen) containing 15 mg/ml lysozyme (Roche or Sigma-Aldrich) and 10 ul
proteinase K (Roche). The samples were incubated at room temperature for 10 min,
with a 10 s vortex every two min to lyse the cells. RNA extraction was undertaken
using the RNeasy mini kit (Qiagen) following the manufacture’s guidelines. On-
column DNAse (Qiagen) digestion was also completed followed by a second off-
column DNAse digestion and subsequent RNA clean-up using the RNeasy mini kit.
RNA was eluted two times in 30 ul RN Ase free water, for a total volume of 60 ul. Total
RNA extract was then precipitated at -20 C overnight in 100 % isopropanol, followed

by two 70 % ethanol washes and then stored at -80 °C.

The RNA quality and quantity were assessed using the Nanodrop 2000
spectrophotometer (Thermo Scientific). The quality of the in vivo RNA samples were
also visualized on a 1 % agarose gel containing 1 % v/v standard Janoa brand bleach,
using the method described by Aranda et al. (2012). The in vivo RNA sample was used
as PCR template for the amplification of the housekeeping gene recA (RecA_352F 5 —
TCTCAGCCAGATACCGGTGA; RecA_987R 5'- CAGCAACATTTCACGCAGCT).

It was difficult to achieve high enough total RNA from extracted from pooled
hemolymph collected from only six larvae during early-infection, so the number of

larvae needed to be doubled in order obtain the minimum amount of total RNA
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required for Illumina sequencing (i.e., early-infection samples included hemolymph
from twelve individual larvae). RNA samples with an estimated total RNA content of
greater than 7.2 ug were diluted to 120 ng/ul concentration and 60 ul of this were
added to RNAstable 1.5 micro-centrifuge tubes (Biomatrica, San Diego USA) following
the manufacturer’s guidelines. The entire sample was added to the RNA stable tube if
it had less than 7.2 ug total RNA. Tubes were placed on the SpeedVac (Savant) without
heat for 1.5 h.

4.2.3 Ribosomal RNA depletion, library preparation and sequencing

All work described in this section was completed by Macrogen Korea. Following
recovery from the RNAstable tubes, RNA quantity and Integrity Number (RIN) were
determined using the 2200 TapeStation (Agilent Technologies, Santa Clara, CA, USA).
Host and bacterial ribosomal RNA was depleted from the in vivo samples using the
ScriptSeq Complete Gold Kit (Epidemiology) (Illumina, Singapore) according to the
manufacturer’s guidelines then strand-specific cDNA libraries were prepared using the
ScriptSeq RNA-Seq Library Preparation Kit (Illumina) following the standard protocol.
The in vitro samples were prepared using the TruSeq stranded mRNA (Illumina) with
the Ribo-Zero rRNA removal kit for Bacteria (Epicentre, Madison, WI, USA). To verify
the size of the PCR enriched fragments, the template size distribution was assessed on
the 2100 Bioanalyzer using a DNA 1000 chip (Agilent Technologies). The libraries were
sequenced on the HiSeq2500 platform (Illumina) (Version HCS v2.2) to generate 101 bp

paired-end reads.

4.2.4 Sequence processing and alignment

Sequence data were processed in a Linux environment on the AgResearch high-
performance computing clusters. Flexbar (version 2.4) was used to filter adapter and
barcode contamination and trim reads in “ANY” mode (maintains the longer side of
trimmed read regardless of direction) with minimum overlap of five, maximum
uncalled base of one and minimum quality of threshold for trimming of 20 (Dodt et al.,

2012). Adapter and barcode reference sequences used to trim the RNA-seq libraries are
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provided in supplementary Table S6 Table S7. The bbsplit.sh function, of the BBMap
package, was used to quantify and remove contaminating rRNA sequences with a
minimum ratio of 0.5, a minimum hit number of one and a maximum
insertion/deletion length of 500 nt (Bushnell, 2015). All libraries were aligned against
full-length 5S, 165 and 235 rRNA sequence from the MH9 genome
(GCA_001656035.1) and in vivo libraries were also mapped against G. mellonella partial
18S and 28S rRNA sequence retrieved from GenBank (Accessions: U65198.1, U65138.1,
AF286298.1, AF423921.1 and X89491.1). In vivo libraries were further screened against
the G. mellonella EST library (JG394435 — JG406465) (Vogel et al., 2011) to remove

additional host sequence prior to alignment to the reference genome.

Remaining paired-end reads were aligned to the MH96 genome (downloaded from
NCBI August 2018; GCA_001656035.1/ASM165603v1) using Rockhopper (v2.03) in
verbose mode. Alignment stringencies were increased from default values, such that
allowable mismatch threshold was decreased from 15 to 10 % of read length and the
minimum seed was increased from 33 % to 50 % of read length. Any residual count
data aligning to 5S, 16S and 23S rRNA sequence were not considered further in this

analysis.

4.2.5 Preliminary Data Exploration

Code for in vivo RNA-seq analysis is provided in supplementary section: Source code 1.
The preliminary expression data was investigated to determine whether the depth of
sequencing was sufficient to quantify expression from a diversity of genes in the
reference genome using the iNEXT R package (nboot = 50) (v2.0.18) (Hsieh et al., 2016).
Also, variability between biological replicate samples was assessed by plotting the
expression profiles in ggplot2 R package (v3.1.0) (Wickham, 2016). The biological
coefficient of variance (BCV; a common measure of the average dispersion in gene
expression values that is associated with biological variability) was calculated using
the edgeR (v3.24.3) (Robinson et al., 2009). The RUVseq R package (v1.16.0) was used
to generate relative log expression (RLE) plots (Risso et al., 2014). The data were also

visualized using principle component analysis, as implemented in RUVseq to identify
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possible outliers. The count data were normalized using upper-quartile normalization

(Bullard et al., 2010).

4.2.6 Differential Expression Analysis

The normalized count data were filtered for non-expressed features (only features with
greater than 5 aligned reads in at least two libraries were retained). The data were then
converted to log2-counts-per-million (Log2CPM) using the R package limma (v3.38.3)
(Ritchie et al., 2015; Smyth, 2004) and the mean-variance relationship was modelled
using the ‘voom’ method (Law et al., 2014). Linear models were fit to all features
(protein-coding genes and non-coding RNAs) to estimate fold change and standard
error and then the standard errors were smoothed by applying an Empirical Bayes

approach.

Differentially expressed (DE) features between in vivo and in vitro libraries were
defined by multiple testing with false discovery rate of 0.05, corrected using either the
Benjamini and Hochberg (1995) or Benjamini and Yekutieli methods (2001). Two

separate DE analyses were performed to answer the following biological questions:

1) Differential expression analysis 1

a) During different growth stages (e.g., lag, exponential and stationary) at 25 °C,
which genes respond more strongly to in vivo compared to in vitro growth
conditions?

2) Differential expression analysis 2

a) Which genes respond differently to 25 compared to 37 °C in vitro?
b) Which genes respond differently to 25 compared to 37 °C in vivo?

c) Which genes respond to temperature differently in vivo compared to in vitro?
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Visualization of genome-wide temperature-dependent responses at 10® CFU/g or
CFU/ml cell densities was completed with Perl software tool Circos (v0.69)

(Krzywinski et al., 2009).

4.2.6.1 Cluster analysis and functional enrichment of putative in vivo virulence
factors

Log:CPM fold-changes were calculated for all DE features between in vitro and in vivo
libraries, across cell densities at 25 °C then clustered using the fuzzy c-means (FCM)
algorithm (Futschik, Matthias and Carlisle, 2005) using the MFuzz R package (v2.42.0)
(Kumar and Futschik, 2007). Since these data included only three cell density points,
optimization of the fuzzifier parameter, m, and the number of clusters, k, was not
possible; neither the optimization method of Schwadmmle and Jensen (2010) or
assessment of cluster overlap and correlation for different parameter values (Israel et

al., 2016) were not found to be informative for these data.

When using FCM to soft cluster expression data across a limited number of time-
points, it is recommended by the package authors to qualitatively assessed a range of m
and k values using functional information (Kumar and Futschik, 2007). To identify
optimal m and k values for a limited number of cell densities, both predicted operon
structure (output from Rockhopper) and functional annotations assigned using
homology based search (Blastx, e-value cut-off = 1e-8) against the virulence factor
database (VFDB) (accessed July, 2018, http://www.mgc.ac.cn/VFs/) (Chen et al., 2016)
were considered in this analysis. Based on this qualitative assessment, twenty clusters
with a fuzzifier value of 1.5 were identified. Host-specific and culture-specific factors
were identified from clusters with median log2CPM fold-change values of > 2 and < -2
for at least one cell density, respectively. These median log2CPM fold-change cut-off
values were found to capture genes with unique and highly differential expression
between in vivo and in vitro libraries. Host-specific factors were then assigned as

putative host-specific VFs based on sequence similarity to known VFs.
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4.2.7 Phenotype microarray

Temperature has been shown to have a wide-spread effect on the metabolic capabilities
of Ps. asymbiotica (Mulley et al, 2015), an emerging human pathogen that is
entomopathogenic and symbiotic to nematodes. In an approach similar to Mulley et al.,
(2015), phenotype microarrays were undertaken according to manufacturer (Biolog,
Inc.) guidelines (e.g., “PM procedures for E. coli and other GN Bacteria”) to assess for
temperature-dependent changes sole-carbon utilization by MH96. Fresh streaks of
MH96 from -80 °C stocks were made onto LB agar and grown for 24 hours at 30 °C. A
small loopful of each replicate strain was re-suspended in IF-0 solution containing 6
mM sodium thiosulfate and adjusted to 42 % turbidity using the Biolog turbidimeter.
Samples were diluted 1:5 with Dye A in solution IF-0 and used to inoculate PM1 and
PM2A plates with 100 ul per well. Plates were incubated at 25 and 37 °C in an
OmniLog incubator and the formation of formazan was monitored every 15 min for 48

h.

Statistical analysis of phenotype microarray data was undertaken by Paul Maclean
from Bioinformatics and Statistics team, AgResearch Ltd. (New Zealand). Omnilog
data was extracted using the Omnilog software. Data from the “Meta Parameters by
Well” sheet from the Omnilog software such as net slope and well annotation were
added to the data files containing the actual readings for each well, from which the
maximum values were calculated. The data for each carbon source and the respective
negative control for each plate was plotted using the “xyplot” function from the lattice

package (v 0.20-38) (Sarkar, 2008) in R (v3.6.1) (R Core Team, 2017).

Growth curves were detected using the following criteria:

1. >5% slope as detected by the Omnilog software; and

2. Maximum value > 127 (largest negative control) to account for the rather

inconsistent negative control samples.
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Detected growth curves were checked against the plots (and some against the final

pictures of the plates) and found to be conservative but reliable.

4.3 Results

4.3.1 RNA collection

In vitro samples of MH96 culture were collected from cell densities ranging from 3.2 x
107 to 4.4 x 10° CFU/ml grown at 25 or 37 °C (Table 4.1). Intrahemocoelic inoculum of
MH96 used for in vivo treatments in G. mellonella ranged in cell density from hundreds

to 107 cells per injection (Table 4.2).

Table 4.1: Yersinia entomophaga MH96 in vitro RNA samples, including cell density and
optical density at time of collection (single replicates). CFU = colony forming unit and
ODeswo = optical density measured at 600 nm.

In vitro growth Temperature Mean Cell Mean Culture
phase (°O) density (CFU/ml) ODsoo time
Lag 25 3.2x107 0.138 4%
Exponential 25 29x108 1.553 6
Stationary* 25 44 x10° NA =5
Exponential 37 3.3 x 108 1.026 3

* Stationary phase samples were collected separately by an AgResearch Research
Associated, Mitchell Watson as part of a different project and combined with these
data. An optical density was not recorded at time of collection so is not available (NA).

Table 4.2: Mean number of cells of Yersinia entomophaga MH96 from inoculum and
hours-post infection of Galleria mellonella by intrahemocoelic injection corresponding to
lag, exponential and stationary in vivo growth phases. (n = 3 replicate plates). CFU =
colony forming units and SD = standard deviation.

In vivo growth Temperature =~ Mean inoculum cells . .
Hours-post infection

phase (°O) (CFU £ SD)

Lag 25 2+0.1x107 1% -1%
Exponential 25 157 +38 18 -19
Stationary 25 693 + 281 26 -30
Exponential 37 5+0.3x10° 10

When G. mellonella was infected with 345 cells and incubated at 25 °C, it took
approximately 5 hours for the population to transition from an early-infection lag

phase into exponential growth phase. The exponential growth phase occurred between
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cell densities 1 x 10° to 1 x 10° CFU/g and lasted from 5 hours post-infection (HPI) until
approximately 24 HPI (Figure 4.1). After 24 HPI the population entered stationary
phase, reaching a cell density greater than 5 x 10° CFU/g after 48 HPL

1010

log CFU/larva

0 6 12 18 24 30 36 42 48
Time post infection (hrs)

Figure 4.1: In vivo growth curve of Yersinia entomophaga MH96 in the hemolymph of
Galleria mellonella at 25 °C. Larvae were injected with ~ 345 cells in 10 ul PBS and
CFU/larvae were enumerated from three biological replicates per time point. Points
represent mean density and vertical bars represent standard error.

Post-infection cell densities determined for the in vivo RNA ranged from 107 — 10°
CFU/g (Table 4.3) and densities of around 5 x 10® and 10° CFU/g were considered to
represent exponential and stationary growth phase, respectively. While the earliest
infection sample was collected 90 min post-infection, the initial inoculum was
relatively higher (2 x 10” CFU/g) compared to the inoculum administered for the in vivo
growth curve, this treatment was still considered a representative of exponential
growth phase due to the short exposure to the host environment, considering the

logistical challenges in collecting RNA from lower density in vivo samples.
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Table 4.3: Mean cell density of Yersinia entomophaga MH96 recovered from
homogenized Galleria mellonella (n = 3 replicate homogenates) collected at the same
growth phase/temperature as in vivo RNA samples. CFU = colony forming and SD =
standard deviation.

Mean cell density Mean cell density per gram

In vivo growth Temperature per larvae G. mellonella homogenate
phase (°O) (CFU/larvae + SD) (CFU/g +SD)

Lag 25 1.1+0.3 x 107 44+0.8x107
Exponential 25 7.8+5.1x107 44+30x108
Stationary 25 1.1+£0.8x10° 50+3.8x10°
Exponential 37 6.4+1.7x107 3.1+0.9x108

4.3.2 Quality control - pre-rRNA depletion

RNA samples were found to have required 260/280 ratios, ranging from 1.80 - 2.04
(pure RNA is expected to have a 260/280 ratio of ~2.0) (Table 4.4). While the Nanodrop
does not provide indication of quality, the RNA samples had enough total RNA
content to permit high-throughput sequencing on the Illumina platform (typical

minimum requirement of 3 ug).

Despite completion of both an on-column and off-column DNAse digestion, a few of
the in vivo RNA samples produced very faint bands when used as a PCR template for
amplification of a housekeeping gene, indicative of minimal amount of contaminating
genomic DNA in the samples (data not shown). Due to the limited amount of total
RNA present in some of the samples, a third DNAse digestion was not completed;
however quality assurance completed using the RNA TapeStation confirmed adequate

depletion of DNA in the samples (see below).
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Table 4.4: Mean total RNA quantity and quality determined by spectrophotometer (in
vivo: n =4 and in vitro: n = 2). CFU = colony forming units and SD = standard deviation.

Growth phase/

Cell density Temp- Concen-

(CFU/g or erature tration+SD  Total+SD  260/280+  260/230 +
CFU/ml) (°O) (ng/ul) (ug) SD SD

In vivo

Lag /107 25 111.2+8.7 5.6+0.4 1.83+£0.02 2.38+0.05
Exponential / 10 25 190.4 + 64.1 9.6+3.3 1.87+£0.03 2.56 +0.05
Stationary / 10° 25 321.6+116.7  16.1+58  193+0.04 257+0.03
Exponential / 10 37 225.1+54.2 12430 1.90+0.03 2.57+0.01
In vitro

Lag /107 25 230.4+13.6 11.5+£0.7 1.95+0.00 2.42+0.04
Exponential / 108 25 656.1 +39.9 394+24 202+0.04 258+0.11
Stationary / 10° 25 1691.1£306.5 84.6+153 2.10+0.00 2.45+0.01
Exponential / 10 37 871.6 +97.3 41.0+12 2.05+0.01 2.35%0.04

Following recovery from the RNAstable tubes, the RNA 2200 TapeStation quality
control analysis demonstrated that the RNA samples were of good quality based on
RNA integrity number (RIN), which were all greater than or equal to 6.9 (RIN value of
7.0 or greater is typically the minimum cut-off) (Table 4.5). However, since the in vivo
samples contained both bacteria and host RNA, the RIN value was considered
somewhat unreliable as the RIN algorithm is unable to differentiate between rRNA in
mixed eukaryotic/prokaryotic samples, potentially resulting in a quality
underestimation. The electropherograms were also visually inspected as an additional
quality control check, ensuring rRNA peaks were sharp and with relative areas under
the curve as expected depending on the infection time-point. No obvious peaks larger
than the 23S rRNA peak (i.e., contaminating gDNA) were found, indicating adequate

DNAse depletion.
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Table 4.5. Mean total RNA quantity and quality determined by TapeStation
electrophoresis. CFU = colony forming unit, SD = standard deviation, RIN = RNA
integrity number, n = number of samples.

Growth phase/Cell

density Temperature Concentration +

(CFU/g or CFU/ml) (°O) n SD (ng/ul) RIN value + SD
In vivo

Lag /107 25°C 4 1169+ 7.6 81+0.3
Exponential / 108 25°C 4 131.4£23.6 77+0.3
Stationary / 10° 25°C 4 138.6 £5.9 7.7+0.6
Exponential / 10° 37 °C 4 154.2 £ 31.5 8.5+0.1
In vitro

Lag /107 25°C 2 106.4 2.5 9.2+0.1
Exponential / 108 25°C 2 133.7 +5.7 9.3+0.0
Stationary / 10° 25°C 2 140.2 £ 38.0 9.3+0.1
Exponential / 10° 37 °C 2 114.3+1.7 9.1+0.1

Two discrete 16S and 23S rRNA peaks were identified in the electropherogram of the
exponential in wvitro total RNA sample (Figure 4.2). Figure 4.3 shows an
electropherogram obtained from a lag phase (10”7 CFU/g) in vivo RNA sample with a
single rRNA peak comprised mixed host and bacterial rRNA. The electropherogram of
an exponential phase (108 CFU/g) in vivo RNA sample is shown in Figure 4.4, in which
three distinct TRNA peaks are easily distinguished; the unlabelled (middle) peak
represents host rRNA (denatured insect rRNA migrates as a single band). Three
distinctive rRNA bands were also identified from total in vivo RNA samples collected
during exponential phase when visualized by electrophoresis on 1 % agarose gel.
(Figure 4.5). The electropherograms from the stationary phase (10° CFU/g) in vivo RNA

samples were similar the exponential phase and are not shown here.
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Figure 4.2. Exponential phase (108 CFU/ml) in vitro total RNA sample
electropherogram. Graph has been cropped to show all peaks.
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Figure 4.3. Lag phase (107 CFU/ml) in vivo total RNA sample electropherogram. Graph
has been cropped to show all peaks.
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Figure 4.4. Exponential phase (10® CFU/ml) in vivo total RNA sample
electropherogram. Graph has been cropped to show all peaks. The peak in between the
prokaryotic 16S and 23S ribosomal RNA (rRNA) peaks represents insect rRNA which
migrates as a single band when denatured.
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Figure 4.5. Example in vivo total RNA samples visualized on 1 % agarose gel by
Novagene (MH96 grown to 10° CFU/g at 37 °C). M: Trans 2K marker. Lanes 1 and 2 are
replicate total RNA samples pooled from hemolymph of Galleria mellonella.

4.3.3 Quality control - post rRNA depletion

Following the depletion of host/bacterial rRNA the samples were analysed on the RNA
2200 TapeStation to ensure adequate rRNA depletion and sample integrity prior to
library preparation. The majority of samples were adequately depleted of host/bacteria

rRNA (Figure 4.6), while two samples were inadequately depleted (Figure 4.7) and one
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sample was degraded (Figure 4.8). Additional samples were submitted to ensure only

non-degraded and adequately depleted samples were sequenced in this study.
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Figure 4.6. Example electropherogram of post-rRNA depletion stationary phase (10°
CFU/ml) in vivo RNA showing adequate depletion.
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Figure 4.7. Example electropherogram of post-rRNA depletion stationary phase (10°
CFU/ml) in vivo RNA showing inadequate depletion.

77




<,

sample Intensity [FU] (1073)

| 4 d9 |
Figure 4.8. Example electropherogram of post-rRNA depletion stationary phase (10°
CFU/ml) in vivo RNA showing degradation.

It was not possible to quantify the post-depletion RNA, since separate areas under the
rRNA curves from host and bacteria could not be obtained from the Bioanalyzer.
Instead, the proportion of remaining RNA concentration between pre- and post-rRNA
depleted in vivo samples was used as a qualitative method (secondary to the

electropherograms shown above) to assess the adequacy of rRNA depletion (Table 4.6).

Table 4.6: Dual post-TRNA depleted in vivo RNA mean sample concentration (n = 4).
CFU = colony forming unit, SD = standard deviation, rRNA = ribosomal RNA.

Concentration rRNA- Mean proportion of post-
Growth phase/cell ~ Temperature  depleted RNA + SD /pre-rRNA depletion

density (CFU/g) ) (ng/ul) RNA concentration + SD
Lag /107 25 28+0.7 24+0.6 %
Exponential / 108 25 23+15 1.7+1.0 %
Stationary / 10° 25 43+1.0 31+0.8%
Exponential / 10° 37 34+04 23+0.6 %

4.3.4 Sequence trimming/filtering

Paired-end sequencing data contained in gzip compressed fastq files were downloaded
by file-transfer protocol from Macrogen Korea onto AgResearch servers. Base quality
was good among all libraries, with greater than 90 % of bases having a minimum
phred score of 30 (probability of incorrect base call 1 in 1,000 times) (Table 4.7). Very
limited adapter trimming and quality filtering of the raw reads was required, with
greater than 99 % of the sequence data being maintained post trimming (Table 4.8). In

vivo samples were sequenced to a greater depth than in vitro samples to ensure
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adequate coverage, which was estimated using rarefaction analysis from preliminary

studies.

Table 4.7. RNA-seq raw read mean quantity and quality (in vivo: n =4, in vitro:n=2,
standard deviation not shown). CFU = colony forming unit.

Growth phase / Total

cell density Temp- read GC Q20" Q30"
(CFU/ml or erature  bases content scores scores
CFU/g) (°C) (Gb)  Total reads (%) (%) (%)
In vivo

Lag /107 25 6.564 64,985,540 43.70 97.01 95.01
Exponential / 108 25 3.738 37,012,275 48.96 9758 95.84
Stationary / 10° 25 5781 57,244,437 48.80 96.37  93.70
Exponential / 108 37 3.727 36,901,330 48.25 95.66 92.67
In vitro

Lag /107 25 2.140 21,185,564 50.68 96.66 94.18
Exponential / 10 25 2230 22,081,741 50.06 97.14  94.79
Stationary / 10° 25 N/A™ 17,565,070 N/A N/A N/A
Exponential / 10 37 1.862 18,430,803 49.28 97.39  95.29

Q20 = Phred score of 20 (1 in 100 probability of incorrect base call)

"Q30 = Phred score of 30 (1 in 1,000 probability of incorrect base call)

"N/A these samples were processed at Macrogen at a later date, so the quality report is
not available.

Table 4.8. Adapter removal and trimming results including mean trimmed, discarded,
single-end and remaining reads (in vivo: n = 4, in vitro: n =2, standard deviation not
shown).

Growth phase/

Cell density Temp-  Trimmed Single-

(CFU/g or erature low quality Discarded end Remaining reads/ (%
CFU/ml) @) reads reads reads of input)

In vivo

Lag /107 25 5,467,381 280,393 82,033 64,623,114 (99.5)
Exponential / 108 25 2,513,492 119,416 47,735 36,845,124 (99.6)
Stationary / 10° 25 6,079,413 155,194 79,009 57,010,235 (99.6)
Exponential / 108 37 4,517,769 319,539 91,132 36,490,659 (99.2)
In vitro

Lag /107 25 1,920,767 15,295 0 21,170,269 (99.9)
Exponential / 108 25 1,689,817 53,169 8,315 22,02,258 (99.7)
Stationary / 10° 25 1,401,048 12,688 0 17,552,382 (99.9)
Exponential / 10 37 1,462,654 13,373 0 18,417,430 (99.9)

While the post-rRNA depletion electropherograms indicated substantial depletion of
both host and pathogen rRNA (Figure 4.6), the sequence data were assessed for
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contaminating rRNA using bioinformatics approach (Table 4.9). The lag samples (107
CFU/g) were found to have between 18.0 and 29.3 % contaminating host rRNA, but
less than 1 % microbial rRNA. Conversely, the remaining exponential (10® CFU/g) and
stationary (10° CFU/g) in vivo samples contained much less host rRNA (2.0 - 0.1 %) but
had varying amounts of microbial rRNA (6.9 —43.6 %). The in vitro samples that were
assessed contained less than 9 % microbial rRNA. Ribosomal RNA was not considered
further in this analysis.

Table 4.9. Mean proportion of trimmed reads aligning to Galleria mellonella

rRNA or EST library sequences or Yersinia entomophaga MH96 ribosomal
RNA sequences using BBMap.

Reads Reads

Growth phase / Cell Temp- aligntoG. aligntoG. Reads align to
density (CFU/g or erature  mellonella  mellonella Y. entomophaga
CFU/ml) (°O) rRNA EST rRNA

In vivo

Lag /107 25 23.0 % 4.8 % 0.2 %
Exponential / 108 25 0.4 % 0.8 % 26.0 %
Stationary / 10° 25 1.1 % 0.7 % 27.0 %
Exponential / 108 37 0.3 % 1.4 % 221 %

In vitro

Lag /107 25 - - 22 %
Exponential / 108 25 - - 8.6 %
Stationary / 10° 25 = - 3.0 %
Exponential / 108 37 - - 3.6 %

4.3.5 Alignment and preliminary data exploration

The filtered trimmed paired-end reads were aligned to the MH96 reference genome but
only an average of 9 % trimmed reads from the lag (107 CFU/g) in vivo libraries aligned
to the genome, while 56 - 59 % aligned from the remaining in vivo libraries. The in vitro

libraries had the highest alignment rate (84 — 93 % of trimmed reads) (Figure 4.9).
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Figure 4.9. Mean proportion of paired-end reads attributed to host and pathogen based
on average percent alignment to G. mellonella rRNA and EST sequence or Y.
entomophaga MH96 genome or rRNA sequence (in vivo: n =4, in vitro: n = 2). Libraries
generated from treatments involving 37 °C incubation are indicated (all other
treatment were incubated at 25 °C). The growth phase and estimated cell density
(CFU/g and CFU/ml for in vivo and in vitro, respectively) are provided for each library
(Exp. = exponential and Stat. = stationary). Only percentages of 4 % and greater are
shown.

Of the reads aligning to the reference genome, most were located in protein coding
regions (72 — 85 %); however, between 13 - 26 % of reads aligned to unannotated
regions of the genome (Table 4.10). The proportion of reads aligning anti-sense to
protein coding regions ranged from 1 —2 % across all libraries representing 95 different
anti-sense RNAs ranging in length from to 10 — 1, 187 nt. Rockhopper also predicted
713 multi-gene operons (ranging from 2 — 19 genes) and 478 non-coding RNAs
(ranging from 10 — 415 nt length). Also predicted, were 1,528 and 1,065 5'- and 3’-UTRs,

respectively.
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Table 4.10: Mean percentage of trimmed paired-end reads aligning to of the reference
genome, including protein-coding, tRNA and non-coding regions (in vivo: n =4, in

vitro: n = 2).

Anti-sense
Growth phase/ Temp-  Total Protein protein Non-
cell density erature  align-  coding coding annotated

(CFU/g or CFU/ml) (°C) ments region region tRNA  regions

In vivo

Lag /107 25 9 % 77 % 2% 1% 22 %
Exponential / 108 25 58 % 74 % 2% 1% 24 %
Stationary / 10° 25 59 % 75 % 1% 0 % 24 %
Exponential / 10 37 56 % 72 % 1% 1% 26 %
In vitro

Lag /107 25 93 % 84 % 2 % 1% 14 %
Exponential / 108 25 84 % 83 % 1% 1% 15 %
Stationary / 10° 25 93 % 85 % 1% 0 % 14 %
Exponential / 108 37 92 % 85 % 2% 0% 13 %

Rarefaction analysis determined the amount of paired-end reads aligning to the
reference genome was sufficient to capture most expressed transcripts in the lag phase
(107 CFU/g) in vivo libraries since only a slight improvement in total transcript
detection would be expected if sequencing depth were increased (Figure 4.10).
Rarefaction analysis was only conducted on the in vivo lag phase libraries since these

contained the fewest number of reads/library.
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Figure 4.10. Predicted transcript detection based on the number of aligned paired-end
reads for in vivo lag phase (107 CFU/g) libraries by rarefaction analysis. 1, 2, 3 and 4
represent individual libraries.

Relative log expression (RLE) plots were examined to identify any potentially
unwanted technical variation arising from batch effects (i.e., samples collected on
different days or by different researchers, etc.). The unnormalized RLE plot (Figure
4.11A) showed a strong effect of sequencing depth on the distribution of RLE values
among all in vivo lag phase 25 °C libraries (consistently reduced sequence depth due to
low cell density) and a single in vivo stationary phase 25 °C library (unintentionally
sequenced to much greater depth than other samples). Application of upper quartile
(UQ) normalization was used to reduce the effect of sequencing depth on the count
data (Figure 4.11B). Following normalization, stationary (10° CFU/ml) in vitro libraries

were found to have comparatively higher variation compared to the other libraries.
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Figure 4.11. Relative log expression of in vivo and in vitro libraries represented as
median boxplots. A) unnormalized and B) normalized by upper-quartile
normalization. Libraries from 37 °C incubated treatments are noted; the remaining
libraries were from 25 °C incubated samples. Individual collection batches are noted
where required. Exp. = exponential and Sta. = stationary growth phases.

Principle coordinate analysis (PCA) of the normalized count data showed clear
separation between in vitro and in vivo libraries (Figure 4.12). In general, each of the

treatments clustered together, except one in wvivo stationary (10° CFU/g) library
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clustered more closely to the in vivo exponential (10®8 CFU/g) libraries. This replicate
was identified as a biological outlier, likely resulting from cell-density variability
within the pooled in vivo samples (i.e., the ranges of the exponential and stationary cell
densities overlapped slightly) and was removed from the analysis. The libraries were
more closely grouped by cell density and in vivo/in vitro status, rather than temperature
because the in vitro exponential (108 CFU/g) libraries clustered very tightly, as did the
in vivo exponential (108 CFU/g) libraries despite the samples being collected at different

temperatures.

Based on regression analysis, count data were found to be more consistent among in
vitro and in vivo 37 °C treatments compared to the 25 °C in vivo treatments (Figure 4.13
and supplementary Figure S2 - Figure S6). Count data from anti-sense RNA (asRNA)
were found to be highly variable between some specific libraries in both in vivo and in
vitro exponential 25 °C treatments (Figure S3 and Figure 56). Among in vitro libraries,
the count data for protein coding genes were found to be highly variable between the
two stationary 25 °C libraries (Figure S6) and this result was consistent with the result
of the RLE analysis. Overall the entire RNA-seq data were found to include a relatively
large degree of biological diversity, with a BCV of 34 % (generally accepted to range
from 0.1 - 0.4, but there is not currently a published or standardized acceptable value

range for bacterial transcriptome).
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Figure 4.12. Principle component analysis of in vivo and in vitro library upper

quartile normalized count data. * denotes outlier.
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Figure 4.13: Expression variability represented as adjusted Rz values for MH96 in
vivo and in vitro libraries (in vivo: n =4, in vitro: n = 8). Median boxplots displayed,
with upper and lower hinges spanning the interquartile range (difference between
the 25t to 75t percentiles) with whiskers representing the maximum and minimum
values within 1.5 times the interquartile range over the 75% or under the 25"
percentile, respectively. Outliers are drawn as points.

4.3.6 Mean-variance transformation and differential expression

Transformation of the data using the mean-variance trend revealed a high degree of
biological variation in the data because the fit-line asymptotes at a moderate level
relatively early (Figure S1). If the data were from purely technical replicates, the fit line
would steadily decrease as a function of the mean (no asymptote) since technical
variation decreases with increasing count sizes while biological variation does not
(Law et al., 2014; McCarthy et al., 2012). This variation correlated with the relatively

large BCV.

From the 25 °C in vivo vs. in vitro contrasts, 2,397 (56.5 % of total) DE transcripts were

identified (Figure 4.14). Among these DE transcripts, 93.1 % were protein coding genes,
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while 4.6 and 1.3 % were from predicted non-coding RNA (ncRNA) and asRNA,

respectively.

1 x 107 in vivo vs. in vitro 1 x 108 in vivo vs. in vitro

\y/

1 x 10% in vivo vs. in vitro 1845

Figure 4.14. Differentially expressed transcripts from in vivo or in vitro libraries across
107, 10% and 10° CFU/ml or CFU/g cell densities. Significance was multiple-test
corrected using the Benajmini and Yekutieli method with an adjusted p-value
threshold of 0.05.

4.3.7 Invivo transcriptome analysis and identification of key putative VFs of Y.
entomophaga

4.3.7.1 Fuzzy clustering, characterization of cluster type and functional
enrichment for virulence factors using VFDB

The c-means fuzzy clustering algorithm were applied only to DE transcripts identified
by comparing in vivo to in vitro libraries at 25 °C (i.e., 37 °C treatments were not
included). The fold-change of log> CPM values for the three cell densities (107, 10%, and
10° CFU/g or CFU/ml) were used to generate 20 total clusters and 8 of these clusters
contained a total of 798 host-specific transcripts with significantly higher expression in
vivo compared to in vitro at one or more growth phases (Supplemental Figure S7).
Among the host-specific transcripts, 28.7 % could be assigned a VF category from the
VFDB reference database and were considered in subsequent functional enrichment

analysis (Figure 4.15, Supplemental Table S8). Six clusters were determined to contain
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transcripts that had stronger responses to in vitro growth conditions compared to in
vivo, while the remaining six clusters generally contained transcripts that responded

more subtly to in vivo or in vitro growth conditions (i.e., null clusters).

The eight in vivo clusters could be further organized into three main “cluster types”
that were assigned by the expression profiles (Figure 4.15A). In vivo clusters that
exhibited significantly higher in vivo expression across all three cell densities were
identified as “Host All” type clusters (Figure S8 - Figure S10), while “Host Early” and
“Host Late” clusters were characterized by having more density-dependent expression
profiles, with significantly higher expression observed in vivo at either 107 or 10°
CFU/g, respectively (Figure 4.15A, Figure S11 - Figure S15). Putative host-specific VFs
were functionally classified using the following categories: adherence, defence
response, horizontal gene transfer (HGT), iron acquisition, metabolic adaptation,
mobility, outer membrane, regulation, secretion system and toxin/effector or
unclassified (Figure 4.15B and Figure 4.16) according to (Chapter 2, Table 2.1).
Together these factors represent the main consortia of genes that demonstrated a very
strong transcriptional response to in vivo growth conditions at 25 °C and likely

contribute to pathogenesis of MH96 against insects.

4.3.7.2 Functionally diverse putative virulence factors identified among the in
vivo clusters

Diverse functional categories related to virulence were identified among the in vivo
clusters, with genes related to iron acquisition, secretion systems, metabolism and
outer membrane commonly found within several clusters and among all different
cluster types (Figure 4.15). Notably, a large proportion of genes related to iron
acquisition systems and the flagella were identified among Host Late in vivo type
clusters (Figure 4.16). Among Host All clusters functional categories such as adherence
and outer membrane where more prevalent compared to the other cluster types. An
usher-chaperone fimbrial cluster (PL78_12465-12480) and co-expressed putative T3SS
lipoprotein chaperone (PL78_14485) were the only constituents of one in vivo cluster
and represent a potentially important adhesion used by MH96 to attach to the

hemocytes of G. mellonella. Other potential adhesions identified using this in vivo
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transcriptome approach included a chitin binding protein (PL78_08295) and a
filamentous hemagglutinin (PL78_11060) that were identified among clusters
containing genes with significantly higher expression in vivo at all cell densities.
Several genes related to LPS and outer membrane proteins were also identified as
having constitutively higher expression in vivo compared to in vitro conditions across

all cell densities.
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Figure 4.15: In vivo gene expression clusters considered to be putative host-specific
virulence factors produced by Yersinia entomophaga MH96. A) Median log: counts-per-
million-fold-change between in vivo and in vitro libraries organized by in vivo cluster
type. B) The proportion of genes organized by virulence function classification among
in vivo clusters types. Refer to supplementary information (Supplementary Table S8,
Supplementary figures Figure S7 to Figure 515).

Metabolism was one VF category that was found among all but one of the in vivo
clusters. Genes related to metabolism of biotin (PL78_01660/PL78_01665, P78_05235
and PL78_05695), arginine (PL78_13305 and PL78_18495) and polypol (PL78_07325),
phenylacetate catabolism (PL78_15405) and transportation of nitrate (PL78_05140),
phosphate (PL78_12520), peptides (PL78_12040) and sugar (PL78_18960) were found

among early type clusters. Metabolism related genes associated with late type clusters
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included transport of phospholipids (PL78_07330), phosphates (PL78_05340) and
sugars (PL78_11005 and PL78_12655) and synthesis of pyridoxal (PL78_09355) and
purine (PL78_15720). Throughout all cell densities, metabolic genes were identified as
highly expressed in wvivo, including citE (PL78_17355) from the excisable holin-
endolysin/citrate fermentation island HCUIvess (see 0), transportation of sugar
(PL78_12665 and PL78_07145) and wurea (PL78_03840), nucleotide (PL78_06540,
PL78_04775, PL78_15725 and PL78_11610) and lipid metabolism (PL78_18280) and
synthesis of lipid (PL78_18340), tryptophan (PL78_18645), and L-cysteine
(PL78_00505).

Virulence category
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Motility
Outer membrane
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Toxin
Unclassified
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Number of genes
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Figure 4.16: Number of genes assigned to each virulence category for putative
virulence factors identified from in vivo cluster types.In vivo clusters combined by type:
All = constitutively higher in vivo expression at 1 x 107, 1 x 10® and 1 x 10° CFU/g
infection densities; Early = higher in vivo expression at 1 x 107 CFU/g infection density;
Late = higher in vivo expression at 1 x 10° CFU/g infection density.

Genes sharing high sequence similarity to putative regulators related to virulence in
other pathogen systems, were also a common occurrence among in vivo clusters.
Specific types of transcriptional regulators, including two-component regulatory
systems (TCRSs) (PL78_00360, PL78_03895 and PL78_14490) LysR-like (PL78_08895,
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PL78_09565 and PL78_09850) and Lacl-like (PL78_08875, PL78_13455 and PL78_16755)
were frequently identified as highly expressed in vivo across all cell densities. Two
genes encoding putative AraC-like regulators were found among the in vivo clusters,
and PL78_17417, which is located on HCUIyess (Chapter 6, section 6.3.1, Table 6.7), was
also found to have significant transcriptional response to in vivo growth conditions
during early infection. While not identified by VFDB annotation, the PAlvess-encoded
yen7 putative winged-helix-turn-helix (WHTH) regulator (PL78_03735) was also
identified as having much higher expression in vivo across all cell densities compared

to in vitro growth conditions.

Throughout the infection, MH96 also expressed genes related to ribosomal protein
acetylation (PL78_13530), sigma factors (PL78_09636), methyltransferases (PL78_09665)
and quorum sensing (PL78_18275), which also could have a role in regulating
virulence. While not identified with a VFDB annotation, genes for other potentially
important regulators found among in vivo clusters included a putative DNAse gyrase
inhibitor (PL78_14045) and RNAse inhibitor (PL78_10660), which were more highly
expressed in vivo throughout the infection. Another gene involved in ribosomal protein
acetylation, PL78_04530, was also identified as highly expressed during early infection,
along with two diguanylate cylases (PL78_04600 and PL78_18450), a TCRS
(PL78_01960), LysR- (PL78_17190) and IcIR-like (PL78_06535) regulators. Not as many
putative virulence regulators were identified from the late type clusters, except for

IscR- (PL78_15445) and Lacl-like (PL78_12675) transcriptional regulators.

4.3.7.3 ldentification of putative toxins, secretion systems and effectors with
significantly higher in vivo expression

Several genes for putative toxins and effectors were identified among in vivo clusters
Figure 4.17. The heat-stable enterotoxin yenT (PL78_03785, encoding in Rhs-associated
region 1 of the MH96 genome) was the only toxin gene identified to be highly
expressed in vivo across all cell densities; however, several other genes for putative
toxins were identified from early type clusters, including putative cytolethal
distending toxin (CDT) sub-components cdtA and cdtB (PL78_18440-5), yenC3
(PL78_18780, a YenC homolog also known as rhsA) and putative vegetative insecticidal

protein (VIP) component, vip2 (PL78_16145). Beyond the genes for putative toxins that
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were functionally annotated from VFDB, another potential toxin gene encoded on
PAlvess, yenU (PL78_03775) was identified as highly expressed in vivo across all cell
densities as well and expression of chil, an integral component of the Yen-TC
holotoxin, was also found to cluster among an early-type cluster but was not identified
with a VFDB annotation. Unexpectedly, the genes for putative PirAB binary toxin
(PL78_09590 and PL78_09595) were not identified as having higher expression in vivo
and actually were found to have higher expression at 10® — 10° CFUs/ml in vitro at 25

°C.
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Figure 4.17: Functional enrichment of putative toxins and effectors of Yersinia
entomophaga MH96 with significantly higher expression during infection of Galleria
mellonella.

This in vivo transcriptome approach was also able to identify several putative effectors
and secretion system components among all types of host-specific clusters. T3SSYE2
components and putative effectors SicC-like (PL78_14610/SipC/YspC) and IpgD/SopB-
like (PL78_07345) were found to be highly expressed in vivo across all cell densities. In
addition to this, several T3SSYE1 and T3SSYE2 components and effectors were found
among early cluster types, including putative effectors SicD-like (PL78_14615/ SipD/
IpaD /YspD), IpaB/EvcA-like (PL78_18085) and SopD-like (PL78_14295). Furthermore,
an AidA-like type 5 secretion system (T5SS) secreted adhesin (PL78_10240) and several
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components of the T25S were found among clusters with high in vivo gene expression
profiles. While not identified by VFDB annotation, the holin-endolysin secretion
system (PL78_17390 — PL78_17400) was also found to be associated with early in vivo

cluster types.

Interestingly, although there were no genes related to type 6 secretion system (T6SS)
structural components identified among in vivo clusters, five different putative T65S
effector genes were found associated with each of the in vivo cluster types. These T6SS
effectors included rearrangement hot-spot (Rhs)-containing protein (PL78_01040) and
five different hcp-type structural tube/effector proteins (PL78_02751, PL78_03598,
PL78_03602, PL78_09211 and 00900). Also, the gene for putative T6SS effector Spt4
(PL78_00995) was found to have high in vivo gene expression across cell densities but

was not assigned a VFDB annotation.

4.3.7.4 Evidence of response to stress and mobilization of horizontally-acquired
genomic elements among in vivo clusters

Several efflux pumps (PL78_17050, PL78_17050, PL78_03990, PL78_14185 and
PL78_07730) were highly expressed by MH96 during infection as well as xenobiotic
transporter (PL78_05220) and serine dehydrogenase (PL78_03970) and were
categorized under the virulence category of defence response. Several other putative
stress response regulatory genes were noted as highly expressed by MH96 during in
vivo growth conditions compared to in vitro; however, these were not identified by the
VFDB annotations. These included the genes for three highly repetitive tandem cold-
shock proteins (CSPs) - cspAl (PL78_17450), cspA2 (PL78_18365), cspA3 (PL78_18370)
and a fourth cold-shock protein cspB1 (PL78_15000) that were found to cluster with
other genes that had constitutively higher in vivo expression across all cell densities.
Other stress response genes were found to have greater expression only during early
infection, including the exact duplicate of cspAl, cspA4 (PL78_17451) and acid-shock
and resistance proteins (PL78_14965 and PL78_17435). A sixth cold-shock protein gene,
cspC (PL78_17485), was identified as having in vivo expression, but it was much higher

during late infection compared to in vitro conditions.
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Interestingly, four transposases (PL78_03345, PL78_04200, PL78_12162 and
PL78_00880) and an integrase (PL78_18775) were identified among two different in vivo
clusters and were classified under the virulence category of HGT. Several of these
genes are located within previously recognized Rearrangement hot spot (Rhs)-
associated regions of the genome (Hurst et al, 2016) including transposases,
PL78_12162 and PL78_00880, located within Rhs3 (T6SS) and Rhs4 and integrase
(PL78_18775) located within Rhs2. The VFDB annotations did not capture the full
extent of HGT-related transcripts identified among the in vivo clusters (Figure 4.18).
Among all in vivo clusters combined, genes associated with HGT, included 9
integrases, 11 transposases, 3 recombinases and 1 excisionase genes. Remarkably, 33
out of 77 tRNA loci were also highly expressed among in vivo clusters, including
multiple tRNA-Ala, -Arg, -Asn, -Gln, -Gly, -Leu, -Ser and -Val loci (Figure 4.18). The
largest number of tRNAs with higher expression in vivo were found to be associated
with late cluster types. Similarly, a large number of phage-related transcripts
(PL78_09145 — 09340) were identified from late cluster types but were not assigned

functional annotations from VFDB.
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Figure 4.18: Number of genes identified from in vivo cluster types potentially involved
in horizontal gene transfer. In vivo clusters combined by type: All = constitutively
higher in vivo expression at 1 x 107, 1 x 10® and 1 x 10° CFU/g infection densities; Early =
higher in vivo expression at 1 x 10”7 CFU/g infection density; Late = higher in vivo
expression at 1 x 10° CFU/g infection density.

Several phage-related transcripts were also found to be more highly expressed at low
cell density in vivo, including some transcripts from two different regions, including
PL78_00090 to 00265 and PL78_06330 to 06360/PL78_19095 to 19210. These regions
appear to encode putative prophage or bacteriophage elements; however, many of the
predicted genes found within these regions encode hypothetical proteins of unknown
function. One of these hypothetical genes, PL78_19155 shares significant sequence
similarity (E-value le-13, 27 % similarity and 65 % coverage) with a secreted protein
(SP3/LOC100164129) that was found to be highly secreted by host aphid, Acyrthosiphon
pisum into specialized bacteriocyte organs that harbour their obligate endosymbiont
Buchnera aphidicola (Shigenobu and Stern, 2013), which represents a good candidate for
a potential gene that could be beneficial for insect colonization or pathogenesis by
MHO96. Only one other Yersinia isolate, Yersinia sp. FDAARGOS_228 (wildlife lymph
node isolate from US, CP020409.2) was found to encode a gene with significant

sequence homology (E-value 0.0, 85.9 % similarity and 99 % coverage) to PL78_19155,
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which also appears to be associated with a prophage as well. Homologous sequences
to PL78_19155 could also be widely detected among isolates of Sa. enterica subsp.
enterica and arizonae within the GenBank nucleotide collection as of August 2019. The
predicted protein secondary structure shares significant homology (98.3 % confidence/
11 % i.d.) to the B-roll structure associated with the C-terminus of extracellular lipase,
LipA, from S. marcescens (c2qubG) (Meier et al., 2007) using Phyre2 webtool and the 3-
roll domain of LipA shares similarity to the [-roll domain proteins, including

serralysins.

4.3.8 Two- way factorial in vivo/in vitro - 25 vs 37 °C

A total of 2,269 transcripts representing 57.5 % of coding genes responded differently
to 37 compared to 25 °C in the in vitro and in vivo treatments. Also, 1,353 (31.9 %) of all
transcripts (including asRNA and ncRNA) responded differently to temperature
depending on whether they were in the host or grown in culture (Figure 4.19). Of all
DE transcripts, 94.2 % represented protein coding genes, while 4.5 and 1.3 % were from

predicted ncRNA and asRNA, respectively.
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Figure 4.19: Number of differentially expressed transcripts from 25 versus 37 °C
contrasts for in vitro and in vivo treatments at 1 x 108 CFU/g or CFU/ml and transcripts
that respond differently to temperature in vivo or in vitro (Diff = interaction coefficient).
Transcript significance was multiple-test corrected using the Benjamini and Hochberg
method with an adjusted p-value threshold of 0.05.

Regions of interest from the draft genome (Hurst et al.,, 2016) were explored with
respect to temperature-dependent responses, including unique regions 1 and 2, T2SS,
T3SSYE1, T3SSYE2, T6SS (Rhs3), and Rhs-associated regions 2 — 5 as well as the
flagellum (Figure 4.20). Most, if not all, of the flagellum and T6SS component genes
were found to have significantly higher expression at 25 compared to 37 °C, in both in
vitro and in vivo treatments (Table 4.11 and Table 4.12). genes for components of the
T3SSYE1 were found to be more highly expressed at 25 compared to 37 °C in vitro, but
expression was less affected by temperature in vivo. On the contrary, genes for
components of the T2SS were more highly expressed at 25 compared to 37 °C in vivo,
with expression less affected by temperature in vitro. Genes from the remaining regions
of interest responded more variability to the different temperatures and in vivo/in vitro

conditions than those regions described above.

Several genes for known and putative VFs were identified as sharing the same
expression profile as the T2SS (i.e., significantly reduced expression only at 37 °C in

vivo) (Table 4.13). These VFs include: all components of Yen-TC, Chi-SrfAB, peptidase
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M66 (PL78_05495), RhsA/YenC3 (PL78_18780) and hypothetical protein (PL78_18785)
(Rhs2-associated region), TC-associated phage-related region (PL78_17417-17386),
chitinase (PL78_11910) and a hydrolase cluster (PL78_06535-06520) (Table 4.13). All
these known and putative VFs share a distinctive co-expression pattern, and
collectively the group will be referred to as “TC-associated factors”. A gene for
putative regulator, yen7 (found directly upstream of Yen-TC component gene chil), and
a gene for IbpA-like heat-shock protein (PL78_12380) were also found to share the

same expression profile as the TC-associated factors.
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Figure 4.20: Circos plot of Yersinia entomophaga genome-wide transcriptional
temperature response for in vivo and in vitro treatments. Further information related to
flagella, type 6 secretion system (T6SS), Yen-TC and TC-associated factors is located in
Table 4.11, Table 4.12 and Table 4.13 below, respectively. CPM = Counts-per-million.
Mean fold-change LogCPM calculated with limma/voom method (in vivo: n =4, in
vitro: n =2) on upper quartile normalized count data output from Rockhopper.
Additional details related to genes with significantly higher expression in vivo at 37
compared to 25 °C are located in Supplementary Table S9.
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Table 4.11: Mean 37 vs. 25 °C log2CPM fold-change for the flagellum components
encoded by Yersinia entomophaga MH96 (in vivo: . CPM = counts-per-million, VFDB =
virulence factor database, F.p.value = moderated F p-value.

!

Operon Locus tag

Flagellum

PL78 17795
PL78 17790
PL78_17785
PL78 17780
PL78_ 17787
PL78_17786
PL78 17775
PL78_17776
PL78 17770
PL78 17765
PL78_17760
PL78 17740
PL78 17735
PL78 17730
PL78 17725
PL78_17720
PL78 17715
PL78 17710
PL78_17705
PL78 17700
PL78 17695
PL78_17690
PL78 17685
PL78_17680
PL78 17675
PL78 17670
PL78_17665
PL78 17660
PL78_ 17655
PL78_17650
PL78 17645
PL78_17640
PL78 17635
PL78 17630
PL78_17625
PL78 17620
PL78 17615
PL78_17610
PL78_ 17605
PL78_17600
PL78 17595
PL78 17590
PL78_17585
PL78 17580
PL78_17575
PL78 17570
PL78 17565
PL78_17560
PL78 17555
PL78 17550
PL78_17545
PL78 17540
PL78_17535
PL78 17530
PL78 17525
PL78_17520

Gene product

Fliz
FliA
FliB
FlgL
FlgL
FlgL
FlgL
hypothetical
FIiD
Flis
FIiT
endonuclease
FIiE
FliF
FliG
FliH
Flil
FliJ
FliK
FliL
FliM
FIiN
Flio
FliP
FliQ
FIiR
FlgL
FlgkK
FlgJ
Flgl
L-ring protein
FlgG
FlgF
FIgE
FlgD
FlgC
FlgB
FlgA
FlgM
FlgN
FIhE
FIhA
FIhB
MycP
Chez
PhoB
CheB
CheR
Tap (MCP-1V)
Tse
CheW
TorS
MotB
MotA
FIhC
FIhD

37vs.25°C

In vitro In vivo
-5.61 -6.53
-5.91 -6.33
-1.52 -2.44
-6.07 -7.09
-6.11 -7.09
-6.36 -7.06
-4.52 -6.33
-3.40 -3.89
-4.32 -4.06
-1.94 -2.85
-1.52 -2.79
-1.95 -5.23
-4.53 -4.50
-5.00 -5.28
-4.69 -4.76
-4.62 -5.13
-3.89 -5.20
-3.62 -3.94
-3.41 -4.51
-4.12 -3.73
-3.92 -4.08
-4.30 -4.32
-4.17 -3.72
-3.47 -3.46
-3.40 -2.63
-3.97 -2.03
-1.85 -1.67
-3.84 -4.06
-1.85 -2.46
-2.68 -2.82
-3.13 -3.59
-4.18 -4.60
-4.52 -5.27
-4.73 -5.18
-5.21 -4.91
-4.94 -5.09
-5.72 -5.70
-3.03 -3.30
-0.92 -1.63
-1.36 -1.49
-2.11 -1.23
-1.77 -2.14
-3.23 -3.96
-1.13 1.47

-1.68 -1.26
-1.19 -1.31
-1.27 -1.50
-2.18 -2.32
-2.95 -2.27
-4.21 -3.80
-1.66 -1.48
-1.62 -2.12
-2.28 -2.46
-4.00 -2.96
-1.24 -1.27
-1.10 -1.71

F.p.value

2.49E-10
3.99E-12
4.77E-07
9.27E-14
3.86E-15
3.03E-12
1.49E-13
2.57E-05
5.18E-14
8.12E-07
9.19E-07
1.59E-09
3.56E-14
9.64E-15
5.09E-12
1.82E-11
6.78E-13
1.68E-09
4.12E-11
4.86E-13
3.20E-15
7.25E-11
7.39E-10
7.54E-07
3.63E-07
1.00E-05
7.76E-07
1.18E-10
7.45E-09
1.49E-09
1.57E-09
1.23E-10
8.76E-13
5.57E-15
9.68E-13
2.47E-13
6.01E-12
1.52E-13
9.79E-05
7.14E-04
9.22E-04
3.62E-07
1.04E-09
6.96E-06
7.10E-07
2.25E-06
6.03E-07
2.94E-09
3.29E-09
4.03E-12
5.03E-05
5.00E-07
6.77E-09
1.86E-09
4.21E-05
6.62E-07

VFDB
E-value

2.0E-119
1.0E-165
0.0E+00
6.0E-160
1.0E-155
7.0E-172
3.0E-99

0.0E+00
6.0E-83
4.0E-62

6.0E-57
0.0E+00
0.0E+00
6.0E-99
0.0E+00
2.0E-83
4.0E-98
3.0E-60
0.0E+00
6.0E-92
2.0E-48
5.0E-154
1.0E-34
3.0E-117
4.0E-177
0.0E+00
0.0E+00
0.0E+00
2.0E-110
1.0E-165
1.0E-155
0.0E+00
6.0E-101
1.0E-74
1.0E-89
8.0E-96
9.0E-41
3.0E-74
3.0E-49
0.0E+00
0.0E+00

2E-122
1E-72
0.0E+00
0.0E+00
2E-123
0.0E+00
8E-95
0.0E+00
2E-165
1E-167
5E-138
2E-69

Fold-change
(Log,CPM)

[ee]
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Table 4.12: Mean 37 vs. 25 °C log2CPM fold-change for the type 6 secretion system
components found in Rhs-associated region 3 encoded by Yersinia entomophaga MH96
(in vivo: n = 4, in vitro: n =2). CPM = counts-per-million, VFDB = virulence factor
database, F.p.value = moderated F p-value.

VFDB
Operon Locus tag Gene product 37vs.25°C F.p.value E-value Fold-change
T6SS In vitro In vivo (Log,CPM)
PL78 00900 Hcp -6.99 -5.61 5.36E-15 4.0E-115 8
PL78 00905  VipA -7.20 -5.52 2.99E-14 2.0E-75 7
PL78 00910 VipB -7.07 -5.30 1.18E-16 0.0E+00 6
PL78 00915 Lys -6.67 -4.76 2.55E-13 7.0E-44 5
PL78 00920 TssF -5.95 -4.27 2.46E-13 0.0E+00 4
PL78 00925 TssG -5.96 -4.53 1.53E-10 6.0E-136 3
PL78 00930 Type -6.35 -4.36 2.71E-11 4.0E-123 2
PL78 00935  TssJ -5.47 -4.56 3.03E-08 7.0E-63 1
PL78_00940 ImpJ -5.16 -3.65 2.21E-11 0.0E+00 0
PL78_00945  VasF -5.18 -3.46 2.28E-11 1.0E-110 -1
PL78_00950 ClpV -4.99 -3.74 1.32E-10 0.0E+00 -2
PL78 00955 Fis -4.45 -3.10 2.68E-10 2.0E-17 -3
PL78 00960 Vasl -4.89 -3.50 2.5E-08 2.0E-61 -4
PL78 00965 ImpA -4.95 -3.68 1.33E-09 7.0E-123 -5
PL78 00970 IcmF -4.59 -2.97 1.07E-09 0.0E+00 -6
PL78 00975  ImpA, -4.71 -2.70 2.83E-11 3.0E-115 -7
PL78 00980 VgR -4.54 -3.33 4.58E-10 0.0E+00 .-8
PL78_00985  hypothetical -4.08 -3.20 9.47E-10
PL78 00990 Rhs PAAR -1.86 -1.68 1.29E-09 2.0E-20
PL78 00995  Spt4 -0.13 -1.22 0.03

In contrast, very few putative VF genes were found to be highly expressed at 37 °C,
especially among the regions of interest except for the putative regulator yen6 (located
on PAlyvess upstream of yen7), which was the most highly DE transcript between 37
compared to 25 °C in vivo from the entire genome. The gene for yen6 also had
significantly higher expression at 37 compared to 25 in vitro, but the expression of yen6

was clearly enhanced by the in vivo growth conditions.

Among the top 100 most DE genes at 37 compared to 25 °C in vivo were putative
adenylate cyclase (PL78_01795), porin OmpC (PL78_16930) and NRPS (PL78_15621) as
well as a large number of genes related to non-organic and organic sulfur acquisition
(Supplementary Tables Table S9Table S10). Furthermore, filamentous hemagglutinin
N-terminal containing protein (PL78_04365, previously annotated hemolysin) and
cognate two-partner secretion system (TPS) (PL78_04360), which is otherwise known
as T5bSS and is currently annotated as secretion/activation protein ShiIB/FhaC/HecB
and another TPS (PL78_11055). MH96 encodes genes for two filamentous

hemagglutinin N-terminal containing proteins, the aforementioned PL78_04365, and
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PL78_11060, which was identified has having higher expression in vivo at 25 °C during
early infection (Chapter 4, section 4.3.7.2 and supplementary Table S8). Also, genes for
several CSPs (some identified previously among host-specific clusters at 25 °C),
including three tandem cspA1, cspA2 and cspA3, cpsA4, two tandem cspE2 and cspB2
and an acid-resistance protein (PL78_17435), which all had significantly higher
expression at 37 °C in the host, compared to 25 °C at 10® CFU/g cell density.
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Table 4.13: Mean 37 vs. 25 °C log2CPM fold-change for Yen-TC and TC-associated
factors encoded by Yersinia entomophaga MH96 (in vivo: n = 4, in vitro: n =2). CPM =
counts-per-million, VFDB = virulence factor database, F.p.value = moderated F p-value.

Operon Locustag  Gene product 37vs.25°C F.p.value VFDB Fold-change
E-value (Log,CPM)

PAly g6 In vitro _In vivo -
PL78 03730 Yen6 448 | 7.64 | 1.3E-12 8
PL78_03735 Yen7 0.27 -3.65| 3.9E-08 7
Yen-TC 6
PL78 03740 Chil -0.53  -5.16 | 4.3E-10 5
PL78 03745 YenAl -0.39 | -5.50 6.1E-10 3.0E-09 4
PL78_03750 YenA2 -0.57 | -5.86 6.2E-10 3
PL78 03755 Chi2 -0.66 @ -5.64 1.4E-09 2

l PL78 03760 YenB -0.62  -5.33 | 5.7E-09 8.0E-92 1
PL78_03765 YenCl -0.82 | -4.58 1.2E-07 0.0E+00 0
PL78_03770 YenC2 -1.47 431 8.8E-06 0.0E+00 -1
Chi-SrfAB -2
PL78 05310 CbpA, LCMO/CBP -1.46 | -5.56 1.3E-06 7.0E-12 -3
PL78 05315 SrfA -2.31 -3.93 2.0E-10 -4
PL78 05320 SrfB -1.83 -3.01 2.4E-10 -5
PL78_05325 hypothetical VF -1.71  -225| 2.1E-10 5.0E-75 -6
Peptidase -7
PL78 05495 peptidase M66 2.0E-06 0.0E+00 | |-8
Rhs2
PL78_18780 YenC3 -0.64 -1.80 2.0E-06 0.0E+00
PL78 18785 hypothetical VF -0.89  -5.22 1.2E-07
Tc Phage-associated
PL78_17417 AraC-like -0.58  -3.82 1.9E-05 7.0E-16
PL78_17400 hypothetical -1.78 | -7.06 | 2.2E-08

l PL78_17395 peptidase M15 -1.94 | -6.88 1.1E-08
PL78 17390 holin -1.98 | -6.28 | 2.5E-09
PL78 17385 PhoB-like -0.94 -2.87 6.1E-06
PL78 17386 hypothetical -0.89 -2.82 2.0E-06

Heat-shock protein

PL78 12380 IbpA, heat-shock protein 0.15 -3.54

8.3E-03 9.00E-29

Chitinase

PL78_11910 chitinase 2.1E-03

T2SS

PL78_08975 response regulator -0.96 -3.76 | 2.6E-03 2.0E-07
PL78 08970 GspC -1.14 -4.45| 1.8E-05
PL78_08965 GspD -0.61 -3.59 | 1.9E-08 0.0E+00
PL78_08960 GspE -0.61 -1.85| 1.8E-05 0.0E+00
PL78_08955 GspF 0.27 -1.70 | 2.1E-04
PL78_08950 GspG -0.48 -1.37 0.02 3.0E-58
PL78 08945 prepilin peptidase/Mtase | -0.26 -1.78 | 8.2E-04 2.0E-07
PL78_08940 Gspl 0.19 -1.23 0.05 2.0E-18
PL78_08935 GspJ -0.43 -1.27 | 7.2E-03 5.0E-22
PL78_08930 GspK 0.13 -1.27 0.02 2.0E-08
Hydrolase cluster

PL78_06535 IcIR-like -2.12  -5.34 | 29E-11 2.0E-09
PL78_06530 oligopeptide transporter | -2.99 -4.33 | 5.5E-10

PL78 06525 putative hydrolase -2.18 -3.78 | 4.0E-09

PL78 06520 putative lyase -1.96 -2.82 | 1.3E-07
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4.3.9 Phenotype microarray detect metabolic differences in sole carbon
utilization by MHg6 at 25 compared to 37 °C

In vivo RNA-seq comparing genome-wide expression of MH96 at 25 and 37 °C
identified major shifts in gene expression, notably with wide-spread repression of Yen-
TC and TC-associated factors, T6SS and flagella at 37 compared to 25 °C in vivo and
these significant changes in gene expression are expected to have likely impacts on

virulence and subsequent nutrient acquisition by MH96 within the host environment.

Using a phenotype microarray approach consistent changes in the abilities of MH96 to
use several different sole-carbon sources at 25 compared to 37 °C were identified (Table
4.14). MH96 was able to utilize several amino acids (L-Glutamic acid, L-Glutamine,
Gly-Glu and L-Threonine) as well as the carbohydrate uridine at 37 but not at 25 °C.
MHO96 was able to consistently utilization the polymer dextrin as a sole carbon source
at 37 but not at 25 °C; however, MH96 was found to grow on dextrin in one of the 25°

C replicate batch plates, making these findings slightly less reliable.
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Table 4.14: Temperature-dependent differences in aerobic sole carbon source utilization
by MH96 at 25 compared to 37 °C by phenotype microarray . (+) indicates positive
carbon-source utilization per replicate plate, green cells = maximum value/minimum
value > 2, yellow cells = maximum value/minimum value < 2 and blank cells indicate
no growth curve detected based on cut-off criteria.

Temperature (°C)

Carbon source  Chemical 25 37
amino acid L-Glutamic acid ++
amino acid L-Glutamine ++
amino acid Gly-Glu ++
amino acid L-Threonine ++
carbohydrate  Uridine ++
polymer Dextrin + ++
amino acid L-Aspartic acid 1=

amino acid L-Asparagine ++

amino acid L-Histidine ++
carbohydrate =~ N-Acetyl-D-Glucosamine ++
carbohydrate  D-Trehalose ++
carbohydrate = D-Ribose ++
carbohydrate = D-Fructose ++
carbohydrate  a-D-Glucose ++
carbohydrate  Sucrose ++ +
carbohydrate =~ D-Mannose ++ ++
carbohydrate =~ D-Mannitol 1= ++
carboxylic acid L-Lactic acid ++ ++

At 25 °C, MH96 was able to utilize a greater diversity of carbohydrates compared to 37
°C, including N-acetyl-D-glucosamine (GlcNAc), trehalose, ribose, fructose, glucose,
sucrose and potentially mannose and mannitol, although the utilization of the latter
two was found to be less reliable than the former. MH96 was also able to utilize several
amino acids (i.e., L-aspartic acid, L-asparagine and L-histidine) at 25 °C but not at 37
°C, and there also appeared to be a possible temperature-dependent change in
utilization of lactic acid (carboxylic acid), but this result was considered less reliable

and would require further validation.

4.4 Discussion

Diverse putative VF encoded by MHg6 respond to in vivo conditions,
including a core insecticidal machinery regulated by host- and
temperature-dependent factors.

4.4.1
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This thesis provides a proof in principle, that as an exploratory tool, in vivo
transcriptomics can be used for development of data-driven hypotheses and targeting
of future molecular investigations of an entomopathogenic bacteria, an approach that
may help drive novel biopesticide development. The application of in wvivo
transcriptomics to further characterize the host- and temperature-dependent
regulatory mechanisms present in MH96 during infection of G. mellonella was useful in
identification of putative insecticidal factors, such as toxins and T3SS and T6SS
secreted effectors, as well as characterizing key regulatory themes involving Yen-TC
and TC-associated factors, T3SSYE2, T6SS, flagella, stress response (including several
cold-, acid- and heat-shock proteins and a NRPS), iron and sulfur acquisition. These
results offer an excellent baseline on which further targeted investigations into the role

of putative temperature-dependent virulence regulators in the pathobiology of MH96.

The in vivo transcriptome of MH96 identified diverse putative VFs that are likely to be
important in pathogenesis during intrahemocoelic infection of G. mellonella at 25 °C.
The in vivo transcriptome of MH96 provided genome-wide insights into gene
expression of an entomopathogen during different growth stages within an insect
hemocoel and under exposure to the immune system of the host. These methods
produced high quality and robust RNA-seq data, revealing a complex transcriptome of
both coding and diverse non-coding entities. Functional enrichment of putative VFs
with significantly higher in vivo expression using the VFDB provided key insights into
the pathogenesis process that occurs during different growth phases within the host.
Using this approach several putative toxin and effector genes were found to have host-
dependent expression, suggesting these primary VFs are important during infection of
the insect hemocoel. Other insights included wide-spread host-dependent transcription
of numerous highly-repetitive cold-shock protein genes and efflux pumps as well as

genes related to HGT.

Temperature is known to have major phenotypic effects on MH96 under in vitro
conditions, with reduced toxin production, secretion and motility observed at 37
compared to 25 °C. Using a two-way factorial experiment to investigate the role of
temperature on the in vivo transcriptome of MH96, a major temperature- and host-

dependent regulatory mechanism was revealed, linking a core set of putative VFs to
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Yen-TC, including several co-secreted proteins. Other genes important VFs were found
to be strictly under temperature-dependent control, including the flagella and T6SS.
Finally, a lack of secretion systems was observed at 37 °C in vivo, but a number of
putative VFs including an filamentous hemagglutinin N-terminal containing and LRR-
containing proteins and yenV, all of which may have the potential to interact with host
cells as well as increased expression of several CSPs and sulfur-acquisition systems,
indicating increase response to host-induced stress at 37 °C may be encountered by

MH96.

4.4.2 An improved method for RNA quality/quantity, dual rRNA depletion and
alignment

This thesis describes a useful method for retrieval and enrichment of bacterial mRNA
from within the hemolymph of G. mellonella and a very straightforward method with
comparative reduced hands-on time compared to most other previously reported in
vivo bacterial transcriptomes. The key step that has been developed (i.e., removal of
host hemocytes by centrifugation prior to RNA extraction) is a technique that any
molecular lab can use to enrich for in vivo bacteria in hemolymph (or plasma in
mammals), independent of high-cost enrichment kits or complex protocols involving
specialized equipment or training. Even at the lowest cell density sampled (10”7 CFU/g),
a substantial amount of RNA (average 5.6 pg total RNA) was obtained by pooling
hemolymph from only 12 individual G. mellonella. Operating time was also reduced by
sending total dry-stabilized RNA to a third-party sequence centre that completed
further quality control, dual rRNA depletion, library preparation and sequencing. This
method provides an attractive alternative to previous in vivo RNA extraction methods,
especially for researchers with little experience or expertise in molecular techniques
required for working with highly-degradable RNA. At present, overly complex in vivo
RNA extraction methods and enrichment of bacterial mRNA from mix total RNA
samples present some of the major barriers for labs that cannot afford sophisticated
equipment or do not routinely work with mixed RNA extraction. Furthermore, we
envision wide applicability of this technique, especially since enriched host RNA could

also be extracted from pelleted hemocytes and concurrently sequenced with pathogen
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enriched RNA from the hemolymph, providing insights into the cross-talk between
bacterial pathogen and host immune cells during infection (i.e., dual-seq approach).
Dual-seq has already been widely applied in the study of human pathogens (Damron
et al., 2016; Nuss et al., 2017; Thanert et al., 2017; Westermann et al., 2016), and perhaps
dual-seq of G. mellonella hemocytes and pathogen-enriched hemolymph can provide

similar insights for entomopathogenic bacteria in the future.

Overall, total RNA extracted from hemolymph was found to be of high quality and
contained the anticipated ratios of host and bacterial rRNA depending on cell density.
As expected, the lag phase in vivo RNA samples contained the highest amounts of
contaminating host rRNA, even following depletion with an average of nearly a
quarter of the reads aligning to G. mellonelln TRNA sequence. The Ribo-zero
human/mouse/rat rRNA depletion kit has been reported to remove > 98 % of insect (D.
ananassae) TRNA from total RNA samples (Kumar et al., 2012). However, similar to the
MHO96 in vivo lag libraries, Smith et al. also found that insect RNA could only be
partially depleted using the Ribo-Zero human/mouse/rat rRNA depletion kit, with 50
% of 285 rRNA in D. melanogaster remaining following depletion (2011). It is likely that
the lag in vivo samples contained a much higher ratio of host rRNA compared to
pathogen, such that the dual rRNA depletion kit was insufficient in depleting all
contaminating host rRNA. It was found however, that in higher density in vivo samples
(108 — 10° CFU/g) only trace amounts (0.3 — 1.1 %) of contaminating host rRNA
remained, indicating sufficient enrichment of bacterial RNA in these samples. To
potentially increase effectiveness of dual rRNA depletion in future studies (especially
for low cell densities, or enrichment of pathogen associated with hemocytes, for
example) library preparations may be modified by varying the ratio of host and
pathogen rRNA-specific probes to quantitatively or qualitatively matching ratios of

host/pathogen rRNA obtained from the Bioanalyzer or agarose gel, respectively.

Fortunately, by increasing the sequencing depth for the lag phase (~ 107 CFU/g) in vivo
libraries it was possible to achieve an average alignment of 9 % of non-rRNA reads to
the MH96 reference genome. Rarefaction analysis confirmed that these libraries
contained enough aligned transcripts (~ 2 million) to sufficiently capture the entire

dynamic range of expression by MH96, including lowly expressed transcripts. Recent
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investigation of bacterial transcriptome sequencing depth have also reported that DE
can be detected from numerous genes even when sequencing depth is reduced to 2-3
million non-rRNA fragments per sample, as long as biological replicates were available
(Haas et al., 2012). Here the authors identified an actual risk of detecting spurious
transcripts of little biological relevance, if sequencing depth were to increase beyond a
certain point and suggested increasing the breadth of growth conditions or number of
biological replicates, in favour of increasing sequencing depth. Further to this, McClure
et al (2013) also found no significant degradation in the estimate of transcript

abundances when using only 2 million reads per library.

The alignment rates for in vitro libraries were high (92 — 96 %), as expected for bacteria
grown in pure culture. The alignment rates for exponential and stationary in vivo
libraries were also high (73 — 84 %), which could be considered very good for RNA
obtained from mixed eukaryotic/prokaryotic source; however, a sizeable fraction of
contaminating MH96 rRNA (22.1 — 27.0 % of total reads) was also identified in these
libraries. The microbial rRNA depletion seemed to be more effective for in vitro
samples, which had on average less than 10 % of total reads attributed to MH96 rRNA
among exponential in vitro libraries (25 °C). Subsequently, all rRNA sequences were
removed from the count data prior to statistical analysis to avoid any confounding
effects due to different efficiencies of rRNA depletion among different treatments.
While, adequate depletion of host/bacterial rRNA remains a significant issue for the
study of bacteria from within non-mammalian hosts, steadily decreasing high-
throughput sequencing costs over time will eventually reduce the requirement to
deplete rRNA, in favour of increasing sequencing depth enough to sufficiently sample

signal from lower abundance bacterial mRNAs present in mixed RNA samples.

Not unexpectedly, most transcripts aligned to predicted protein coding regions of the
genome (72 — 85 %). Interestingly, a markedly higher proportion of reads aligned to
non-annotated regions of the genome (i.e., intergenic regions) from the in vivo libraries
(24 — 26 %) compared to in vitro (13 — 15 %). It has been estimated that 10 — 15 % of
bacterial genomes encode RNA (i.e., rIRNA, tRNA and ncRNAs) (Westhof, 2010), so it
would be quite unexpected to find 24 — 26 % of alignments from in vivo libraries

representing ncRNA alone. To this end, the raw count data for all 207 predicted
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ncRNAs was examined; however, none of the predicted ncRNAs were found to be
exclusive to the in vivo libraries. A better explanation, is perhaps that greater
sequencing depths (in vivo libraries were sequenced at a greater depth than in vitro
libraries) result in greater capture of spurious transcriptional events or cDNA library
contaminants as described by Haas and Défago (2005). Furthermore, since the in vivo
samples came from a mixed source with host and pathogen total RNA, there is a
greater risk of erroneous alignments of host-derived reads to non-annotated regions of
the reference genome, despite pre-removal of host-derived sequences prior to
alignment. Also, greater gene expression variability was identified among in vivo
libraries compared to in vitro libraries as well; however this phenomenon has been
previously described from the transcriptome of E. coli OP50 within the gut of Ca.
elegans compared to culture plate (Chan et al., 2019). It is not surprising that in vivo
transcriptome of a pathogenic bacteria would be inherently noisier than transcriptome
from a laboratory culture, including low-level spurious alignments and increased
expressional noise; however, these issues were not preventative for robust data
analysis, which primarily focused on transcription of protein-coding genes and

included adequate biological replication for each in vivo treatment.

4.4.3 Invivo putative VFs characterization

4.4.31 Putative toxins genes, yenT, aidA, cdtAB, yen(C3 and vip2 respond to in
vivo conditions at 25 °C

Functional enrichment of putative VFs identified among in vivo clusters captured
several genes for putative toxins that most likely interact with host hemocytes resulting
in modulation of host immune responses to promote infection. Specifically, the gene
for heat stable enterotoxin yenT (PL78_03785) was found to be highly and
constitutively expressed in vivo compared to in vitro across all cell densities. YenT
shares 23/51 (45.1 %) amino acid sequence similarity with Yersinia heat-stable
enterotoxin type B (YstB) from Y. enterocolitica str. 845. Most biotype 1A strains of Y.
enterocolitica encode ystB and the production of this enterotoxin is thought to be the
major factor contributing to diarrhea in symptomatic cases caused by this otherwise

non-pathogenic biotype (Grant et al., 1998). In the MH96 genome, yenT is located on
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pathogenicity island, PAlvess that also encodes Yen-TC, but unlike most of the genes for
the Yen-TC components, the expression of yenT was host-dependent, indicating that
this toxin could play an important role in pathogenesis specifically during infection of
the hemocoel by having targeted activity against hemocytes. The PAlyess-encoded
putative virulence regulator, yenl, was found to share the same expression profile as
yenT, establishing a potential in vivo regulatory linkage between yenl and yenT, which
could be an interesting area for future research, especially since these data suggest

YenT may have specificity against insects.

Aside from yenT, the remaining putative toxin genes identified from the in vivo VF
functional enrichment analysis included yenC3, cdtA, cdtB, and vip2 and all were
identified from early in vivo clusters. Intrahemocoelic infection of G. mellonella with just
a single MH96 cell was estimated to result in 100 % host mortality at both 25 °C (LDso
of ~ 0.5 cells, see Chapter 5, section 5.3.1.2, Table 5.2). So, for MH96 to achieve such an
incredibly high rate of successful infection, the pathogen must be equipped with a
plethora of strategies that act in synergy to overwhelm the G. mellonella immune
response by multifaceted attack. Therefore, any toxin genes identified from early in
vivo clusters, such as yenC3, cdtA, cdtB and vip2, represent (at least) some of the

putative VFs that contribute to a highly effective overkill strategy.

The main virulence determinant required for successful infection of MH96 via oral
challenge against insects was shown to be Yen-TC (Hurst et al., 2011a; Marshall et al.,
2012). The YenC component of the holotoxin has been shown to contain the cytotoxin,
which is auto-proteolytically cleaved from the C-terminus of the unfolded protein
(Busby et al., 2013b; Landsberg et al., 2011; Meusch et al., 2014) and translocated into
the host cell through a transmembrane pore formed by the B and N-terminal region of
the C subunit (Gatsogiannis et al., 2013, 2016; Meusch et al., 2014) and A-subunit (Piper
et al.,, 2019). MH96 encodes three homologous yenC component genes, yenC1, yenC2
and the recently designated yenC3 (previously known as rhsA) (Busby et al., 2019).
YenC1 and yenC2, are co-located with the main Yen-TC componentry within PAlIvess,
while yenC3 is located within Rhs-associated region 2 and it has been suggested that
YenC3 may likely replace YenCl or YenC2 as the C component of the Yen-TC

holotoxin (Hurst et al., 2016).
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While almost all the Yen-TC component genes were found to be constitutively and
highly expressed at 25 °C under both in vivo and in vitro growth conditions, on the
contrary yenC3 was identified as a putative VF with higher in vivo expression during
early infection, which is an interesting finding, suggesting an important possible role
for the third orphan yenC3 homolog against hemocytes. The toxin containing C-
terminus of each of the three yenC variants encoded by MH96 are expected to produce
unique effectors which supports a multi-functional role for Yen-TC as a Rhs-containing
cytotoxin translocator, contributing to virulence through infection by intoxication of

host cells using divergent effector molecules.

Previous work has shown that insecticidal TCs effect the cytoskeleton of host cells.
Notably, insect hemocytes were exposed to Yen-TC were observed to become irregular
in shaped and ruffled in appearance (Hurst et al., 2015; Marshall et al., 2012). Also,
exposure of HeLa cells and G. mellonella hemocytes to TC proteins of P. luminescens
resulted in cytoskeleton modification and inhibition of phagocytosis, respectively
(Lang et al., 2010). Furthermore, the TccC3 and TccC5 components of P. luminescens
were identified as adenosine diphosphate (ADP)-ribosyltransferases, which can act on
host-cell microtubules and Rho-GTPases (Lang et al.,, 2010). So, based on the host-
dependent gene expression profile of yenC3 and insecticidal TC abilities to effect
cytoskeleton of insect cells in MH96 and other systems, it is tempting to speculate the
YenC3 protein is processed in a similar manner as YenCl or YenC2, and that the
cytotoxic C-terminus is translocated specifically into hemocyte cells during early

invasion of the hemocoel.

In addition to yenC3, the only other Yen-TC component found to have enhanced in vivo
expression during insect infection at 25 °C was chil, which, similar to yenC3 was also
identified as highly expressed in vivo during early infection. Chil has already been
characterized as an important VF factor of MH96, especially as a critical component of
Yen-TC structure (Busby et al., 2012; Landsberg et al., 2011) and now more recent work
further supports a multifunctional role for Chil in host-ligand binding and pore
formation by Yen-TC (Piper et al., 2019). Perhaps enhanced expression of chil during

insect infection could be interpreted as possible increased activities of Yen-TC during
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early hemocoel infection, which may otherwise be limited by Chil component

availability (one of the outer-most components of the holotoxin).

The genes for both components of the cytolethal distending toxin (CDT), cdtA and cdtB
were also found to be more highly expressed in vivo during the lowest cell density but
each gene was identified from separate early type clusters. CDTs are considered
genotoxins that can interfere with the eukaryotic cell cycle, through the DNA-
damaging activity of the CytB subunit that has deoxyribonuclease activity (Heywood
et al., 2005; Lara-Tejero and Galan, 2000). In Haemophilus ducreyi, the CDT is a tripartite
genotoxin, consisting of CdtA, CdtB and CdtC and based on the crystal structure CdtA
and CdtC are lectin-type adhesins (like glycan-binding plant toxin ricin), while CdtB
adopts a structure consistent with DNAse I family human endonucleases (Hu et al.,

2006; Nesic et al., 2004).

Most CDTs have been described from human pathogenic bacteria (E. coli, Shigella (Sh.)
dysenteriae, Helicobacter sp., Campylobacter sp., and Sa. enterica) and consist of a tripartite
holotoxin (Guerra et al., 2011). With respect to insect-associated bacteria, the genome of
protective endosymbiont Hamiltonella defensa (harbored by aphids) was found to
encode a cytB-homolog within a toxin-encoding bacteriophage, that carries a gene for a
shiga-like toxin (Degnan and Moran, 2008b, 2008a; Degnan et al., 2009) and this
bacteriophage was later shown to confer the genes responsible for H. defensa’s ability to
protect its aphid host from attack of parasitoid wasps (Oliver et al., 2009). A CDT was
also identified as potentially involved in a Ps. entomophila-D. melanogaster pathogenic
interaction based on genomic-wide comparison study (Vodovar et al., 2006), but other
than these two examples, the role of CDTs in virulence specific to entomopathogenic

bacteria is fairly limited.

Like cdtA, cdtB and yenC3 described above, the expression of another putative toxin
encoding gene, vip2 was identified among early type in vivo clusters. The predicted
protein sequence of Vip2 contains a VIP conserved protein domain within its C-
terminus and is currently annotated as a NAD:arginine ADP-ribosyltransferase toxin.
Both B. cereus and Bt secrete VIP toxins during vegetative growth and these and similar
binary toxins consisting of Vipl and Vip2 components (Crickmore et al., 2014; de

Maagd et al., 2003). Vip2 contains the cytotoxic A-domain and shares sequence
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homology with other ADP-ribosyltransferase containing toxins including the
enzymatic component of the iota-toxin from Clostridium perfringens (Tsuge et al., 2003,
2008; Tsurumura et al., 2013), CDT toxin from C. difficile (Gongalves et al., 2004) or VIP
toxin from B. cereus (Han et al., 1999), for example. All of the binary-family ADP-
ribosyltransferase containing toxins are known to target globular (G)-actin of host cells,
which may prevent phagocytosis, intracellular trafficking or induce cell death (Barth et
al., 2004). Since a VIP binding component was not found within the genome of MH96
(Hurst et al., 2016) the translocation mechanism of Vip2 into target host cells is

currently unknown.

4.4.3.2 Secretion systems

44321 T2SS genes responded to in vivo conditions and possibly secrete chitinolytic
exoenzymes

In addition to toxins, secretion systems also represent an important group of virulence
factors that can contribute to defeating the immune response of the host by targeting
hemocytes for effector delivery or secretion of exotoxins or degrading enzymes into
extracellular milieu. Among the genes for secretion systems encoded by MH96, several
related to T2SS and T3SSYE2 were found to be highly expressed in vivo at 25 °C. A
large number of genes for the T2SS general secretion pathway (gsp) components were
found to be highly expressed in vivo across all cell densities (e.g., gspK, gspF, gspD, gspE
and putative lipoprotein gspS), while genes for other T2SS components (gsp], gspl, gspG
and a prepilin-like gene) showed a greater response to in vivo growth conditions only
during late infection (10° CFU/g). GspC was not identified as a putative VF but
demonstrated higher expression in vivo as well. Loci corresponding to possible
remaining components (gspL and gspM) were not previously annotated in the genome
(Hurst et al., 2016). The GspM component is supposed to assist in directing GspL
toward appropriate sites in the cell well (Michel et al., 1998), but perhaps this process

no longer required for active secretion by the T2SS in MH96.

Other T2SS have been identified from the genomes of entomopathogens such as P.
luminescens, X. bovienii and Ps. entomophila (McQuade and Stock, 2018), but their
functional role in secretion during pathogenesis has not been a focus of much research
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to date. Given the higher expression of T2SS genes in vivo it is strongly suspected the
T2SS contributes to virulence in MH96 by secreting folded exoproteins across the outer
membrane. Recently, the Yts2 T2SS of a Y. enterocolitica biotype 1B strain was found to
be significantly upregulated during intracellular conditions within murine
macrophages; however another T2SS called Ytsl did not respond to either intra or
extracellular growth conditions (Bent et al., 2015). Interestingly, secretion of putative
chitin- and oligosaccharide-binding effectors (ChiY, EngY and YE3650) by Ystl in Y.
enterocolitica was shown to require low temperatures (17 °C) and high concentrations of
MgClz (Shutinoski et al.,, 2010). MH96 was found to highly express genes for two
different putative lytic monooxygenases (LCMOs), otherwise knowns as chitin-binding
proteins (CBPs), at 25 °C, one of which was identified among an in vivo early type
cluster. The putative protein sequences of both of these LCMOs contain a signal
sequence, implicating a role for T2SS in secretion of at least two important chitinolytic
enzymes produced by MH96 during in vivo conditions, which would be similar to the
T2SS Ystl mode of action in Y. enterocolitica 1B strain (Shutinoski et al., 2010).
Furthermore, the chitinase (PL78_11910) and the LCMO/CBP CbpA (PL78_05310) have
been identified from the culture supernatant of MH96 cultures grown at 25 °C, so are

known to be secreted (supplementary Figure S18).

4.4.3.2.2 T3SSYE2 and multiple effectors responds to intrahemocoelic conditions and
likely contribute to MH96 virulence against hemocytes.

In addition to the T2SS, the genes for several different components and effectors
associated with T3SSYE2 were also found to be among in vivo clusters. In total, eleven
genes associated with the T3SSYE2 region of the genome were found to have a stronger
response to in vivo growth conditions compared to in vitro, including genes for seven
structural components: SoaS (PL78_14595), SpaP (PL78_14580), SpoA (PL78_14575),
SpaL (PL78_14560), InvA (PL78_14550), InvE (PL78_14545) and prgH (PL78_14530) and
two hypothetical proteins (PL78_14565 and PL78_145670). Genes for the T3SSYE2
putative effectors SicC (PL78_14610) and SicD (PL78_14615) both found to higher
expression in vivo at 25 °C as well, with the former being more highly expressed across
all cell densities and the latter more highly expressed during early infection only. Three

other putative orphan T3SS effectors, the T3SSYE1-associated IpaB/EvcA (PL78_18085)
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and SopD (PL78_14295) and IpgD/SopB (PL78_07345) were also identified as highly
expressed under in vivo conditions at 25 °C and may be also secreted by the T3SSYE2.
A final T3SSYE2 gene, for putative YscW (T3SS lipoprotein chaperone, PL78_14485)
was identified as highly expressed in vivo but was clustered with the usher-chaperone
fimbrial cluster also identified as very highly expressed in vivo, especially during early
infection and these findings suggest a regulatory linkage between the a T3SSYE2
chaperone lipoprotein gene and the usher chaperone fimbriae gene cluster. Overall
these results implicate T3SSYE2 as a critical secretion system of MH96 that is used
during infection to translocate a variety of effectors into host cells. In alignment with
this, the gene arrangement of T3SSYE2 shares the same gene order with the Ysa system
of Y. enterocolitica biotype 1B (Hurst et al., 2016), which was demonstrated to facilitate

intracellular replication in D. melanogaster S2 cells (Walker et al., 2013).

Some of the T3SS effectors identified from in vivo clusters share significant sequence
similarities to other T3SS effectors that are known to be involved during cellular
invasion by Salmonella (Sa.) enterica serovar Typhimurium and Sh. flexneri. The
translated protein sequence of putative IpgD/SopB (PL78_07345) is significantly similar
(E-value 1e-83) to SopB/SigD of Sa. enterica serovar Typhimurium (EAZ9709492.1)
sharing 34 % identity and 73 % coverage. Likewise, the predicted protein coding
sequence for putative effector SopD (PL78_14295) is significantly similar (E-value 2e-
12) to SopD of Sa. typhimurium (TQS58761.1), sharing 30 % identity and 34 % coverage.
In Sa. enterica serovar Typhimurium, SopB and SopD were shown to work
cooperatively during invasion of non-phagocytic cells (Bakowski et al., 2007) and SopB
can be translocated by the SPI-1 T3SS, while SopD can be translocated by both SPI-1
and SPI-2 T3SS (Boonyom et al., 2010). Since the genes for IpgD/SopB and SopD were
highly expressed by MH96 under in vivo conditions and share similarities with known
VEFs from other pathogenic systems, it is hypothesized that these effectors may retain a
similar cooperative mode of action as found in Sa. enterica serovar Typhimurium

against G. mellonella hemocytes during infection.

Another host-specific putative effector (PL78_18085) that is predicted to have an
IpaB/EvcA family domain was found to have higher in vivo expression as well. Further

investigation revealed that the predicted secondary structure of this effector shares
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significant amino acid similarities (100 % confidence and 58 % coverage) to the guanine
nucleotide exchange factor (GEF)-mimicking IpgB2 from Sh. flexneria (c3lw8G), which
is known to modify host actin filaments by interaction with Rho-GTPases (Klink, Bjorn
et al., 2010; Kuehl et al., 2014).Taken together, MH96 is thought to be able to effectively
modulate the immune response of the host by translocation of multiple T3SSYE2-
secreted effectors because genes for these effectors and T3SSYE2 components were

highly expressed in vivo at 25 °C.

The in vivo expression of the T3SSYE1 component genes at 25 °C were less clear
compared to T3SSYE2 as genes for the T3SSYE1 structural components were more
highly expressed at 10® and 10° CFU/ml cell densities in vitro compared to in vivo,
suggesting that T3SSYE1 may be functional under different conditions that T3SSYE2.
Among the T3SSYE1 operon, only the genes for putative effector IpaB/evcA and a T3SS
chaperone (PL78_18170) genes were found to have higher expression in vivo at 107
CFU/g cell density and perhaps the chaperone is a required adaptor for IpaB/evcA
secretion by T3SSYE2. A gene for putative orphan T3SS effector, SopD (PL78_14295)
was also found to be more highly expressed at low cell density in vivo. It is not
unexpected that the genes for multiple T3SS effectors can located separately within a
genome but share coordinated regulation based on environmental variables. A similar
scenario was found in Y. enterocolitica, where under Ysa-inducing conditions (e.g., 26 °C
and high NaCl: concentration), 15 different effectors are secreted, including 3 Yop
effectors that are located on the pYV plasmid and are usually secreted by the much
better characterized Ysc T3SS) (Young and Young, 2002). Actually, only a single
effector gene (yspA) is located within the Ysa gene cluster, and all the other genes for
Ysa-secreted effectors are scattered throughout the genome (Matsumoto and Young,
2006). In this system the genes for the Ysa apparatus as well as the trans-located
effectors are all co-ordinately regulated under the same environmental conditions

(Venecia and Young, 2005; Walker and Miller, 2009).

In other pathogenic, T3SS effectors are primarily used during association with host
cells and the invasion process or as cytotoxic agents, but not much has been studied
among entomopathogenic bacteria. P. luminescens produces at least two T3SS effectors,

the first is LopT (shares similarity to YopT from Y. pestis) that may contribute to
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evasion of phagocytosis by hemocytes of the cutworm Spodoptera (Sp.) littoralis and the
locust Locusta migratoria. (Brugirard-Ricaud et al., 2005) and a cycle-inhibiting factor
(Cif) that shares similarities with Cif-type effectors pathogenic E. coli (Escoubas et al.,
2009). While MH96 does encode a gene for a putative LopT-like effector (PL78_18760),
it was not statistically identified among any in vivo clusters but did tend to be more
highly expressed in vivo during early infection and is likely co-regulated with other

T3SS effectors used during early infection and secreted by the T3SSYE2 as well.

Through this in vivo transcriptome investigation several putative T3SS effectors have
been identified as likely important during invasion of insect hemocoel, contributing to
the high virulence capabilities of MH96 against G. mellonella. A key next step to
validating if the effectors identified in this work is visualization of effector
translocation into host cells in a T35S-depedent manner, which has been achieved in
other systems using genetically encoded reporter systems like TEM-1 beta-lactamase
(Charpentier and Oswald, 2004; Mills et al., 2008) or light-oxygen-voltage systems
(Jayde et al.,, 2016), for example. Further, a mutant deficient in T3SSYE2 apparatus
should be assessed for phenotype using either G. mellonella intrahemocoelic infection
model or Drosophila melanogaster S2 macrophage-like cell line to further asses the role of

this secretion systems role in host-pathogen interactions.

4.43.2.3 T6SS effectors respond to intrahemocoelic conditions and may have
hemocoelic activities.

Generally, T6SS are regarded as one of the most widely distributed secretion systems
among bacteria and are important for pathogenesis (Burtnick et al., 2011; Mougous et
al., 2006; Mulder et al., 2012; Wang et al., 2018) and competition (Haapalainen et al.,
2012; Hood et al., 2010; Koskiniemi et al., 2013; MacIntyre et al., 2010). The structure of
T6SS resembles a bacteriophage-like contractile particle, with a needle-like complex
enabling bacteria the ability to puncture target cells as well as translocate toxic effectors
(Cianfanelli et al., 2016; Ho et al., 2014). The needle apparatus is formed from stacked
hexametric ring components called hemolysin co-regulated protein (Hcp) topped by
valine glycine repeat protein G (VgrG) spike component (Russell et al., 2014). Hcp and

VgrG are considered to be both structural components and effectors of the T6SS
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(Cianfanelli et al., 2016; Hood et al., 2010; Ma et al., 2017; Pukatzki et al., 2009) and the
VgrG spike can also translocate C-terminal extension toxins, such as Rhs-containing
proteins with N-terminal PAAR-repeat regions for example (Koskiniemi et al., 2013;
Shneider et al., 2013). Specifically, Hcp has been attributed to pathogenesis of both Ps.
aeruginosa in cystic fibrosis patients (Mougous et al., 2006) and Burkholderia pseudomallei

in intracellular and Syrian hamster animal models (Burtnick et al., 2011).

During growth of MH96, the expression of genes for the T6SS structural components
increased with cell density in both in vivo and in vitro treatments at 25 °C; however,
some genes for putative effectors found within Rhs3-associated region (e.g.,
PL78_00900/Hcp and PL78_01040/Rhs), a putative T6SS orphan effector
(PL78_02751/Hcp) and two duplicate putative effectors genes (PL78_03598/Hcp and
PL78_03602/Hcp) were identified as putative VFs from in vivo clusters. Furthermore,
the gene for putative Spt4 effector (PL78_00995) that is also located within Rhs-
associated region 3 had constitutively higher expression in vivo throughout infection;
however, the gene for the VgrG spike component was not found to have higher
expression during in vivo growth compared to in vitro. The Spt4 effector shares
sequence similarity with the eukaryotic transcription elongation factor and is
considered to be an effector that targets host immune cell cycle, but the exact function
remains to be elucidated. By using an in vivo transcriptomics approach additional
putative VFs associated with T6SS could be identified as highly expressed in vivo,
which implicates the T6SS as a potentially important VF during insect infection by

MHD96.

It is not uncommon for bacteria to encode genes for more one Hcp loci (Barret et al.,
2011; Peng et al., 2016; Sha et al., 2013; Wang et al., 2018). Further investigations of
different Hcp and VgrG paralogs produced by the emerging human pathogen,
Aeromonas hydrophila SSU, indicated that for (at least) this system, the Hcp and VgrG
proteins produced by genes located with the main T6SS cluster were more important to
forming the T6SS structural components, while other Hcp and VgrG proteins produced
by genes located outside of the T6SS cluster contributed more as effectors (Sha et al.,
2013). In a different strain of A. hydrophila NH-35 (encodes one additional hcp locus

compared to SSU), Wang et al. determined that each of the three Hcp paralogs took on
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diverse roles related to environmental adaptation or virulence (Wang et al., 2018).
MH96 encodes up to five putative hcp loci, four of which were found to be more highly
expressed at various cell densities in vivo and based on these findings, it is
hypothesized that each of the different hcp paralogs may play different roles involved
in pathogenesis, environmental adaptation or competition. To further evaluate a
potential role for the T6SS in pathogenesis, a MH96 mutant deficient for the T6SS
sheath component gene, vipB (not to be confused with VIP binary toxin) , was assessed
using the G. mellonella intrahemocoelic model, but was not found to have reduced
virulence compared to wild-type (Chapter 5, section 5.3.1.2, Figure 5.8). Additional
targeted mutagenesis of each putative hcp effector gene would help to further

characterize the importance of the T6SS in MH96.

4.43.2.4 T5SS and holin-endolysin secretion systems also putative VFs of MH96 that
responded to intrahemocoelic conditions.

Another gene for a major putative VF identified as highly expressed in vivo was for a
T5SS autotransporter adhesin with a predicted protein sequence that contains both a
pertactin-like passenger and outer-membrane autotransporter barrel domains. The
predicted protein sequence for PL78_10240 is highly similar (E-value: 4e-91) to known
VF, an AidA-I adhesin-like protein, from enteropathogenic of E. coli (EPEC) strains
(WP_001386603), sharing 35 % amino acid similarity and 65 % sequence coverage.
AidA is a autotransporter-type glycoprotein adhesin, that is present on the outer
membrane of E coli cells (Benz and Schmidt, 1992; Suhr et al., 1996) and has shown to
be versatile VF involved in cell aggregation and biofilm formation (Sherlock et al.,
2004) as well as host cell adhesion and invasion (Benz and Schmidt, 1992, 2001). Based
on the host-dependent response of AidA-like adhesion, PL78_10240, it is assumed that
the adhesin would be associated with the outer membrane of MH96 during infection
and contribute to pathogenesis by adhesion to hemocytes or possibly contribute to
other important virulence processes, such as biofilm formation or aggregation of cells

in a similar manner to AidA in enterohemorrhagic E. coli (EPEC).

Another secretion system encoded by MH96 that is potentially important for the

secretion of important toxins or chitinolytic machinery is the holin-endolysin secretion
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system, which is a phage-related lysis cassette located on an excisable holin-citrate
island, HCUIvess (Chapter 6, section 6.3.1). Indeed, many genes located on HCUIyess,
including the putative holin-endolysin cassette (primary focus of another concurrent
PhD project), as well as AraC-like regulator and several citrate fermentation related
genes. The genes for holin-endolysin and many of the citrate fermentation cluster were
not categorized as putative VFs by VFDB-annotation method. Despite the lack of
virulence annotation, the holin-endolysin secretion system is thought to be important
for toxin and/or chitinase/LCMO secretion by MH96 during insect infection because
analogous holin-endolysin secretion systems in Y. enterocolitica W22703 and S.
marcescens were shown to be required for insecticidal TC (Springer et al., 2018a) and

chitinase/LCMO secretion (Hamilton et al., 2014), respectively.

4.4.3.3 Putative VFs related to stress response, defense and HGT also identified
from MHg6 in vivo transcriptome

Two other major groups of putative VFs were represented among in vivo clusters,
which included defence and HGT and were considered part of an overall stress
response by MH96 to the host environment. During infection pathogens must endure a
variety of different stresses such as oxidative, pH, nutritional or temperature-induced
stress and a number of genes related to general stress response that were upregulated
by MH96 under in vivo conditions including a number of efflux pumps, acid shock and
cold-shock proteins. Similarly, previous in vivo transcriptome of the plant pathogen D.
dadantii also found a high number of genes related to stress response, including
response to AMPs, efflux systems/transporters, acid shock, anaerobiosis, SoxR and Fe-S
cluster within the body of aphids (Costechareyre et al., 2013). Efflux pumps especially
seem to be important for detoxification of the cell during infection of insects by both
MH96 and D. dadantii based on the similar findings between the two in vivo
transcriptomes studies. Furthermore, a gene for a putative fumarate reductase
(PL78_08240) (involved in anaerobic growth), was identified as highly expressed by
MHO96 during early infection implying the hemolymph is an anaerobic environment as

well.

General stress response to in vivo growth conditions was also previously identified in

Y. pseudotuberculosis, with genes related to anaerobiosis, defence against oxidative and
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acid stress found to be more highly expressed during persistent infection (Avican et al.,
2015). Recently the RNA-binding CSPs have been found to globally regulate mRNA
secondary structures and rate of translation (Zhang et al., 2018b) and have been
implicated as critical for regulating virulence in Sa. enterica serovar Typhimurium
(Michaux et al., 2017), Listeria monocytogenes (Eshwar et al., 2017) and Brucella melitensis
(Wang et al., 2016). Furthermore, among Yersinia spp., the expression of two CSP
genes, cspH and c¢spE, responded to temperature shift from 26 to 37 °C in Y. pestis
(Motin et al., 2004), while cspE and cspl were upregulated during macrophage infection
(Fukuto et al., 2010) based on DNA microarray analysis. Leskinen et al. (2016) reported
upregulation of four CSP genes in Y. enterocolitica during late infection of phage @R1-
37. Recently, the main CSP in Y. enterocolitica (biotype O:3), cspA, was upregulated in a
mutant deficient for ybeY (Leskinen et al., 2015), which is an RNAse involved in
ribosome maturation and late-state 70S ribosome quality control (Jacob et al., 2013).
Comparison of steady-state protein abundance and changes in mRNA expression of a
cold shock-like protein gene, cspl, by Y. pestis KIM5 replicateing within macrophages
found ~7-fold higher transcription of cspl between 1.5 to 8 h post-infection of
macrophages (Keasey et al., 2016). Based on these emerging reports, and the
prevalence of several CSP genes in the MH96 in vivo clusters, CSPs were identified as
putative virulence regulators in MH96 and were the focus of more targeted
investigations; A cspA123 deficient strain was phenotyped by bioassay, protein
visualization by SDS-PAGE and in vivo RNA-seq, reported in Chapter 5 section 5.3.1.2 -
Table 5.2, Chapter 5 section 5.3.1.1 - Figure 5.4 and 5.6 and Chapter 6 section 6.3.1 -
Tables 6.8 and Table 6.9, respectively.

Many genes related to mobilization of DNA from the genome and thought to be
involved in HGT (i.e., excisionase, integrase, recombinases, transposase and phage)
were identified as more highly expressed during in vivo conditions, but the majority of
these HGT genes were not captured by VFDB annotations. While increased HGT
during in vivo growth was not the primary focus of this study, these findings are very
ineteresting, especially if MH96 has evolved host-dependent regulatory responses to
increase the rate of HGT as a means of generating increased genomic flexibility
required for survival as a pathogen (Dobrindt et al.,, 2002, 2004; Francino, 2012;
Ochman and Moran, 2001). Indeed, conjugative transfer of mobile genetic elements has
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been shown to occur in planta, among kiwifruit pathogen Ps. syringae pv. actinidae
(Colombi et al., 2017) and potato pathogen Pectobacterium atrosepticum SCRI1043
(Vanga et al., 2015) and excision of the unstable pathogenicity island (ROD21) in Sa.
enterica serovar Enteritidis was found to be induced during infection of murine
phagocytic cells (Quiroz et al., 2011). While co-evolution of host and parasite has been
shown to promote increased genome diversity, most studies have focused only on the
effects of coevolution on host genome evolution. In one experiment, the genome of a
Ps. fluorescens phage was shown to evolve with greater diversity when selected under
co-adapted host, compared to genetically static host (Paterson et al., 2010). In another
study, coevolution of Bt and Ca. elegans resulted in increased genetic diversity of Bt
chromosome, specifically by acquisition of plasmid-born toxin genes (Schulte et al.,
2013). The increased expression of HGT-related genes by MH96 during in vivo
conditions could support a hypothesis of HGT driving increase genomic diversity
during coevolutionary interaction with a host, but this remains an area for future
research.

Finally, a surprising result was the high proportion of tRNA genes sharing increased
expression during stationary stage under in vivo conditions, an expression profile that
was shared with several bacteriophage- and HGT-related genes. While there are many
types of mobile genetic elements (MGEs) known from prokaryotic genomes, including
transposons, insertion sequences, integrons, conjugative plasmids, bacteriophages,
integrated prophages, pathogenicity islands (PAls)/genomic islands (GIs) and
integrative and conjugative elements (ICEs) (Abebe-Akele et al., 2015; Frost et al., 2005;
Oliveira Alvarenga et al., 2018; Wilkinson et al., 2009), some types of MGEs target
tRNA loci for insertion into bacterial genomes, including PAIs/Gls, ICEs and
prophages (Williams, 2002) which begs further investigations into potential linkages
between lytic bacteriophage and PAIs/GIs/ICEs during high cell densities in vivo within
the genome of MH96.

4.4.3.4 Usher chaperone fimbriae and other putative adhesions responded to
intrahemocoelic conditions

In addition to the diverse array of putative toxins, T3SSYE2 secreted effectors, T65S

effectors and an autotransporter like AidA-like adhesin described above, several other
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putative VFs were identified from in vivo clusters, especially within the category
adhesion, notably an entire usher chaperone fimbrial gene cluster (PL78_12465 —
PL78_12480) and genes for filamentous hemagglutinin N-terminal containing protein
(PL78_11060, previously annotated as a hemolysin) and cognate two-partner secretion
system (TPS) (PL78_11055). Usher chaperone fimbriae and filamentous hemagglutinins
(also discussed below in section 4.4.4.2 below) are widely-known among pathogenic
bacteria as important virulence actors involved in adhesion to host cells. The presence
of putative VFs involved in adhesion among in vivo host clusters suggests that MH96
has evolved regulatory response mechanisms triggering production and secretion of an
usher chaperon fimbriae as wells the filamentous hemagglutinin N-terminal containing
and AidA-like adhesions to the surface of the cell where these adhesive structures can
interact with hemocytes or even enhance intoxication by increased exposure to

T3SSYE?2, T6SS or other secreted toxins.

Due to the very unique and conserved in vivo expression pattern of the entire four-gene
usher chaperone fimbrial gene cluster, this putative VF was targeted for mutagenesis;
however, a reduction in virulence was not observed in the deficient mutant strain
compared to the parental strain using the G. mellonella intrahemocoelic model at 25 °C
(Chapter 5, section 5.3.1.2, Table 5.2), although not tested at 37 °C. Additional work to
validate the usher chaperone fimbriae as a bona fide VF is required and may involve
further studies of usher chaperone fimbriae attachment to host cells using G. mellonella
hemocytes or D. melanogaster S2 macrophage-like cell lines. Some preliminary work
using a transcriptional-GFP reporter under in wvivo conditions was under taken;

however, fluorescence was not observed.

4.4.3.5 Outer membrane proteins, lipopolysaccharide and flagella responded to
in vivo conditions in MHg6.

In addition to adhesions and secretion systems that are located on the outer surface of
the cell, other important VFs include capsule, outer membrane proteins (OMPs) and
lipo-polysaccharide (LPS), which are known to be involved in host-associated outer
surface modifications, especially among pathogenic Yersinia spp. (Bengoechea et al.,
2004; Eddy et al., 2014; Montminy et al., 2006; Rebeil et al., 2004; Suomalainen et al.,
2010). Genes for two outer membrane proteins (PL78_12825, PL78_02925), an OMP-
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assembly (PL78_11055), murein endopeptidase (PL78_04470) and LPS cluster
(PL78_00680 — PL78_00755) were identified as putative VFs from in vivo clusters in
MH96 and responded to the host environment constitutively through infection and
these findings support an important role for LPS/OMPs during engagement with insect

hemocytes during infection at 25 °C.

Another important extracellular structure, the flagella, was found to be more highly
expressed during later infection stages implying motility is under density-dependent
regulatory in vivo mechanisms in MH96. In vivo responses of flagella-related genes
have been previously described from the transcriptome of the plant pathogen D.
dadantii, during growth within aphids, where a 15- and 11-fold-change in expression
occurred for the genes of two components of the flagellar motor MotA and MotB,
respectively (Costechareyre et al.,, 2013). The increased transcription of flagella-
associated genes during the highest cell density in vivo is an indicator that increased
motility is important during later infection by MH96, potentially involved in deeper
migration of bacteria into underlying tissue layers to access nutrients for

bioconversion.

A complex interplay between the regulation of virulence and flagellar motility is
widely recognized among entomopathogenic bacteria. For example, in X. nematophila,
the flagellar master regulators, flhD and fliZ were both shown to be involved in
virulence region (Givaudan and Lanois, 2000, 2017; Lanois et al., 2008). Whether the
transcriptional regulators located among the MH96 flagellar operon have influence on
the regulation of virulence in MH96 is an area of research that currently remains
unexplored; however, significant temperature-dependent regulation of flagellar genes
by MH96 was also reported and is discussed below (section4.3.8, Table 4.11).
Furthermore, the loss of mobility at 37 °C in MH96 compared to 25° C is easily
observable under wet mount on a compound light microscope and during infection of
G. mellonella at 37 °C microaggregates of non-motile MH96 cells can be observed in the

hemolymph (personal observation).
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4.4.3.6 Iron acquisition system are upregulated in MH96 during late infection

Along with the significant in vivo transcriptional upregulation of genes for the flagella
during later infection, genes for several putative iron acquisition systems were also
identified from late in vivo clusters. Iron acquisition is widely known to be an
important pathogenic strategy because hosts have evolved to sequester iron in
response to infection. Genes related to iron-acquisition in MH96 that were upregulated
during late infection of G. mellonella were primarily identified from two unique regions
of the genome thought to be acquired by HGT (Hurst et al.,, 2016), especially genes
related to iron-siderophore biosynthesis/transport (PL78_03905 — PL78_03955) and
another iron acquisition island containing genes for enterobactin synthase, iron
dicitrate/enterobactin  transporters, chromophore lyase, enterochelin esterase,
ferrichrysobactin receptor and transporters (PL78_09675 — PL78_09785) from unique

regions 1 and 2, respectively.

Recent in vivo transcriptome investigations of Y. enterocolitica biovar 1B infecting
murine macrophages, found that three different loci related to either zinc or iron
uptake pathways were significantly downregulated in response to internalization by
macrophages, suggesting that zinc and iron are scarcer in the in vivo extracellular
environment compared to the intracellular environment within the macrophage. A
similar finding was also identified by Fukoto et al. (2010). Considering these findings,
the pattern of both the flagella and the iron acquisition related genes have increased in
vivo expression during stationary phase of insect infection by MH96, likely indicates a
metabolic transition into a high cell density scavenging mode requiring both motility
and iron acquisition systems. During the initial invasion of the insect hemocoel, MH96
would acquire nutrients readily available in the hemolymph (Killiny, 2018) and made
available by the activities of primary VFs that contribute to destruction and lysis of
hemocytes to release the high nutrient intracellular content into the extracellular
environment. Once these nutrient sources have all been bioconverted by MH96, at high
cell density nutrient acquisition must involve migration deeper into host tissues and

limited iron driving the increased expression of several iron scavenging strategies.
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4.4.3.7 Two-component regulatory systems and other putative virulence
regulators were upregulated during insect infection by MHg6.

Host-specific nutrient availability, including iron have been shown to be important
stimuli driving regulatory responses in entomopathogenic bacteria (Crawford et al.,
2010; Fang et al., 2016; Tran et al., 2013). Among transcriptional regulators, TCRS, are
probably one of the best studied regulatory sensing systems recognized among
pathogenic bacteria (Capra and Laub, 2012; Zschiedrich et al.,, 2016), so it was not
unexpected that a large proportion of the putative regulators with higher expression in
vivo were identified as TCRS. Among entomopathogenic bacteria, the PhoP/PhoQ
system in P. luminescens was shown to be involved in virulent against Sp. littoralis
(Derzelle et al., 2004) and the analogous GacS/GacA TCRS in Ps. entomophila was also
shown to be an important regulator of virulence (Vodovar et al., 2006). It is likely that
the great diversity of TCRS that were found to be highly expressed during insect
infection provide MH96 with extensive environmental sensing capabilities, which are
important to adapting variable environmental conditions. Among genes for other
putative regulators identified with higher in vivo expression, the AraC-like from
HCUlIvess and IcIR-like (PL78_06535), were both found to have significantly higher in
vivo expression during early infection also represent potential virulence regulators due
to their co-expression with Yen-TC and TC-associated factors, in vivo expression and
high homology to virulence regulators from other pathogenic bacteria. Follow-up
molecular phenotyping using in vivo RNA-seq of mutants deficient for regulators such
as the AraC- or IcIR-like regulators, would provide further insights into regulation of

virulence.

4.4.3.8 Intrahemocoelic infection of G. mellonella by MHg6 involves metabolic
adaptation

While iron represents one nutrient that can be very important for growth and
proliferation of entomopathogenic bacteria within the host environment, more
generally metabolic adaptation during pathogenesis also becoming increasingly
recognized as an important area of virulence research (Biicker et al., 2014; Heroven and
Dersch, 2014; Rohmer et al.,, 2011). Indeed, functional enrichment of putative VFs
related to metabolic adaption were broadly identified from nearly all in vivo clusters,
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especially genes related to sugar, peptide, urea, nitrate, phosphate and phospholipid
transporters. Recently, an untargeted metabolomic profiling of the hemolymph of G.
mellonella using three methods of derivatization, including trimethylation (TMS),
methyl chloroformate and boron trifluoride determined that G. mellonella hemolymph
contains a rich source of essential nutrients consisting of wide range of metabolites
(Killiny, 2018). The TMS derivative method identified high abundances of polyamine
putrescine (56.67 % mM), amino acids proline (9.72 % mM), glycine (3.07 % mM) and
serine (2.21 % mM), phosphoric acid (4.25 % mM) and citric acid (3.21 % mM).

With respect to the most abundant metabolite identified within the hemolymph,
putrescine, the gene for a putative putrescine transporter, potG (PL78_02390) was
identified as a putative VF with constitutively higher in vivo expression by MH96.
Putrescine as also been identified in high abundance from the hemolymph of the corn
earworm, Heliothis zea (Cheung et al., 1982) as well as non-diapausing European corn
borer, Ostrinia nubilalis (Purac et al., 2015) and likely represents an important nutrient
source available for entomopathogens that occupying the hemocoel. In addition,
bacterial polyamines (such as putrescine and spermidine) are known to be important
interkingdom signaling molecules that are important for survival of pathogenic
bacteria within the host including and linked to acid resistance, iron scavenging and
virulence (Espinel et al., 2016; Wortham et al., 2007). Also, a gene related to uptake of
the most abundant proteinogenic amino acid, proline, a putative proline: sodium
symporter, putP (PL78_17825) was identified as having higher expression in vivo
during later infection but was not annotated as a putative VF. The acquisition of L-
proline from insect hemolymph was shown to be an important regulating factor in P.
luminescens, with linkages to metabolic shifts, bacterial proton motive force, virulence

and antibiotic production (Crawford et al., 2010)

Furthermore, a cluster of genes related to citrate fermentation that are located on an
excisable island (Chapter 7, section 7.3.1, Figure 7.1) were found to have higher in vivo
expression as well, and one of these genes citE (PL78_17355) was classified as a
putative VF. These results support the ability of MH96 to respond to the in vivo
environment by increasing expression of genes related to uptake of both proline and

putrescine, as well as citrate fermentation, all of which may contribute to acquisition of
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some of the most abundant nutrient sources available from G. mellonella hemolymph
(Killiny, 2018). A similar citrate fermentation operon was identified among the
genomes of pathogenic strains of Y. ruckeri is thought to provide a metabolic trait
associated with pathogenesis (Cascales et al., 2017). Further discussions specifically
related to citrate fermentation and the holin-citrate unstable island are provided in
Chapter 7 of this thesis and the same citrate fermentation gene cluster found only The
MFC method used in the Killiny (2018) also identified compounds at low
concentrations, including tryptophan, glutamic acid, threonine, aspartic acid,
methionine and cysteine, which were not detected at all using the TMS method. In
MH96, genes related to synthesis of tryptophan and cysteine (from serine) were
identified as putative VFs from in vivo clusters, which is somewhat consistent with the
low detection of tryptophan and cysteine from the hemolymph of G. mellonella by
Killiny (2018).

Another important nutrient that must be acquired by MH96 during infection is carbon,
which is available as sugars, especially the glucose-glucose disaccharide trehalose that
was found to comprise nearly 80 % of the sugars found in G. mellonella hemolymph
(Killiny, 2018). Trehalose is an important sugar for insects, an important form of carbon
storage (Elbein et al., 2003) as well as a source of glucose energy (Reyes-DelaTorre et
al,, 2012) and cryo-protectant (Saeidi et al., 2013; Wang et al., 2010). During infection by
MH96, many genes for sugar transporters where found broadly across all in vivo
cluster types and a gene for putative treC (trehalose-6-phosphate, PL78_10570) was
identified from a late in vivo cluster but not annotated as a putative VF. Other potential
VFs that could contribute to trehalose uptake include sugar transporter-related loci
PL78_11005, PL78_07145 and PL78_18960, which were all identified from either early
or late in wvivo clusters and share some similarities with components of the
Mycobacterium tuberculosis trehalose-recycling ABC transporter that was shown to be
essential for virulence (Kalscheuer et al., 2010; Rengarajan et al., 2005; Sassetti and
Rubin, 2003) where trehalose-recycling was shown to be involved in formation of
mycolate-containing cell wall and not really related to metabolism at all (Kalscheuer et

al.,, 2010).
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One key nutrient source for pathogenic bacteria within an insect host is chitin (Gooday,
1990; Souza et al., 2011). In contrast, the in vivo transcriptome of Y. pestis in the flea gut,
identified that most sugar uptake systems were repressed except for the
phosphotransferase system (PTS) uptake utilization system for chitobiase indicating
available nutrient sources in the flea gut likely consisted of mostly proteins, lipids and
chitin (Vadyvaloo et al., 2010). In MH96 the gene for the PTS uptake systems for the
chitin monomer N-acetylglucosamine (GIlcNAc) (PL78_01275/nagE PTS N-acetyl
glucosamine transporter subunits IIABC) were not found to be highly expressed by
MHO96 in vivo; however, chitin is still thought to be a major carbon/nitrogen source for
MH96 during insect infection and the gene for Yen-TC component chil and a putative
LCMO/CBP (PL78_08295) were identified as having increased in vivo expression, but a
gene for second putative LCMO/CBP, cbpA (PL78_05310) did not have the same

response to in vivo conditions as PL78_08295.

Crosstalk between metabolism and virulence have been previously identified among
other pathogenic Yersinize before, highlighting complex regulatory networks
underpinning global regulation of metabolism and virulence at the post transcriptional
level, which have been shown to involve conserved RNA-binding proteins, such as
Hfq (Kakoschke et al., 2014; Lathem et al., 2014; Schmid et al., 2009) and carbon-storage
regulator (Csr) (Heroven et al., 2012; Romeo et al., 2013). Among transcripts with the
longest predicted 3’ and 5 untranslated region (UTR) regions identified from the
MH96 transcriptome were several genes related to carbon metabolism (supplementary
Table S11) indicating an important role for post-transcriptional regulation in MH96 as
well. So, while the in vivo transcriptome of MH96 does provide some insights into
possible metabolic strategies occurring during insect infection, much further work is
required to understand how post-transcriptional regulatory mechanisms effect
metabolism and virulence in MH96 in vivo as well. Molecular phenotyping by in vivo
RNA-seq of hfg or csrA deficient mutants would help to characterize important
metabolic and virulence regulatory networks in MH96. As a follow-up, the
temperature-dependent metabolic capabilities of MH96 were investigated using the
Omnilog phenotype by microarray system to identify sole carbon sources that MH96

can utilize at 25 and 37 °C and is discussed in below in section 4.4.5.
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4.4.4 Temperature- and host-dependent gene expression in MHg6 during
exponential growth

4.4.41 Yen-TC and other putative TC-associated VFs are co-regulated in a
temperature- and host-dependent manner

In vivo transcriptomics approaches were also used to investigate the genome-wide
temperature-dependent responses in vivo by MH96 using a two-way factorial
experimental design. Previous work has shown that temperature is an important
regulatory cue for MH96, with obvious phenotypic differences observed between 25
and 37 °C; briefly, at 37 °C in vitro MH96 has generally reduced global protein secretion
and levels of YenAl and YenA2 compared to 25 °C (Hurst et al., 2011a) (Chapter 2,
2.3.3, Figure 2.3) and during intrahemocoelic infection of G. mellonella at 37 °C the
bacterial cell shape was found to be much smaller and more uniform compared to 25
°C where bulging, spherical and filamentous cell shapes occur at higher cell densities
during infection (Hurst et al., 2015). Temperature also has a significant effect on MH96
virulence against G. mellonella by per os challenge, but not by intrahemocoelic injection
(Hurst et al., 2015). Wide-spread transcriptional responses to temperature by MH96
confirmed temperature does play an important role in coordinating gene expression in
MHO96; however, the most critical VFs, Yen-TC and other TC-associated factors only
became transcriptionally repressed at 37 °C when exposed to in vivo conditions,
implying layered regulatory mechanisms involving both temperature and host-
induced cues are involved in global repression of Yen-TC and TC-associated factors at
the transcriptional level. Additional work to validate the temperature-dependent
regulation of the chil-yenAl-yenA2-chi2 4-gene operon using lacZ-translational reporter
fused to the promoter region of chil (proxy for Yen-TC activation) in vitro was
undertaken and reported in Chapter 5, confirming that the level of Yen-TC production
is reduced at 37 compared to 25 °C, implying post-transcriptional regulatory
mechanisms are responsible for the temperature-dependent difference in toxin

component levels under in vitro conditions.

Complex temperature-dependent regulation of important VFs in other species of
Yersinia has been described before. The Ysc-Yop T3SS on the virulence plasmid pYV

was found to be dramatically upregulated by Y. pseudotuberculosis pre-conditioned
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host-cell culture medium (cell free) at 37 °C compared to cells grown in normal growth
media at 26 °C, which suggested thermoregulation as the primary control mechanism
for expression of the most critical VF produced by Y. pseudotuberculosis within the
mammalian host (Bent et al., 2015). Thermoregulation of Ysc T3SS at 37 °C is known to
involve two levels of transcriptional regulation in Y. pseudotuberculosis, including a
thermo-sensitive riboswitch within the 5 UTR region of the mRNA for the AraC-like
regulator, [crF (otherwise known as virF) and temperature-dependent repression of lcrF
by YmoA (Bohme et al., 2012), a nucleoid-associated heat-labile global regulator that is

known to interact with H-NS.

In Yersinia spp., YmoA is also an important temperature-dependent global regulator
and in Y. enterocolitca YmoA partly controls expression of insecticidal TC genes (Starke
and Fuchs, 2014). In Y. enterocolitica temperature-dependent regulation is also multi-
layered, involving a thermolabile transcriptional activator, tcaR2 located upstream

from the tc genes as well (Starke et al., 2013).

While characterizing entire overlaying temperature-dependent regulatory mechanisms
involved in coordinating this consortium of TC-associated factors by MH96 is well
beyond the scope of this thesis, targeted work investigating putative temperature-
dependent control of Yen-TC gene expression by PAlyess-encoded putative regulators
yen6 and yen7, represented a specific area of focus and is described in more detail in
(see 0, Osection). Further work to validate the temperature-dependent regulation of
yen6 under both in vitro and in vivo conditions was undertaken by fusing the yen6
promoter region to a lacZ-translational reporter (Chapter 5, section 5.3.3.6.2, Figure 5.26
and section 5.3.3.6.7, Figure 5.31). This finding determined that temperature-dependent
regulation of yen6 is affected by host-dependent conditions by post-transcriptional
regulation at the 5'UTR region of yen6, but notably enzymatic levels produced by the
reporter strain were estimated to be 39-fold higher at 37 °C compared to 25 °C during
intrahemocoelic infection (Chapter 5, section 5.3.3.6.7, Figure 5.31) supporting previous
in vivo transcriptome findings that yen6 expression is also maximum under in vivo

conditions at 37 °C as well.

Aside from in vivo temperature-dependent responses of Yen-TC and TC-associated

factors, which is described above, the other most significant finding was wide-spread
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temperature-dependent response by both the flagella and the T6SS, both of which were
completed repressed at 37 compared to 25 °C. Reduced expression of flagellar-related
genes at 37 °C has also been described in Y. enterocolitca (Bent et al., 2015; Horne and
Priiss, 2006; Kapatral et al., 1996, 2004) and Y. pseudotuberculosis (Nuss et al., 2015). The
flagella sigma factor, fliA, has been shown to be important to the regulation of not only
the flagella apparatus but also several important VFs located on the virulence plasmid
pYV (Horne and Priiss, 2006). It has been proposed, that in enteropathogenic Yersinia,
that the temperature-dependent repression of the flagella at 37 °C is a strategy to avoid
triggering the mammalian immune response by Tol-like receptor 5 activation (Minnich
and Rohde, 2007), due to the promiscuous secretion of the flagellar components by the
Ysc T3SS that is a critical VFs required for mammalian infection. This rationale
however, is not consistent with the temperature-dependent response of the flagellar
operons in MH96 because neither the T3SSYE1 or T3SSYE2 was found to be highly
expressed at 37 °C in vivo. Like the flagella the entire T6SS of MH96 was repressed at
mammalian host temperature as well, indicating that both motility the production of
the T6SS apparatus may be detrimental in the mammalian host environment. A study
characterizing the outer membrane proteome of Y. pestis cells grown at 26 and 37 °C
also determined thirteen proteins associated with a function T6SS that were associated

with cells grown at 26 but not at 37 °C (Pieper et al., 2009).

While the temperature-dependent expression of the pYV-encoded Ysc T3SS is a
hallmark of other pathogenic Yersinia species, the T3SSYE1 and T3SSYE2 were not
found to respond to temperature (during the exponential growth phase at least). The
T2SS was identified as linked to the co-expression of Yen-TC and TC-associated factors,
and since several components of the T2SS were found to have higher expression in vivo
this can be taken as evidence that the T2SS is most likely involved in secretion of VFs
during insect infection by MH96. As described above, the T2SS of Y. enterocolitica
biotype 1B strains encode Yts1l (Iwobi et al., 2003; Thomson et al., 2006), which was
found to secreted two chitin- and one oligosaccharide-binding exoenzymes (Shutinoski
et al., 2010). Both of the putative LCMOs/CBPs encoded by MH96 contain signal
sequence, cbpA (PL78_05310) is known to be 23 kDa and secreted into the culture
medium by MH96 at 25 °C and co-expressed with Yen-TC and TC-associated factors,
the second LCMO (PL78_08295) was identified as constitutively highly expressed in
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vivo, and based on these transcriptome results the two LCMOs/CBPs thought to be
important T2SS-secreted chitinolytic components of the insect-specific secreted

machinery of MHO96.

Additionally, the holin-endolysin secretion system was found to be co-expressed with
Yen-TC and TC-associated genes and is also thought to be involved in coordinated
secretion of Yen-TC components and co-secreted factors that likely target insect-
specific tissue and cell-surface ligands. Considering genes for putative VFs associated
with the T3SSYE2 and T6SS were also identified from in vivo clusters, and it is also
thought that secretion systems could be important for pathogenesis of MH96 against
insects but may more have targeted effects on hemocytes. While in vivo transcriptomics
provided insights into a highly complex virulence strategy used by MH96, likely
involving multiple toxins (including Yen-TC), translocated effectors, secretion systems
and secreted exoenzymes, the cytotoxic effects and insect-specific targets and function

roles of all but Yen-TC, remain to be validated.

4.4.4.2 During in vivo conditions at 37 °C MHg6 upregulates genes for stress
response, non-ribosomal peptide synthase, filamentous hemagglutinin
adhesin and sulfur-acquisition

Like in vivo clusters containing genes with higher expression during early infection,
multiple genes for several homologous CSPs were identified as having significantly
higher expression in vivo at 37 °C compared to 25 °C. Overall, genes for six CSPs (three
tandem — cspA123 and duplicate cspA4; duplicate cspB2 and cspE2) and were found to
have significantly higher expression in vivo at 25 °C and 37 °C during early infection
and middle infection, respectively compared to in vitro controls. The highly duplicative
CSPs encoded by MH96 and significantly higher in vivo expression profile resulted in
the cspA123 locus becoming a focus of future work reported later in this thesis (Chapter

6, section 6.3.1).

In addition to the CSPs, another potential stress response regulator that was identified
by this specific analysis was an IbpA-like heat shock protein that was co-expressed
with genes for Yen-TC and TC-associated factors and may play a role in global

virulence regulation by MH96. The primary role of heat-shock proteins is to assist in
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protein folding during environmental stress, especially the rescue or degradation of
denatured proteins or misfolded aggregates (Roncarati and Scarlato, 2017). While heat-
shock proteins have not been investigated in entomopathogenic bacteria, given the
regulatory linkage to Yen-TC and TC-associated factors, it is possible that the small
heat-shock protein may be a chaperone that prevents aggregation of the large amount
of secreted toxins and exoenzymes produced by MH96 at 25 °C. Two genes encoding
the heat shock proteins, IbpB and IbpA in Y. pestis were both shown to have
significantly higher expression during macrophage infection as well (Fukuto et al,,
2010). Assessment of an ibpA deficient mutant for protein secretion would be an

important next step to defining the role of heat-shock proteins in MH96.

While the genes for Yen-TC and co-secreted carbohydrate-binding/chitinolytic factors
were highly repressed at 37 °C in vivo, the transcriptome identified at least three other
putative toxins/effectors that had increased expression during growth at higher
temperatures. The expression profile of filamentous hemagglutinin N-terminal
containing protein, PAlvess-encoded yenV and an adenylate cyclase, adyC genes all had
a strong positive response to 37 °C in vivo conditions. These findings indicate that these
putative primary VFs represent toxins/effectors that could have specificity against
mammalian cells. Furthermore, secretion of the filamentous hemagglutinin N-terminal
containing protein in the culture supernatant from MH96 grown at 37 °C, but not 25 °C
was confirmed by LCMS-ESI-MS/MS (Chapter 5, section 5.3.1.1, supplemental Figure
516 and supplemental Table S12), which confirms that this filamentous hemagglutinin
N-terminal containing protein is highly expressed at 37 °C but also that it is secreted by

MHO96 in a temperature-dependent manner as well.

MH96 encodes two putative filamentous hemagglutinin N-terminal containing
proteins (previously annotated as hemolysins: PL78_04365 and PL78_11060) (Hurst et
al., 2016), but only PL78_04365 was found to have significantly greater expression at 37
°C in wvivo, although PL78_11060 did share a similar expression profile, but the
difference in expression were not determined to be statistically significant. Also, each
of the filamentous hemagglutinin N-terminal containing proteins is associated with an
upstream T5bSS autotransporter (PL78_04360 and PL78_11050) and these genes were

also more highly expressed at 37 °C in vivo. These results show that the production of
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tilamentous hemagglutinin N-terminal containing proteins by MH96 is under
temperature-dependent regulation, and because PL78_04360 and two putative TPSs
were found to be more highly expressed at 37 compared to 25 °C, there is a very high
likelihood that this putative VF plays an important role in MH96 virulence during

mammalian infections.

In addition to high production of filamentous hemagglutinin N-terminal containing
protein at 37 °C in vivo, MH96 also was found to highly express genes for two other
interesting putative effectors: one a leucine-rich repeat (LRR) containing protein
(PL78_01795, previously annotated as adenylate cyclase) and the other PAlvess-encoded
yenV (PL78_03780), which is likely a calcium/calmodulin dependent protein kinase.
Many pathogenic bacteria are known to express proteins containing LRR domains,
which function in adhesion and host-cell invasion (Ireton, 2007) as well as effectors that
modulate host signal transduction (Bernal-Bayard et al., 2010; Fernandez-Prada et al,,
2000; Leung et al., 1990; Miao et al., 1999). YopM is a LRR containing effector from Y.
pestis that was found to inhibit aggregation of platelets and required for virulence in
the mouse infection model (Leung et al.,, 1990). The human pathogen, Leptospira
interrogans was found to produce an extracellular LRR-containing effector with binding
specificity against human E- and VE-cadherins and is thought to be an important
adhesin (Eshghi et al., 2019). The MH96 encoded LRR-containing putative effector
shares a predicted protein structural similarity to the crystal structure of the LRR
protein 1ic10831 of L. interrogans (c4u06A) based on Phyre2 analysis (100 %
confidence/35 % i.d.).

Another putative VF that was found to be under temperature-dependent regulation
was NRPS (PL78_15621), which has higher expression at 37 compared to 25 °C and was
also identified as having higher in vivo expression at 25 °C during early infection. In
another transcriptome study, a significant increase in the expression of the NRPS gene
gxpS in P. asymbiotica at 37 compared to 28 °C was also identified, the authors to
suggest that the GameXPeptide synthase has a specific role in mammalian hosts
compared to insects (Mulley et al., 2015). Other NRPS are known to respond to
environmental different cues, for example in X. nematophila, a very complex co-

regulatory network was identified, linking motility, exoenzyme and antibiotic
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production, and the TCRS, consisting of membrane sensor kinase EnvZ and response
regulator OmpR negatively regulated NRPS, nrps1 (Park and Forst, 2006). Production
of secondary metabolites by NRPS has also been described from entomopathogenic
bacteria before such as those produced by the honey bee specific pathogen Pa. larvae,
which uses NRPS and polyketide synthases (PKS) to produce secondary metabolites
with antibacterial and antifungal activities thought to play a role in eliminating
bacterial competitors (Garcia-Gonzalez et al., 2014a, 2014b; Miiller et al., 2015; Sood et
al., 2014) or possibly even have cytotoxic effects against host cells (Sood et al., 2014).
MHO96 encodes three putative NRPSs (PL78_15621, PL78_04165 and PL78_09730);
however, PL78_15621 was shown to have the most interesting in vivo expression
profile, notably linked to several CSPs discussed above and possibly contributing to
the production of yet unidentified secondary metabolites that play an important role in
pathogenesis by MH96. In general, the products of NRPS and PKS in
entomopathogenic bacteria remains a largely untapped pharmacopeia of antibacterial,
antifungal and insecticidal agents and much current research focus on secondary
metabolites of P. luminescens (Nollmann et al., 2015; Orozco et al., 2016; Tobias et al.,

2016).

Lastly, specifically under in vivo conditions at 37 °C, several gene clusters related to
sulfur acquisition were upregulated by MH96, signifying sulfur acquisition is
important during infection at 37 °C. Recently transposon mutagenesis study identified
cysteine metabolism and sulfur assimilation as essential for survival of Acinetobacter
baumannii in G. mellonella (Gebhardt et al., 2015) and sulfur assimilation was also found
to important for virulence in the murine pneumonia model (Gebhardt et al., 2015;
Wang et al.,, 2014a). In other pathogens, sulfate acquisition has been intrinsically linked
to stress response and redox homeostasis (Alvarez et al,, 2015; Kobayashi et al., 2014;
Shatalin et al., 2011; Turnbull and Surette, 2010) and as an important part of the potent
antioxidant glutathione (GSH) (Newton and Fahey, 2017). At 37 °C in vivo, MH96
upregulates genes related to acquisition of several sources of sulfur, including sulfate,
thiosulfate, taurine and methionine. Perhaps in the absence of Yen-TC and TC-
associated factors at 37 °C in vivo, MH96 has reduced capacity to prevent the immune
system of G. mellonella from mounting an oxidative attack, so compared to 25 °C in vivo,
sulfur uptake pathways are activated in response to increased oxidative stress at 37 °C
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in vivo. Some genes related to cysteine metabolism were also identified as putative VFs
with increased expression in vivo at 25 °C, and like A. baumannii sulfur acquisition
maybe a critical requirement for growth of MH96 within the hemolymph of G.
mellonella. Further experimentation would be required to determine whether the
upregulation of numerous sulfur acquisition related pathways by MH96 in vivo at 37
°C is in response to temperature-induced nutrient availability within the host (Hanzal

and Jegorov, 1991) or increased oxidative stress at 37 °C.

4.4.5 Temperature-dependent metabolic shifts in MHg6 identified by
phenotype microarray

The regulation of virulence and metabolism have been shown to be inextricably linked
in pathogenic bacteria, which rely on sensory systems that regulate expression of both
metabolic and virulence genes in response to available nutrient sources within the host
(Kwaik and Bumann, 2013; Rohmer et al, 2011; Schmid et al.,, 2009). In many
pathogens, temperature is an important cue that can induce specific signals according
to whether a pathogen is in a mammalian (37 °C) or non-mammalian host, such as an
insect. Furthermore, numerous in vivo transcriptome investigations have also
implicated key regulatory themes related to metabolism and virulence during host
infection (Jorth et al., 2013; Koczula et al., 2017; Wang et al., 2016). In one study of an
emerging human pathogen, P. asymbiotica that can also infect insects and associated
with nematodes, temperature was found to have limited effects on global gene
transcription; however widespread reduction of sole-carbon and -nitrogen source
utilization at 37 compared to 28 °C were identified (Mulley et al., 2015). Here also, sole-
carbon utilization by MH96 was shown to be greatly impacted by temperature as well.
Most notably, the utilization of sugar carbohydrates was significantly affected by
temperature, such that MH96 was found to only utilize GIcNAc, D-trehalose, D-ribose,
D-fructose, alpha-D-glucose, sucrose, D-mannose and D-mannitol at 25 °C and not 37

°C.

The hemolymph of G. mellonella was recently shown to be relatively high in sugars,
especially trehalose (a glucose-glucose disaccharide), which was found to be the most

abundant carbohydrate in the hemolymph (Killiny, 2018). Trehalose is a common sugar
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known to be important in insects for carbon storage (Elbein et al., 2003) as well as a
source of glucose energy (Reyes-DelaTorre et al., 2012) and cryo-protectant (Saeidi et
al., 2013; Wang et al., 2010). Since MH96 cannot utilize trehalose at 37 °C based on
phenotype microarray results, it is likely that trehalose represents a carbohydrate that
present in greater abundance during insect infection compared to mammalian

infections.

Similar to trehalose, GIcNAc is thought to also be a carbon and nitrogen source that
would be readily available during infection of an insect host but not a mammalian host
because GIcNAc is the building-block of the polymer chitin, a key component of the
insect biomass (Gooday, 1990). MH96 is not able to utilize GIcNAc as a sole-carbon
source at 37 °C but could grow on this compound at 25 °C, which suggests GIcNAc is
also an abundant carbon and nitrogen source found within insect, but not in mammals.
MH96 is known to secrete chitinolytic enzymes, including CbpA (PL78_15310) and
three chitinases, two associated with Yen-TC (Chil and Chi2) and a third chitinase
(PL78_11910) and these were found to be under temperature-dependent regulation, but
only under in vivo conditions (Chapter 4, section 4.3.8, Table 4.13). The down
regulation of the chitinolytic machinery by MH96 during in vivo conditions at 37 °C is
coordinated with the metabolic down regulation of GlcNAc uptake and utilization

systems in MH96 as observed by phenotype microarray.

Major differences in amino acid utilization were also observed as a result of
temperature shifts in MH96; only at 37 °C could MH96 utilize L-glutamic acid, L-
glutamine, Gly-glu and L-threonine, while only at 25 °C could MH96 utilize L-aspartic
acid, L-asparagine and L-histidine. It is presently unclear what the biological purpose
is for temperature-dependent shifts in amino acid utilization as sole-carbon source by
MHO96; however, it is assumed that these changes likely reflect true shifts in amino acid
abundances encountered between infection of mammalian or insect hosts.
Furthermore, at 37 °C MH96 was able to utilize the glycosylated pyrimidine-analog
uridine and the low molecular-weight polymer dextrin, which is a non-digestible
starch hydrolysis product (Chronakis, 1998; Sun et al., 2010), suggesting MH96 may
have this ability at 37 °C to access dextrin present within the mammalian gut. While

some of the phenotype microarray data were found to be somewhat unreliable (i.e.,
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dextrin, sucrose, D-mannose, D-mannitol and L-lactic acid), for the most part the
remaining findings were very consistent between the two replicate plates. Additional
work to validate these temperature-dependent metabolic shifts observed in MH96 and
also the role of important carbohydrate sources, like trehalose and GIcNAc in

pathogenesis remains a fascinating area of future research.

4.4.6 Description of ncRNA identified in the MHg6 transcriptome

A variety of non-coding transcripts were identified in the MH96 transcriptome. Whilst,
not the key focus of this research, the below sections provide brief descriptions of
notable patterns or findings related to the ncRNA species expressed by MH96 under
both in vivo and in vitro conditions. Specific expression patterns of ncRNAs are
described elsewhere in the thesis (i.e., Chapter 5, section 5.3.2.2, Figure 5.16 and 0
section 7.3.1, Figure 7.7Figure 7.8) and are considered within their local genetic context

but a global analysis of ncRNAs was not considered here.

4.4.61 Trans-acting ncRNA prediction in MHg6 transcriptome

Genome-wide and unbiased investigations of bacterial transcriptomes using RNA-seq
have recently fostered a new appreciation for the complexity of the transcriptional and
post-transcriptional landscapes that have evolved herein. One of the key findings of
early bacterial RNA-seq studies was the discovery that bacteria widely produce trans-
acting ncRNA species, which can act as global regulators of many important process,
such as response to stress and pathogenesis (Caldelari et al., 2013; Chaloner et al., 2016;
Citartan et al.,, 2016; Frohlich and Papenfort, 2016; Quereda and Cossart, 2017;
Westermann et al., 2016). Over 200 putative ncRNAs were predicted from the MH96
transcriptome during in vitro and in vivo growth conditions, across multiple cell-
densities and two temperatures. Bacterial trans-acting ncRNAs (typically between 50 —
400 nt in length) have been widely reported as global regulators of human pathogenic
bacteria (Caldelari et al.,, 2013; Chaloner et al., 2016; Frohlich and Papenfort, 2016;
Ortega et al.,, 2014; Quereda and Cossart, 2017, Westermann et al., 2016); however,
there are very few (if any) reports of ncRNAs regulating virulence in insect pathogens

to date. Typically, trans-acting ncRNA act by targeting mRNAs through base pairing of
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short seed regions usually located in the 5 UTR of the target messenger. The secondary
structures formed by ncRNAs are important and binding of target often requires the
presence of molecular chaperones, such as Hfq (Vogel and Luisi, 2011). While beyond
the scope of this thesis, further characterization of the role of trans-acting ncRNAs in
pathogenesis by MH96 represents an interesting area for future research. Such work
could be facilitated by high-throughput identification of Hfq-dependent ncRNAs using
UV-crosslinking and immunoprecipitation strategies as a means to validate/further

characterize trans-acting ncRNAs in MH96 (Barquist and Vogel, 2015).

In addition to trans-acting ncRNA, it has only been recently found that (in at least
some) bacteria produce functional microRNA-like ncRNAs (MncRNA), which are
extremely small (< 35 nt) compared to trans-acting ncRNA (50 — 400 nt) (Choi et al,,
2018; Kang et al., 2013; Lee and Hong, 2012; O’Neill et al., 2014). Here we report that
greater than 50 % of the ncRNA predicted from the MH96 transcriptome were less than
50 nt in length. While the function of MncRNA by pathogenic bacteria remains largely
unexplored, some evidence points to a potential role in host manipulation. For
example, several different strains of the insect endosymbiont Wolbachia were shown to
express two functional MncRNAs within D. melanogaster, D. simulans, and Aedes aegypti
(O’'Neill et al., 2014). This study also provided evidence that MncRNA produced by
Wolbachia were exported into the host cells, and that one specific MncRNA, WsnRNA-
46, contains a seed region with perfect complementation to mRNA for the host actin
heavy chain Dynein (dhc). When a WsnRNA-46 mimic was injected into insect cells the
amount of dhc increased and Wol* mosquitos produced greater amounts of dhc
compared to Wol-. Based on these findings the authors suggested that modulation of
host microtubules through regulation of dhc by WsnRNA-46 likely played a role in
bacterial placement within the oocyte facilitating vertical transmission. Secretion of
both ncRNA and MncRNA in bacterial outer membrane vesicles has been recently
characterized (Choi et al.,, 2017, 2018; Koeppen et al., 2016), also supporting a more

direct role in host-manipulation by MncRNA in pathogenic bacteria.

While at least some of these predicted ncRNAs smaller than 50 nt in length may
represent bona fide MncRNA, the MH96 transcriptome were derived from libraries with

an average fragment length of 300 bp, making it very challenging to further

143



characterize these unusually small predicted ncRNAs. Future work to characterize
MncRNA produced by MH96 may include deep sequencing cDNA libraries containing
average fragments ~ 35 nt in length. It was found that some of these MncRNA-like
species were detected directly adjacent to predicted transcriptional starts of annotated
OREFs, or as intergenic components among operons. This latter phenomenon was also
reported from the transcriptome of Wolbachia strain wMel, where ncRNAs were
detected as intergenic components of polycistronic mRNA (Woolfit et al., 2015).
Subsequently, predicted ncRNAs less than 50 nt were generally not considered in this
report, except for several predicted ncRNA (<50 nt) found within key genomic regions
of interest (i.e., Yen-TC operon, for example). In this context, such ncRNAs were
considered only within the local genetic landscape, in a presence/absence manner (i.e.,
differential expression was considered unreliable due to library preparation bias

against small fragments).

When considering predicted ncRNAs from the MH96 transcriptome, it is also possible
that some may be translated into peptides. For example, many annotation pipelines do
not consider ORFs for proteins less than 100 residues; however, small RNAs have been
shown to be common sources for small peptides among phylogenetically widespread
bacteria (Friedman et al., 2017). For example, two putative ORFs identified as ncRNAs
(ncRNA130 and ncRNA131) were found among the holin-endolysin system within the
TC phage-associated region where identified in the MH96 transcriptome during
targeted investigations of genomic regions of interest. Other similar holin-endolysin
secretion systems used by pathogenic Yersinia spp. to secrete insecticidal TCs are
comprised of four small ORFs without any intergenic space in between the coding
regions of holin-endolysin cassette genes (Fuchs et al., 2008; Springer et al., 2018a);
however further work is required to validate ncRNA130 and ncRNA131. Further work
could be under-taken to improve ORF prediction in MH96 reference genome or further

characterize the predicted ncRNAs using the Rfam database (Nawrocki et al., 2014).

4.4.6.2 Cis-acting ncRNA and regulatory overlapping UTRs predicted in MH96

By using strand-specific cDNA library preparations methods, asRNA can be identified

in transcriptome data as reads originating from the DNA strand opposite to a protein

144



coding region and asRNAs were predicted to overlap approximately 1 - 2 % of protein
coding regions of the MH96 genome. These so-called, cis-acting asRNAs share
significant complementarity to the sense transcript, and are known to form dsRNA
with targets, which often (but not always) result in increased rate of degradation by
specific RNAses (Cossart et al, 2013; Georg and Hess, 2011; Saberi et al., 2016;
Thomason and Storz, 2010). Of note, multiple asRNA were identified overlapping the
genes of known VFs in MH96, including Yen-TC components chil (two asRNA), yenAl
(two asRNA) and yenA2 (four asRNA), suggestive of potential post-transcriptional
regulatory mechanisms here. AsRNAs were also found to overlap genes for other TC-
associated factors, including peptidase M66 (one asRNA; PL78_05495), a hypothetical
VF PL78_18785 (three asRNA), as well as known temperature-dependent secreted
proteins groEL-like (PL78_08315) and two ompA-like homologs (PL78_01525 and
PL78_02825). The expression of the asRNA overlapping any genes for Yen-TC
components or TC-associated factors mirrored the expression profile of the sense
transcripts (i.e., asRNA expression increased with sense transcript expression). AsSRNA
were also commonly predicted for many genes for ribosomal proteins, all of which
were highly expressed across all libraries. While, the function of only a few bacteria
asRNA have been described to date, it is also thought (at least by some) that pervasive
asRNA transcription may be a result of transcriptional noise or sequencing artefact
(Georg and Hess, 2011; Lloréns-Rico et al., 2016; Raghavan et al., 2012). So, further
investigations would be required to determine if any of the asRNA overlapping genes
for Yen-TC or TC-associated factors are important in the regulation of virulence in
MHO96, or just naturally occur for highly expressed genes, like the genes for the Yen-TC

components.

Cis-acting asRNA originating from long overlapping 5" and 3" UTRs have also been
identified in bacteria (Mraheil et al., 2011; Rasmussen et al., 2009; Sesto et al., 2013;
Silby and Levy, 2008; Toledo-Arana et al., 2009) and cyanobacteria (Hernandez et al.,
2006; Hess et al., 2009). These types of asRNA are thought to provide a fine-tuning
regulatory mechanism, such that the mRNA and asRNA can act on opposing operons
simultaneously (Sesto et al., 2013). Many long 5 and 3" UTRs were identified in the
MHO96 transcriptome but were not examined specifically for potential overlaps in a
genome-wide manner; however, one extremely long 3'UTR (646 nt) predicted on the
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putative mRNA of yen6 that is encoded on PAlves. Both yen6 and adjacent yen7 were
identified as a target for further study and are describe in more detail in Chapter 5
(section 5.3.2). Since, other interesting features can also be encoded in long 5" and
3’UTR regions, such as RNA sensors or novel ncRNAs, future work to characterize
such features could be carried by assigning possible annotations to predicted 3" and 5’
UTR regions using the RNA family data Rfam (Nawrocki et al., 2014) or identification
of secondary structures within these regions. Future studies may also focus on better
defining transcriptional boundaries using dRNA-seq (differential RNA-seq) which
allows better determination of transcriptional start sites by distinguishing between
primary and processed transcripts in bacteria (Sharma and Vogel, 2014). A list of the

100 longest predicted 5" and 3" UTRs is provided in supplementary (Table 511).

4.4.6.3 Limitations and future directions with respect to putative VF identified
by in vivo transcriptomics in MHg6

The exploration of the temperature- and host-dependent in vivo responses of MH96
within the model host, G. mellonella provided a proof-in-principle that functional
enrichment of putative VFs with higher in vivo expression is a useful approach to
identify toxins and secreted effectors that likely have insecticidal activities against
hemocytes of G. mellonella. Using these methods MH96 is predicted to exploit multiple
synergistic modes of pathogenicity upon infection of the insect hemocoel, including
secretion of toxins and LCMOs/CBPs, translocation of T3SS and T6SS effectors,
adhesion to host cells by filamentous hemagglutinin and fimbrial adhesion or
avoidance of detection by LPS and outer membrane protein modifications, which
supports the observation that MH96 is extremely virulent during intrahemocoelic
infection of G. mellonella, with only a single cell estimated to result in 100 % mortality.
Other key findings from the in vivo transcriptome revealed a key shift for increased
motility and iron acquisition at later stationary periods of in vivo growth at 25 °C and
the unexpected observation of genes related to active mobilization by genetic elements

as prevalent among in vivo clusters.

A prominent temperature- and host-dependent regulatory mechanism involving the

global repression of Yen-TC and TC-associated factors, including several known co-
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secreted chitinolytic and carbohydrate-binding exoenzymes, at 37 °C in vivo was
identified by comparing genome-wide expression at 25 and 37 °C under both in vitro
and in vivo growth conditions during exponential growth stage. This approach also
revealed that transcriptional activation of both T6SS and flagella machineries are
primarily driven by temperature in MH96, and greatly repressed at mammalian body
temperature. While the expression of genes for all secretion systems, motility, Yen-TC
and TC-associated factors are great reduced during in vivo growth at 37 °C, other
putative VFs like filamentous hemagglutinin adhesin, multiple sulfur acquisition
systems, multiple CSPs and NRPS were identified as more highly expressed at 37 °C in
vivo compared to 25 °C. These results demonstrate that while MH96 is highly effective
at killing G. mellonella at both temperatures by intrahemocoelic infection, there are

significant changes occurring at the transcriptome level.

One of the major limitations of this approach was that many interesting putative VFs
were not identified as sharing significant sequence homology to known VFs within the
VFDB database. Like most annotations strategies, this approach is only able to capture
known VFs, but is not able to capture novel or hypothetical VFs that may be important
for virulence of MH96, especially since the VFDB database is likely biased towards VFs
known from mammalian pathogens rather than entomopathogens. Future work may
benefit from including additional annotation from other virulence databases or specific
databases related to mobile genetic elements. Another recommendation that would
improve the ability to assign robust clusters is to add at least one or two more
additional collection timepoints which would greatly benefit the fuzzy clustering
process and likely improve the ability to identify discrete clusters containing genes

with tight regulatory linkages.

A major challenge with characterizing bona fide VFs in MH96 the difficulty
demonstrating a reduction in virulence upon targeted gene disruption, given the
diversity of putative VFs expressed during insect infection. In this sense, the results of
the in vivo transcriptomic investigations were helpful to determine a list of putative
VFs and regulators representing genes of interest (GOlIs) for targeted mutagenesis and
phenotyping, including LCMO/CBP encoded by TC-associated factor cbpA
(PL78_05310), tandem triplicate CSPS encoded by cspA123 (PL78_18365, PL78_17450
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and PL78_18370), the UC fimbrial protein (PL78_12480), putative regulator rovA
(PL78_05820), T6SS sheath protein encoded by vipB (PL78_00910) and putative PAlvess-
encoded regulators yen6 (PL78_03730) and yen7 (PL78_03735), see Chapter 5, section
5.3.1.2, Table 5.2.).
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Chapter 5. Mutant phenotyping by SDS-PAGE/intrahemocoelic infection of
G. mellonella and molecular characterizations of Yen6 and Yeny
as potential thermoregulators of Yen-TC production and
secretion by MHg6.

5.1 Introduction

Previously reported, transcriptomic investigations of Yersinia entomophaga MH96,
which aimed to discover important host- and temperature-dependent virulence
factors (VFs), including virulence regulators, revealed many interesting genes of
interest (GOlIs) that were found to have explicit responses to temperature or in-host
growth conditions (Chapter 4, sections 4.3.7 and 4.3.8, Figure 4.17, Table 4.13).
Subsequently, several of these GOIs were targeted for mutagenesis (Table 5.1) and
then deficient strains were investigated for phenotypic variation, which included
mutation effects on global protein production and secretion, including components
of the insecticidal toxin complex (TC) — Yen-TC, under in vitro conditions and
pathogenesis using the intrahemocoelic Galleria mellonella infection model. Mutants
with attenuated virulence compared to wild-type (i.e., Acspal23/AHCUIyess and
Ayen6) were the subject of much more detailed phenotyping using molecular,
transcriptome and targeted bioinformatics approaches reported in Chapter 6 and 7
of this thesis. The major focus of the remainder of this chapter was to determine
whether hypothetical regulators Yen6 and Yen7 are directly involved in
thermoregulation of the expression of Yen-TC component genes (see section 5.1.1
below). Applicable bioinformatics tools were used to further characterize putative
regulators yen6 and yen7 and surrounding genomic regions. The role of Yen6 and
Yen7 as temperature- and host-dependent regulators of Yen-TC were tested using
molecular microbiology approaches, involving lacZ-reporter fusions, arabinose
induction vectors and sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE).

149



Table 5.1: Summary of genes of interest targeted for mutagenesis and in this study.

Gene of Host-dependent Temperature-dependent
Interest Locus tag factor? * factor? t Putative function Other rationale
Expression profile is Co-expressed with other TC-
shared with Yen-TC and Lytic chitin monooxygenase associated factors, including
TC-associated factors, (also known as chitin- Yen-TC holotoxin,
with higher expression (>  binding protein) that contributing to the
PL78 05310  No. 2.5 fold-change log: ?nhances Vlrulen.ce a.gamst deg.radatl.on of the host
CPM) observed at 25 insect host by oxidative peritrophic membrane
Chitin- compared 37 °C in vivo cleavage of the insect- allowing access to the mid-
binding (i.e., temperature- abundant biopolymer gut epithelium where Yen-
protein, dependent response not chitin. TC and other VFs can bind to
cbpA observed in vitro). host cell ligands.
More highl
Ore gy Cold-shock proteins also
expressed in vivo, . : . . . . .
PL78_18365, . . More highly expressed in RNA-interacting chaperone identified as virulence
especially during . . . .
PL78_17450 . . vivo at 37 compared to 25  or ribosomal protein, regulators pathogenic
Cold-shock early infection (> 4 . . . o
rotein and fold-change log: CPM) °C (> 2 fold-change log> involved in stress response  bacteria, such as Listeria
protetit PL78_18370 ge 108" CPM) in vivo. and survival in the host. monocytogenes and Salmonella
triplication: compared to in vitro at (Sa.) enterica for example
cspA123 25 °C. ' pe.
Extremt?ly high oo . Usher-chaperone fimbriae
Usher- expression, especially =~ More highly expressed (>  Structural component of an
. : : . have been shown to be
chaperone during early infection 2.5 fold-change log2CPM)  usher-chaperone fimbriae . .
. PL78_12480 . , ) ) important virulence factors
fimbrial (> 6 logz fold-change)  in vivo compared to in involved in attachment to . .
. y . o involved in attachment to
protein, compared to in vitro at  vitro at 37 °C. host.

fim1

25 °C.

host tissue.




Table 5.1: Summary of genes of interest targeted for mutagenesis and in this study.

Gene of Host-dependent Temperature-dependent
Interest Locus tag factor? * factor? t Putative function Other rationale
Well k for virul
More highly Moderately reduced e7 Khown Tor virtience
Putative expressed in vivo expression (>1 fold-change regulation within pathogenic
PL78 05820 P . o p & MarR family, H-NS bacteria, including Yersinia
regulator especially during late  log CPM) at 37 compared .
. . o : o counter-silencer. spp. (rovA) and Photorhabdus
rovA infection (~ 2 log: to 25 °C in both in vitro .
S, o luminescens (slyA) for
fold-change). and in vivo conditions).
example.
T6SS is more highly
T6SS sheath expressed (> 2 fold-change Structural component of T6SS have been shown to be

. PL78_00910  No. log: CPM). at 25 compared T6SS encoded on Rhs- important virulence factors in

protein vipB o : L . . . .
to 37 °C in both in vitro associated region. other gram-negative bacteria.
and in vivo conditions.
More highly expressed (~
1.6 fold-change log. CPM)

. at 37 compared to 25 °C in . This putative regulator is
Putative vitro. Even higher Putative temperature- located 5’ of the Yen-TC
regulator PL78_03730  No. ) g . repressor of Yen-TC in vivo
yent comparative expression (> At 37 °C components encoded on

2.5 fold-change log: CPM)
at 37 compared to 25 °C in
vivo.

P Alveos.




Table 5.1: Summary of genes of interest targeted for mutagenesis and in this study.

Gene of Host-dependent Temperature-dependent
Interest Locus tag factor? * factor? t Putative function Other rationale

Expression profile is

shared with Yen-TC and

her TC- i
Miaia ey other TC %1550(?1ated
factors, with higher . . .
. expressed (> 2 fold- . This putative regulator is

Putative change log> CPM) in expression (~ 1.7 fold- Putative transcriptional located upstream of Yen-TC
regulator PL78_03735 ge o8 change log. CPM) P p

vivo compared to in
vitro at °25 C during
infection.

yen7

observed only at 25
compared to 37 °C in vivo
(i.e. temperature-
dependent response not
observed in vitro).

activator of Yen-TC.

components encoded on
PAlvese.

*Host-dependent VFs were defined in Chapter 2, section 2.1, Table 2.1 as having host-specific expression based on RNA-seq and sharing homology

with a known VF from the VFDB database and/or identified from a known pathogenicity island (i.e., PAlves).

*Temperature-dependent VFs were defined in Chapter 4, section 4.3.8 using RNA-seq data comparing 25 and 37 °C both in vitro and in vivo.
#*Log: counts-per-million (CPM) gene expression values were previously reported in Chapter4, using methods described in section 4.2.6.



5.1.1  Exploring yen6 and yeny as putative temperature-dependent
transcriptional regulators of Yen-TC in MH96

Interest in putative temperature-dependent regulators yen6 and yen7, located on the
PAlvess of MH96 directly 5" of the operons encoding the Yen-TC components (described
Chapter 2, section 2.3, Figure 2.1), was driven by results of the in vivo transcriptome
analysis (Chapter 4, section 4.3.8, Table 4.13), which identified temperature- and host-
dependent transcriptional responses in the expression profiles of yen6 and yen7, as well
as Yen-TC components in vivo (Figure 5.1). Yen6 was found to be highly expressed at 37
compared to 25 °C and increased expression at 37 °C seemed to be enhanced further in
the in vivo environment (Figure 5.2). A putative cis-encoded anti-sense RNA (asRNA)
in the 3’ untranslated region (UTR) of yen6 was also predicted from RNA-seq data. The
3" UTR is predicted to be an asRNA that overlaps the yen7 locus, which is encoded on
the anti-strand in a tail-to-tail orientation asRNA (referred to as ‘yen7as’). In contrast, a
temperature-dependent change in expression of yen7 was only observed in vivo, with
much higher expression at 25 compared to 37 °C, which linked yen7 as co-expressed
with the Yen-TC component genes and other TC-associated factors. Based on these
findings, it was hypothesized that Yen6 may act as a repressor of yen7, which may then
have down-stream effects on expression of Yen-TC components located directly 3’ to
yen7 (Figure 5.3). Much of the experimental investigations reported below focused on
determining whether yen6 and yen7 contribute to the regulation of Yen-TC-mediated

virulence in MH96.

The potential for yen6 and yen7 to regulate Yen-TC was also supported by recent
characterizations of a temperature-dependent regulatory mechanism for a different
insecticidal TC in Y. enterocolitica W22703, which involves two cis-encoded regulator
genes tcaR1 and tcaR2 that are found 5 of the insecticidal TC components and code for
two LysR-type transcriptional regulators (LTTRs) (Figure 5.3). TcaR2 was shown to be
an auto-regulating, heat-labile DNA-interacting protein that interacts with the
promoter regions of insecticidal toxin components tcaA and tcaB in W22703 (Starke et
al., 2013). The similar positioning of yen6 and yen7 directly 5 of the Yen-TC

components exactly matches the organization of tcaR1 and tcaR2, with respect to the

153



insecticidal TC in W22703, supporting the hypothesis that yen6 and yen7 are likely
involved in regulating Yen-TC. Furthermore, since the region of PAlvess containing the
yen6, yen7 and chil genes has extremely high AT-content compared to the core genome
(Figure 5.3), it was also considered likely that H-NS and YmoA also exert temperature-
dependent regulatory control on this region through global nucleoid interactions with
AT-rich regions of PAlvess. Along these lines, another important regulator of the
insecticidal toxin complex in W22703 was identified as the modulator of yersinial
virulence, YmoA (known as Hha in other genera), which contributes to the binding
properties of global nucleoid-associated protein H-NS (Starke and Fuchs, 2014).
Silencing of xenogenetic DNA by H-NS and other nucleoid- associating proteins, such
as YmoA/Hha is emerging as a common theme in virulence regulation by pathogenic
Enterobacteriaceae (Erhardt and Dersch, 2015; Navarre et al., 2007; Singh et al., 2016)
and research has also revealed wide-spread evolution of H-NS counter-silencing
mechanisms among pathogenic Enterobacteriaceae (Fang and Rimsky, 2008; Will et al.,
2015, 2019), often involving PhoP/PhoQ two-component systems (Will et al., 2014),
AraC-like activators GadX and GadW (Tramonti et al., 2006) and MarR family
regulators such as SlyA (also known as RovA in Yersinia spp.) (Ellison and Miller, 2006;
Heroven et al,, 2004; Will et al., 2019). Therefore, it was postulated that a putative
regulatory mechanism of Yen-TC component gene expression must involve
temperature-dependent H-NS/YmoA silencing and counter-silencing (possibly by
Yen7) or other commonly known counter-silencers from other pathogenic bacteria (i.e.,

AraC, PhoB, RovA, etc.).
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Figure 5.1: Mean Log: counts-per-million of the yen5, yen6, yen7 and Yen-TC
components expressed in vivo by Y. entomophaga during exponential growth at 25 and
37 °C . Data were previously determined in Chapter 4 using methods described in
section 4.2.6. Mean expression were plotted using Gviz package (Hahne and Ivanek,
2016) smoothed using LOESS curve fitting for visualization purposes. Putative
regulatory components are white, predicted asRNA is dotted, homolog exochitinases
chil and chi2 are light grey, yenA components are dark grey, yenB component is
diagonal lines and yenC components are black.
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Figure 5.2: Mean log: counts-per-million of putative temperature-dependent Yen-TC
regulators yen6, yen7as and yen7 expressed in vivo by Yersinia entomophaga MH96
during exponential growth at 25 and 37 °C . Data were previously determined in
Chapter 4 using methods described in section 4.2.6. Boxes outline paired expression
data for each of the three transcripts. Putative regulatory components are white and
predicted asRNA is dotted. A predicted double-terminator structure is shown between
yen6 and yen7as on the positive strand.
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Figure 5.3: Partial PAlves in Yersinia entomophaga MH96 shares 14 high scoring pairs
and 39 % coverage with the translated nucleotide sequence from a tc-PAI'**in Y.
enterocolitica W22703. Grey lines indicate regions with 27 — 100 % identity between GlIs
based on tBLASTx searches with bacterial genetic code (translated nucleotide subjects
using a translated nucleotide query, all three frames translated for DNA strand).
Genomic organization of PAlvess region encoding the putative temperature-dependent
regulators yen6, yen7 and Yen-TC components, chil, yenAl, yenA2, chi2, yenB, yenC1
and yenC2. Average AT- vs GC-content is provided (window size 20 bp), Green is AT-
content and Blue is GC. Genomic organization of tc-PAI¥* region encoding LTTR-like
regulators tcaR1 and tcaR2, insecticidal toxin components tcaA, tcaB, tcaC, tccC1 and
endolysin-holin cassette from Y. enterocolitica W22703.

Previously reported in vitro transcriptomics determined that Yen-TC component and
TC-associated genes are readily transcribed at 37 °C in vitro (Chapter 4, section 4.3.8
and Figure 4.20), but in contrast the Yen-TC components are not secreted by MH96
when cultured at 37 °C (see Chapter 2, section 2.3.3, Figure 2.3) (Hurst et al., 2011).
Also, previous findings from in vivo RNA-seq data that revealed genes for other TC-
associated factors with the same expression pattern as Yen-TC, including chitin-
binding protein, SrfA, SrfB and hypothetical protein (PL78_05310 — PL78_05325),
peptidase M66 (PL78_05495), YenC3 and hypothetical (PL78_18780 — PL78_18785), Tc
phage-associated  (including putative endolysin-holin cassette P78_17400 -
PL78_17390), heat-shock protein A, IbpA (PL78_12380), the entire type 2 secretion
system (T2SS) (PL78_08975 — PL78_08930) and novel hydrolase cluster (PL78_06535-20)
as being significantly repressed at 37 °C in the host compared to 25 °C (Chapter 4,
section 4.14.3.8, Table 4.13). These interesting findings beg further investigation into
temperature- and host-dependent regulation of Yen-TC at both transcriptional and

post-transcriptional levels.
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Here we combine targeted bioinformatics and molecular characterization of yen6 and
yen7, to gain further understanding of the function of these putative regulators in

temperature-dependent control of Yen-TC production in MH96.

The main objective of this work was to:

1. Validate temperature-dependent expression of yen6, yen7 and chil (proxy for

Yen-TC) at the translational level; and

2. Determine whether hypothetical regulators Yen6 and Yen7 act as
transcriptional regulators with direct involvement in thermoregulation of Yen-

TC.

Here the effects of over-expression of yen6 and yen7 on global protein secretion, Yen-
TC production, general growth and plasmid stabilities were undertaken using crude
protein visualization by SDS-PAGE. LacZ translational reporter fusions were used to
validate temperature-dependent responses of yen6 and chil at the translational level as
well as further interrogate the genetic functions of yen6 and yen7 on chil translational
reporter. These results contributed to further understanding of in vitro and in vivo

temperature-dependent regulation of Yen-TC by yen6 and yen7.

5.2 Summary methods

General molecular microbiology methods were used as described in Chapter 3,
including bacterial strains, plasmids and growth conditions (section 3.1), bacterial
enumerations (section 3.2), DNA manipulation (section 3.3), targeted mutagenesis
(section 3.4), protein visualization by SDS-PAGE and identification (section 3.5) and G.

mellonella intrahemocoelic bioassay (section 3.6) unless otherwise stated.
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5.2.1 Targeted mutagenesis

For additional details related to targeted mutagenesis please see section targeted
mutagenesis (Chapter 3, section 3.2). Targeted mutagenesis constructs were made
either using naturally occurring restriction sites found within GOI or using overlap-
extension polymerase chain reaction (PCR). The transcriptional regulator rovA
(PL78_05820) and T6SS component vipB (PL78_00910) contained natural restriction
sites, Clal and Bglll, respectively. Amplicons of approximately 2 kb were generated
containing these GOI, which were used as a base for the homologous recombination

construct by gene interruption.

Homologous recombination constructs targeting the remaining GOI, cbpA (chitin-
binding protein PL78_05310), cspA123 (three tandem cold-shock proteins PL78_18365,
PL78_17450 and PL78_18370), fim1 (usher chaperone fimbrial protein PL78_12480),
yen6 (PL78_03730) and yen7 (PL78_03735) were generated using overlap-extension PCR
with primers CBP_P2/CBP_P5, CSP_P2/CSP_P5, UCF_P2/UCF_P5, Yen6_P2/Yen6_P5

or Yen7_P5 and Yen7_P2/Yen7_P5, respectively (supplementary Table S5).

5.2.2 Phenotyping targeted mutants by SDS-PAGE and protein identification by
LC-ESI-MS/MS

For additional details related to protein visualization and identification see (section
3.5). To enable visualization of crude protein extracts, wild-type and mutant strains
were grown in 3 ml broth for approximately eight hours with appropriate antibiotics.
Flasks containing 50 ml nutrient broth were seeded with 2 % starter and grown at
either 25 or 37 °C with 200 rpm shaking overnight (~ 18 hours) with antibiotic. The
following morning, 1 ml culture were pelleted by centrifugation for 10 minutes at 8,000
x g and the cell supernatant was filter sterilized (0. 22 pum). Serial dilutions of the
overnight culture were made in phosphate buffer solution (PBS) (Sigma) and colony
forming units (CFU) were enumerated to confirm consistent cell density among the

overnight cultures.

Protein visualization by SDS-PAGE was performed according to (Laemmli, 1970) on

one-dimensional slab gels (1.0 mm thick) containing 0.1 % SDS. Mid-range proteins
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were separated by size on hand-cast or Novex pre-cast tris-glycine with 10 %
polyacrylamide under reducing conditions with 200 V for 55-60 minutes in SDS-PAGE
running Buffer. Precision Plus™ Protein standard (Bio-Rad) was used as a
markerUnstained marker. Smaller sized denatured proteins were mobilized on Novex
pre-cast 10 % tricine (Life Technologies) under reducing conditions (by applying 125 V
for 75 - 90 min in Novex 1 X tricine running buffer. Separated proteins were stained
with silver as described by (Blum, H., Beier, H., Gross, 1987). Specific unknown protein
samples for liquid chromatography electrospray ionization ion trap-tandem mass
spectrometry (LC-ESI-MS/MS) analysis were separated by SDS-PAGE as outlined

above in Chapter 3 (section 3.5.2).

5.2.3 Phenotyping targeted mutants by bioassay

For details on virulence testing of MH96 and mutatgenic strains using Galleria
mellonella intrahemocoelic infection model (see section 3.6). Larvae were injected with
10 pl inoculum containing strain dilutions (ranging from ~ 0 — 10 cells) just below their
third right leg with a 30-gauge needle on a 1 mL tuberculin syringe (BD) using a
microinjector. Ten larvae were injected per dilution/strain and incubated at 25 or 37 °C.
The bioassay was repeated three times per strain and temperature. To determine the
LDso, day five mortality rates were fit with binomial-type generalized linear model
(includes the logit link function) and the LDso and its standard error were estimated

using the R package MASS (Crawley, 2013). Data were plotted using ggplot2 in R.

5.2.4 Yen6 and Yeny protein sequence homology searches and protein model
predictions.

The region of PAlves encoding putative regulators yen6 and yen7 was interrogated with
a variety of bioinformatics tools to assign additional annotations or genetic features to
the region. The amino acid sequence of Yen6 and Yen7 were compared to the National
Center for Biotechnology Information (NCBI) non-redundant (nr) protein sequence
database (May 3, 2019) using BLASTp, with default settings (Camacho et al., 2009).

Amino acid sequence of hypothetical proteins sharing significant sequence homology
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to Yen6 or Yen7 were aligned using clustalW (Thompson et al., 1994) with Mega X
(Kumar et al., 2018). Evolutionary histories of Yen6 or Yen7 homologous hypothetical
proteins were inferred by phylogenetic analysis using the Maximum Likelihood
method and Le and Gascuel model (Le and Gascuel, 2008) with discrete Gamma
distribution site substitution model and tested with 1,000 replicate bootstraps
(Felsenstein, 1985) using Mega X. The amino acid sequences of Yen6 and Yen7 were
investigated using the online database Protein Homology/Analogy Recognition Engine
V 2.0 (Phyre?) (Kelley, Lawrence et al., 2015)(accessed: May 11, 2018 and April 20, 2018)
to predict protein structure and identify structural homologies to solved crystal protein
structures using normal modelling mode. The predicted protein structures were
visualized using the FirstGlance in Jmol viewer (v 2.74) (Hanson et al., 2013).
Terminators were annotated by GAMOLA2 (Altermann et al, 2017) using
TransTermHP (version 2.09) (Ermolaeva et al., 2000). The nucleotide sequence of the
entire upstream region of yen6 until the start codon of Chil (2,108 bp) was assessed for
repeat motifs using the Repfind program (accessed: May 22, 2018) (Betley et al., 2002)
with (P-value cut off = 0.001, minimum repeat length = 9, maximum repeat length = 14,
with low complexity sequence filtered. Secondary RNA structures of yen6 messenger
RNA (mRNA) variants were modelled in Geneious (v10.0.9) using the tool Vienna
RNAfold tool (Gruber et al., 2008) using the constraint generation RNA free energy

parameter estimation method (Andronescu et al., 2007) and default settings.

5.2.5 Arabinose induction of yen6, yen6yas and yeny

5.2.5.1 Cloning into arabinose induction vector

The arabinose induction pPBAD18 derivative pAY2-4 vector (Shaw et al., 2003) (therein
simply referred to as “pBAD”) was used to characterize changes in growth and toxin
production/secretion during over-production of yen6, yen67as and yen7 in MH96
(supplementary Table S4). All pBAD vectors encode the regulatory gene araC, which
under the presence of arabinose, will promote transcription of genes fused to the
downstream Psap promoter (Guzman et al., 1995). The ORF regions of yené (including

32 bp of 3’'UTR), yen67as (including 477 bp of 3'UTR encoding a predicted terminator

161



and asRNA that overlaps with the ORF of yen7 on the opposite strand) and yen7
(including 31 bp of 3'UTR) were amplified using PCR with Platinum Tag DNA
polymerase (Invitrogen) as described in Chapter 3 (section 3.3.2) using forward primer
yen6_expF and reverse primers yen6_expR and yen67as_expR, respectively
(supplemental Table S13, Figure S21). The restriction sites, Ndel and EcoRI were
incorporated into the forward and reverse primers for restriction cloning of the PCR
product, respectively. Two additional yen6 expression variants were also generated
using the aforementioned yen6_expF with Amb2 and Amb3 reverse primers, to
generate a yen6 variant with 3'UTR lengths of 67 and 148 bp, with the later variant

containing the predicted terminator.

Amplicons were purified using the High Pure PCR Product Purification Kit (Roche).
Digestion with Ndel and EcoR1 (New England Biolabs (NEB)) and ligation using T4
DNA Ligase (Invitrogen) was carried out as previously described (section 3.3.7). The
overnight ligation reaction was then precipitated in 100 % and further digested with
Stul (NEB) to enrich for insertion of the PCR product into the vector. This step was
determined as critical for successful recovery of correct clones (pBAD lacks a
blue/white detection with lacZ). The enriched ligation was then transformed into

DHI10B by chemical transformation and clones were selected on ampicillin 100 pg/ml.

Insert validation was achieved by first screening ampicillin resistant colonies by PCR
using DreamTaq Green PCR Master Mix (Thermo Scientific) and the original insert
primers. Plasmids were isolated by minipreparation from PCR-positive clones and
digested using Ndel and EcoRI to confirm insertion. Finally, plasmids showing a correct
restriction digestion profile were isolated using the High Pure Plasmid Isolation Kit
(Roche) and shipped to Macrogen Korea for sequencing with primers araF (5'-
TCCATAAGATTAGCGGATCCTAC-3") and araR (5'-CATGGGGTCAGGTGGCAC-3)
(supplementary Table S13). Sequence data were validated by visual inspection for PCR
errors and correct in-frame fusion of GOI by alignment with the MH96 reference

genome in Geneious.

Electrocompetent MH96 cells were generated as previously described for E. coli

(Section 3.3.9). Validated pBAD-yen6, pBADyen67as and pBAD-yen7 induction vectors
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were transformed into MH96 and derivative strains by electroporation and selected on

ampicillin 400 pg/ml.

5.2.5.2 Over-expression of yen6, yen67as and yeny in MHg6 and derivative
strains

MHO96 and derivative strains were grown in 3 ml Luria Broth Base (LB broth)
(Invitrogen) at 30 °C with 250 rpm shaking for approximately eight hours with
ampicillin pg/ml. Flasks containing 50 ml media were seeded with 1 % starter and
grown at either 25 or 37 °C with 200 rpm shaking overnight (~ 16 hours) with
carbenicillin 400 pg/ml (earlier work found that ampicillin did not produce enough
selective pressure to maintain the plasmid in some growth conditions). For most
arabinose induction experiments, arabinose was added immediately following the
starter culture to a final concentration of 0.2 %, but sometimes final arabinose
concentrations 0.02 or 0.002 % were used. In some specific yen7 overexpresion
experiments, the addition of 0.002 % arabinose was delayed for two hours after adding

the inoculumn.

After 16 h, samples from overnight 50 ml cultures were serially diluted and plated for
enumeration (see Chapter 3, section 3.2) on media supplemented with and without
ampicillin 400 pg/ml. Plasmid containing cells were determed by their ability to form
colonies on ampicillin supplement plates and plasmid stability was calculated as the
percentage of plasmid-containing cells in the culture from non-replicated plates. Due to

plating variability, estimated plasmid stabilities greater than 100 % were determined.

Crude protein samples were prepared from 1 ml of culture by centrifugation for 10 min
at 8,000 x g to pellet the cells. Cell supernatant was filter sterilized (0. 22 um) and the
pellet resuspended in sterile H20. Protein extracts from cell supernatant (CS) and pellet
(CP) were visualized by SDS-PAGE as described above (section 3.5.1) on either hand-
cast or Novex Tris-Glycine pre-cast (Invitrogen) gel containing 10 % polyacrylamide

with silver stain.
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5.2.6 Translational Pyens::, Pyeny:: and Pepir::lacZ reporters

5.2.6.1 Transcriptional organization of yen6, yeny and chii

Before construction of lacZ-promoter fusions for yen6, yen7 and chil, the transcriptional
organization of the specific region was explored using reverse transcription PCR (RT-
PCR). The RT-PCR reactions were performed on cDNA generated using SuperScript IV
RT (Invitrogen) according to the manufacturer’s guidelines with Random and Oligo
(dT) Primers (Promega). The RNA used in the RT reactions was originally used for
RNA-seq and collected from MH96 grown in vitro at 25 °C until mid-exponential
growth (~ 108 CFU/ml) and was previously shown to be free of DNA (Chapter 4,
section 4.3.2). A final volume of 13 pl, containing 1 pl random primers (0.5 pg/ul), 4 ul
dNTPs (10 mM each), 5 pul RNA (DNAse treated) and 3 pl DEPC-treated H20 was
incubated at 65 °C for five minutes and then placed on ice for one minute. A RT
reaction mix, containing 4 pl 5X SSIV buffer, 1 ul DTT (100mM), 1 pul RNAseOUT
RNAse Inhibitor (40 U/ul) and 1 ul SuperScript IV Reverse Transcriptase (200 U/ul)
were first mixed and then added to the reaction. The mixture was incubated at 23 °C,

55 °C and 80 °C for ten minutes each and then stored at -20 °C.

To assess the transcriptional organization of the yen6, yen7 and chil region, PCR
reactions were carried out using the cDNA (1 ul), gDNA (0.5 pl) and RNA (0.5 ul) with
primers provided in supplementary Table S14 and Platinum Taq DNA Polymerase as
described before. These PCR reactions were performed using the following program:
95 °C for 3 min; then 95 °C for 25 s, 55 °C for 25 s, 72 °C for 1 min repeated 30 times;
then 72 °C for 10 min. PCR products were visualized on 1 % agarose gel by

electrophoresis on a UV transilluminator with red safe DNA dye.

5.2.6.2 LacZ reporter cis-merodiploid MHg6 derivative strains

The promoter regions for yen6 (1,006 bp), yen7 (873 bp) and chil (834 bp) were fused in-
frame to promoterless lacZY cassette in the suicide plasmid pVIK107 (Kalogeraki and
Winans, 1997). Primers, plasmids and strains used in this study are provided in
supplementary Table S2, Table S4 and Table S13 and supplementary Figure S22). The
pVIK107 plasmid contains a R6K vegetative origin but lacks the R6K pir gene (like the

suicide plasmids used for targeted mutagenesis, see Chapter 3, section 3.3.8), so cannot
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replicate in strains that do not have pir. The promoter regions were amplified using
Phusion High-Fidelity DNA polymerase (NEB) following manufacturer
recommendations. The PCR products were purified using the High Pure PCR Product
Purification Kit (Roche) and then cloned into pGEM-T vector for sequence validation

(see Chapter 3, section 3.3.5 above).

Once the cloned sequences were validated as correct, these promoter regions were
restriction cloned into pVIK107 (kanr) or pVIK107 (chlor®) using EcoR1 and Sall (NEB).
The ligated DNA was purified by ethanol precipitation; briefly the DNA mixed with 2
volumes 100 % ethanol and 1:10 volume 3 M sodium acetate (pH 5.2) and incubated for
2 minutes at room temperature (~ 22 °C). Next the DNA was pelleted by centrifugation
for 5 min at 15,700 x g, the supernatant was carefully removed, and the pellet was
dried at room temperature 20 minutes and then resuspended in MilliQ water. The
ligated DNA was further enriched by digestion with Xbal (NEB) and this enriched
ligated DNA was transformed into EC100D (pir*) by electroporation and clones were
screened on either kanamycin 100 pg/ml or chloramphenicol 30 pug/ml (depending on
whether the kan® or chlor” pVIK107 plasmid variant was used) and X-gal 100 pg/ml for
blue/white selection. White clones were then screened for sensitivity to ampicillin 100
ug/ml to ensure loss of the pGEM-T vector. Clones were validated by plasmid
isolation, restriction enzyme digestion with EcoRI and Sall, and subsequent
visualization of the correct sized inserts when by agarose gel by electrophoresis.
Correct plasmids were then transformed into the conjugative E. coli strain, ST18 by

chemical transformation as previously outlined (Chapter 3, Section 3.3.10).

By single-step homologous recombination, the reporter lacZ-fusions were integrated
into the chromosomes of recipient strains by conjugation method as described for
targeted mutagenesis (see Chapter 3, section 3.2). Putative cis-merodiploid MH96
derivative strains were screened on either kanamycin 100 pg/ml or chloramphenicol 90
ug/ml. Correct integration of the translational fusion within natural chromosomal
locations was confirmed by PCR using validation primers (supplemental Table 513),
extending beyond the point of recombination and into the lacZ gene. Mutant strain
validation was carried out as described above in Chapter 3, section 3.4 and strains used

in this study are provided in supplementary Table S2.
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Preliminary attempts were taken to trans-complement the Pei::lacZ cis-merodiploid
reporter Ayen6 and Ayen67 strains using the mid-copy vector pACYC184 Table S4.
Briefly, the entire region containing the promoter and coding regions of yen6 to yen7
(2,761 bp) were amplified by PCR and ligated by restriction at the BamHI and Sphl sites
within the tetracycline cassette using primer pairs 184_Y67F/184_Y76R (Table S13 and
Figure 522).

5.2.6.3 Calibration curve

MH96 was grown overnight in 3 ml LB broth at 30 °C with 250 rpm shaking. Next,
three 50 ml flasks per temperature (25 and 37 °C) were each inoculated with 1 % starter
and grown until optical density at 600 nm (ODew) of approximately 1.0, from which a
range of dilutions with ODew ranging from 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 were
made with PBS from each culture flask and measured on the SPECTROstarNa° (BMG
Labtech). Absorbance data were normalized against blank using the MARS Data
Analysis software (BMG Labtech). Subsequently, the cell density of each of the
dilutions from each of the culture flasks were further serially diluted and plated for
CFU enumeration. The experiment was repeated three times and the combined mean
cell density (CFU/ml) was plotted against mean ODew to determine the calibration
curve for MH96 grown at 25 and 37 °C.

5.2.6.4 [P-galactosidase assay in vitro

In vitro cultures for (-galactosidase ([3-gal) assays were grown overnight (16 hours) in
50 ml LB at either 25 or 37 °C with 200 rpm shaking. Flasks were seeded with 1 %
overnight culture and grown with appropriate antibiotics to maintain any plasmids.
Every lacZ-fusion strain was grown in triplicate, and a negative control strain not
expected to produce any lacZ was included with each experiment. Each experiment
was repeated three times. To mitigate inherent variability associated with sampling
from clumpy cell culture, 1 ml samples were collected into 1.5 mL microcentrifuge
tubes and gently vortexed before 200 ul of culture were collected into a sterile 96-well

plate (F-bottom) (Greiner Bio-One Cellstar). Also, 500 pl were diluted 1/10 in PBS,
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vortexed gently and then 200 ul of the dilution was collected. The 96-well plate was

frozen at -80 °C.

A single-step method for 3-galactosidase assay using a 96-well microplate reader was

carried out as described in Schaefer et al., 2016a & 2016b, with minor modifications.

Modified -gal mix used in this study were made up in distilled water:

e 1x Z-buffer pH 7.0 (60 mM Na:HPOs, 40 mM NaH:POs, 10 mM KCl, 1 mM
MgSOs);

e (-mercaptoethanol (1.8 pl/ml);

e Lysozyme from chicken egg white (> 40,000 units/mg lyo.; Sigma) (0.2 mg/ml);

e Bacterial Protein Extraction Reagent (B-PER) (Thermo Fisher Scientific) (1/150
dilution); and

e 2-nitrophenyl-f3—galactopyranoside (ONPG) (Sigma) (1 mg/ml).

Samples were thawed at 37 °C for 20 - 25 minutes (until no more ice crystals remained).
Absorbance of the undiluted and 10 cell samples was measured on a SPECTROstarNane
(BMG Labtech) at 600 nm. Next 80 pl of 10! cell sample was added to a Nunc F96
MicroWell plate (Thermo scientific) assay plate to which 120 ul of B-gal mix were
added. Absorbance at 420 nm were immediately measured on a pre-warmed (30 °C)
plate-reader. Readings were taken every 60 s for 1 h (20 flashes per well each cycle) and

the plate was shaken at 500 rpm (double orbital shaking) between each reading.

Using the MARS Data Analysis software (BMG Labtech), the slope of blank-
normalized absorbance values (ODs0/min) was determined using ranges of linear
increase of 3-gal only (measurements taken after maximum ODa42 absorbance were not
included). The blank corrected absorbance at ODso of the 10! diluted cell sample, and
the blank corrected slope of 3-gal activities were expressed in Miller Units (MU) using

the following equation (Schaefer et al., 2016b):
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1000 * (OD420/min)

101 culture ODswo * volume used (ml)

Statistical significance between average enzyme activities for Pyens::lacZ and Penii::lacZ
in wild-type MH96 at 25 and 37 °C were tested using Welch’s t-test in R. Statistical
significance between average enzyme activities for Pai:lacZ in various genetic
backgrounds and under over-production of Yen6 and Yen67as were assessed, first by
titting an analysis of variance model to the data and then by applying post-hoc Tukey’s

Honest Significant Difference test in R.

5.2.7 [P-galactosidase assay in vivo

Cultures for in vivo B-gal assays were grown in 3 ml LB broth for 7 — 8 hours at 30 °C
with 250 rpm shaking. Cultures were serially diluted in PBS and 10 pl containing and
between 260 — 740 cells were injected into the hemocoel of G. mellonella as described in
section 3.6. Hosts were either incubated at 25 or 37 °C and hemolymph were collected
at specific post-infection time points to try and normalize the cell density between the
two temperatures (the cells grow faster at higher temperatures). Subsequently,
hemolymph from hosts incubated at 25 and 37 °C were collected after 19 — 22 h and 16
— 17 h, respectively. Three individual hosts from each temperature/experiment were
homogenized and used to make enumeration plates to estimate cell density (method
previously described in Chapter 4, section 4.2.1.2) and the experiment was repeated
three times. The first time was with a fresh batch of G. mellonella that were used within
one week upon arrival and the second and third experiment were carried out with a
less fresh batch of G. mellonella, which required at least three weeks on artificial diet

before reaching the final L6-stage (this is the stage used for experiments).

Hemolymph used for 3-gal assays were collected following the same protocol as the in
vivo RNA samples (Chapter 4, section 4.2.1.2) with minor modifications. Briefly,
approximately 50 pl of hemolymph was collected by pipette from a puncture of the
dorsal cuticle and immediately placed into 200 pul pre-chilled PBS containing crystals of

phenylthiocarbamide (1-Phenyl-2-thiourea; Sigma) to prevent melanization, which was
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found to interfere with ODeoo readings during preliminary experiments. The hemocytes
were pelleted by centrifugation at 500 x g for five minutes at 4 °C. Next, 200 ul of the

supernatant was collected into a pre-chilled 96-well plate and stored at -80 °C.

The in vivo 3-gal assays were completed using the same single-step method used for in
vitro samples described above in section 5.2.6.4, except the undiluted ODsw was used
for the MU calculation, but the enzymatic assay was conducted on 1:10 samples diluted
in PBS. The third experiment was omitted from the results due to highly variability of
enzymatic activity observed between individual hemolymph samples at both

temperatures.

5.3  Results

5.31 Targeted mutant phenotyping

Based on previously reported RNA-seq analysis (Chapter 4, sections 4.3.7.2 -Figure
4.17; section 4.3.8 - Figure 4.20) investigating global transcriptome responses by MH96
to in vivo conditions within the model host G. mellonella and different temperatures (25
and 37 °C), several GOIs representing putative VFs were identified and targeted for
mutagenesis (see Table 5.1). These included: cbpA (PL78_05310) that encodes a secreted
lytic chitin monooxygenase (LCMO)/chitin-binding protein (CBP); cspA123
(PL78_18365, PL78_17450 and PL78_18370) encoding three triplicate cold-shock
proteins (CSPs); fim1 (PL78_12480) that encodes an usher chaperone fimbrial protein;
rovA (PL78_05820) that encodes putative H-NS counter-silencer; vipB (PL78_00910) that
encodes T6SS sheath protein; yen6 (PL78_03730) that encodes putative LytTR-
containing DNA-binding protein; and yen7 (PL78_03735) that encodes putative
winged-helix-turned-helix (wHTH) DNA-binding protein. Phenotypic investigations
were carried out using protein visualization and virulence testing in the G. mellonella
intrahemocoelic model to determine whether mutagenesis resulted in significant

effects at the protein level or attenuated virulence of MH96.

5.3.1.1 Targeted mutant phenotyping by protein analysis

Denatured proteins from cell pellets (CP) and supernatant (CS) from MH96 and

derivative mutant strains (AcbpA, AcspAl123 (subsequently renamed AcspA123/
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AHCUIyes due to the presence of 17.5 kb excision of HCUIves), Afim1, ArovA, AvipB,
Ayen6, Ayen7 and Ayen67) were visualized by SDS-PAGE, targeting mid-large
molecular weight proteins on 10 % glycine gel (Figure 5.4, Figure 5.5, Figure 5.6 and
Figure 5.7). The protein profiles were examined for phenotypic variation in the mutant
strains compared to wild-type, with an emphasis on production and secretion of large
molecular weight Yen-TC components YenB (167 kDa), YenA2 (156 kDa), YenA1 (130
kDa), YenC1 (109 kDa), YenC2 (107 kDa), Chil (70kDa) and Chi2 (60 kDa) (MH%6 is
known to produce and secrete large amounts of Yen-TC components at temperatures
of 25°C or lower). A phenotype was identified for AcspA123/AHCUIvess, which did not
produce Yen-TC toxin components (Figure 5.4) and showed greatly reduced secretion
(Figure 5.5) when grown at 25 °C. The protein profiles of the CP produced by
AcspA123/AHCUIvess at 25 °C was a near exact match to the CP profile of MH96 when
cultured at 37 °C, which was found to lack Yen-TC components (YenB, YenA2, YenAl)
as well as four other previously identified proteins: peptidase M66 (81 kDa), a
hypothetical (44 kDa), chitinase (33 kDa) and CbpA (23 kDa) (Figure 5.4 and Figure
5.5). It was difficult to determine if less YenC1, YenC2, Chi2 and Chil were produced
by AcspA123/AHCUIvess at 25 °C due to the presence of similar sized proteins in the CP,
however protein bands located at 70 and 60 kDa (corresponding to Chi2 and Chil)
were less prominent in AcspA123/AHCUIvess compared to wild-type 25 °C.

Notably, the CS produced by AcspA123/AHCUIvess when cultured at 37 °C only
contained a single high molecular weight protein (~175 kDa) (this protein was also
produced by wild-type at 37 °C). The LCMS-ESI-MS/MS analysis identified 51
peptides, covering 48 % of the filamentous hemagglutinin N-terminal containing
protein (PL78_04365) with a predicted false positive rate of 8.6E-40 (i.e., chance that
false identification would achieve the same or matching score) (Zhang et al., 2012)
(supplemental Table S12 and Figure S16). This was the same filamentous
hemagglutinin N-terminal containing protein identified as highly expressed in vivo at
37 °C compared to 25 °C and this high molecular weight protein is known to be

secreted by wild-type at 37 °C as well.
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Figure 5.4: Crude protein extracts from cell pellet of overnight cultures of Yersinia
entomophaga MH96 and Ayen67, Ayen6 and Ayen7 strains grown for 18 hours with 200
rpm shaking at either 25 or 37 °C. Proteins are visualized on 10 % glycine gel under
denaturing conditions and stained with silver. MW = Precision Plus Protein™
Unstained Protein Standard (Bio-Rad). Ayen67= deletion mutant lacking yen6 — yen7
region, Ayen7 = deletion mutant lacking yen7, Ayen6 = deletion mutant lacking yen6,
AcspA123/AHCUIyess = deletion mutant lacking cold-shock protein triplication and
HCUlyes excision. Arrows denote Yen-TC components: YenB (167 kDa), YenA2 (156
kDa), YenA1 (130 kDa), Yen C1 (109 kDa), YenC3 (107 kDa), Chi2 (70 kDa) and Chil
(60 kDa) and peptidase M66 (81 kDa), hypothetical (44 kDa), chitinase (33 kDa) and
chitin-binding proteins (23 kDa). Black triangles denote Yen-TC components and other
secreted proteins missing from AcspA123/AHCUIvese.

The proteins present in the CS from the remaining derivative strains (i.e., AcspA123,
AvipB, AcbpA, ArovA and Afiml) grown at 25 °C were compared to wild-type on
denaturing 10 % glycine gel to identify potential secretion phenotypes (Figure 5.6). A
distinct protein band of 23 kDa was absent from AcbpA and presumed to be the
previously identified 23 kDa LCMO/CBP, CpbA. The only other phenotype identified
using this method, was a slight variation in Yen-TC production by ArovA, which
secreted a protein associated with the same size as YenA1 (130 kDa) but did not secrete

as the predicted 156 kDa YenA2 (Figure 5.6).

To explore potential phenotypic variation of smaller molecular weight proteins, CP

from MH96, AcspA123/AHCUIyes, AvipB, AcbpA, Afim1 and ArovA were visualized on

10 % tricine gel under denaturing conditions (Figure 5.7). Like the glycine gels, the
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profile of the CP from AcspA123/AHCUIyess grown at 25 °C was found to lack Yen-TC
components and other dominant bands that would normally be produced in wild-type.
The tricine gel was found to be a better method to visualize the CbpA (estimated ~ 23
kDa), which was clearly missing from the CP produced by AcbpA. CpbA was also
missing from the CP of MH96 when grown at 37 °C and AcspA123/AHCUIyvess when
grown at both 25 and 37 °C.

One key result from the tricine gel was the appearance of a noticeable band around 8
kDa in size, which appeared only in the CP of AcspA123/AHCU]Ivess when grown at 37
°C (Figure 5.7B). Using LCMS-ESI-MS/MS this band was found to contain five unique
peptides, covering 31 % of the 50S ribosomal protein L6 (RplF, PL78_11255) with a
predicted false positive rate of 1.4E-08 (i.e., chance that false identification would
achieve the same or matching score) (Zhang et al., 2012) (supplementary Figure S17
and Table S12)
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Figure 5.5: Crude protein extracts from cell supernatant of overnight cultures of
Yersinia entomophaga MH96 and Ayen67, Ayen6 and Ayen7 strains grown for 18 hours
with 200 rpm shaking at either 25 or 37 °C. Proteins are visualized on 10 % glycine gel
under denaturing conditions and stained with silver. MW = Precision Plus Protein™
Unstained Protein Standard (Bio-Rad). Ayen67= deletion mutant lacking yen6 — yen7
region, Ayen7 = deletion mutant lacking yen7, Ayen6 = deletion mutant lacking yen6,
AcspA123/AHCUIvess = deletion mutant lacking cold-shock protein triplication and
HCUIves excision. Arrows denote Yen-TC components: YenB (167 kDa), YenA2 (156
kDa), YenA1l (130 kDa), Yen C1 (109 kDa), YenC3 (107 kDa), Chi2 (70 kDa) and Chil
(60 kDa) and peptidase M66 (81 kDa), hypothetical (44 kDa), chitinase (33 kDa) and
chitin-binding proteins (23 kDa). Black triangles denote Yen-TC components, peptidase
M66, hypothetical protein, chitinase and chitin-binding missing from the CS of MH96
cultured at 37 °C.
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Figure 5.6: Crude protein extracts from cell supernatant of overnight cultures of
Yersinia entomophaga MH96 and AcspA123/AHCUlyess, AvipB, AcbpA, ArovA and Afim1
strains grown for 18 hours with 200 rpm shaking at 25 °C. Proteins are visualized on 10
% glycine gel under denaturing conditions and stained with silver. MW = Precision
Plus Protein Unstained Protein Standard (Biorad). AcspA123/AHCU]Iyes = deletion
mutant lacking cold-shock protein triplication and HCUIyes excision, AvipB = T6SS
vipB sheath protein deletion mutant, AcbpA= deletion mutant lacking chitin-binding
protein, Afim1 = deletion mutant lacking usher/chaperone fimb1 protein, ArovA =
deletion mutant lacking transcriptional regulator rovA. Arrows denote Yen-TC
components: YenB (167 kDa), YenA2 (156 kDa), YenA1 (130 kDa), Yen C1 (109 kDa),
YenC3 (107 kDa), Chi2 (70 kDa) and Chil (60 kDa) and peptidase M66 (81 kDa),
hypothetical (44 kDa), chitinase (33 kDa) and chitin-binding proteins (23 kDa). Black
triangles denote proteins missing in the AcbpA and ArovA mutants.
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Figure 5.7: Crude protein extracts from cell pellet of overnight cultures of Yersinia
entomophaga MH96 and AcspA123/AHCUIyes, AvipB, AcbpA, ArovA and Afim1 strains
grown for 18 hours with 200 rpm shaking at either 25 or 37 °C. Proteins are visualized
on 10 % tricine gel under denaturing conditions and stained with silver. A. Gel run
125V for 90 minutes. B. Same samples as A, but 125 V applied for 75 minutes. MW =
Ultra low-range molecular-weight marker (Sigma). AcspA123/AHCU]Iyess = deletion
mutant lacking cold-shock protein triplication and HCU]Ivess excision, AvipB = T6SS
vipB sheath protein deletion mutant, AcbpA = chitin-binding protein deletion mutant,
Afim1 = usher/chaperone fimb1 protein deletion mutant and ArovA=rovA deletion
mutant (gel B only). Arrows denote chitin-binding protein (23 kDa). Black triangles
denote chitin-binding protein (23 kDa) missing from AcspA123/AHCUIvess and AcbpA
mutant and white triangle denotes unknown protein of ~ 8 kDa present only in
AcspA123/AHCUIyess grown at 37 °C.
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5.3.1.2 Virulence testing - intrahemocoelic bioassay Galleria mellonella

In addition to protein visualization by SDS-PAGE as a means of phenotyping, wild-
type MH96 and each of the deletion mutant strains (except Ayen6, Ayen7, Ayen67) were
assessed for attenuated virulence using the model host G. mellonella at 25 °C. Since,
previous reports demonstrated that a mutant deficient for Yen-TC (AYen-TC) showed
no reduced virulence against G. mellonella when directly injected (Hurst et al., 2015), so
deletion of yen7 (a putative transcriptional regulator of Yen-TC) was thought to be
unlikely to have reduced virulence in this model. Furthermore, we did not observe any
obvious decreases in Yen-TC production or secretion within Ayen6, Ayen67 or Ayen7
protein profiles visualized by SDS-PAGE (Figure 5.4 and Figure 5.5), which further
reduced the chance of observing attenuated virulence in these strains in this model due
to continued high levels of Yen-TC secretion at 25 °C. To this end, Ayen6 was only
assessed in this model at 37 °C and not at 25 °C because yen6 was found to be most
highly expressed only at higher temperatures in vivo (Chapter 4, section 4.3.8, Figure
4.20), so it was assumed to be functional under these specific conditions. Unlike Ayen6,
AcspA123/AHCUIvess was assessed at both temperatures because the expression of
cspAl, cspA2 and cspA3 was shown to be significantly higher during early infection at
25 and also at 37 °C in vivo and may play a role in stress response, defense against host

or virulence regulation during infection at either temperature.

Assessment of wild-type MH96 found that the number of cells required to kill 50 % of
hosts in four days was estimated to be less than one cell at 25 and 37 °C, respectively
(Table 5.2). Since it is not possible to have <1 cell, these results were interpreted such
that only a single cell is likely to kill 100 % of hosts within four days. None of the
deletion mutants were found to have attenuated virulence compared to wild-type at 25
°C, based on LDso estimates (all < 1 cell). However, at 37 °C two strains:
AcspA123/AHCUIvess and Ayen6 had a 3-fold reduction in virulence compared to wild-
type, albeit not statistically significant (Table 5.2, Figure 5.8). Also, 100 % mortality
rates were not observed with either AcspA123/AHCUIves or Ayené at 37 °C, even with

the lowest dilution dose (Figure S19 and Figure S20).
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Table 5.2: Logistic regression and estimation of median lethal dose (LDso) from
bioassay of Yersinia entomophaga MH96 and derivative strains with intrahemocoelic
injection of larval Galleria mellonella after four days. Each bioassay included ten hosts
and was repeated three times. SE = estimated standard error

Intercept Slope LDso LDso

Strain Intercept SE Slope SE (Cells) SE
Incubation temperature:25 °C

MHO96 0.34 0.24 1.11 0.20 0.7 1.2
AcbpA 0.71 0.26 1.53 0.23 0.6 12
AcspA123/AHCUIyes% 0.35 0.17 0.64 0.15 0.6 1.4
Afim1 1.05 0.22 0.81 0.19 0.3 1.3
ArovA 1.38 0.28 1.36 0.23 0.4 1.2
AvipB 2.62 0.50 1.34 0.32 0.1 1.3
Incubation temperature: 37 °C

MH96 0.14 0.19 0.91 0.17 0.9 12
AcspA123/AHCUIves% -0.49 0.13 0.48 0.10 2.8 1.2
Ayen6 -0.83 0.21 0.84 0.20 2.7 1.4
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Figure 5.8: Dose response fitted generalized linear model for Yersinia entomophaga
MHO96 and Ayen6 and AcspA123/AHCU]Iyess strain using intrahemocoelic infection of
Galleria mellonella incubated at 37 °C for four days. The dashed line represents day five
50 % mortality rate used to estimate the median lethal dose (LDso) value for each strain.
AcspA123/AHCUIyess = deletion mutant lacking cold-shock protein triplication and
HCUlvess excision, Ayen6 = deletion mutant lacking yen6. Each bioassay included 10
larva per strain and was repeated three times.

5.3.2 Focused investigations of putative regulators yen6 and yeny

5.3.2.1 Secondary protein structure prediction and phylogenetics of Yen6 and
Yen7y

Protein modelling and homology searches using the Phyre? database identified high-
confidence matches for the predicted protein structures of both Yen6 and Yen7, which
suggested putative roles as DNA-interacting regulatory proteins. By re-constructing
the evolutionary histories of Yen6 and Yen7 using phylogenetic analysis of
homologous protein sequences from GenBank, the prevalence of these putative
regulators within pathogenic lineages among Gammaproteobacteria was revealed.

These focused investigations were helpful to further predict putative functions for
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Yen6 and Yen7, especially the former which is currently annotated as a hypothetical

protein.

The highest confidence match for predicted secondary structure of Yen6 using Phyre?
was the DNA-binding domain of the toxin regulator AgrA from Staphylococcus (St.)
aureus (c3bs1A, Sidote et al., 2008) (77 % of sequence modelled with 95.8 % confidence)
(Figure 5.9). The predicted model for Yen6 was found to be very close in structure to
the LytTR-domain AgrA model, consisting of eight 3-strands (the template had ten 3-
strands) arranged into three B-sheets characteristic for LytTR containing proteins
(Figure 5.9 and Figure 5.10). Compared to the AgrA model, the amino acid sequence of
Yen6 included an insertion relative to the template (residues 71 — 79 of Yen6)
potentially giving rise to a novel loop-turn region. A high degree of residue
conservation was found among Yen6 and homologous proteins from GenBank within
some of the predicted (-sheets regions (specifically 33-(38), but the predicted DNA-

interacting residues were not found to be highly conserved among taxa (Figure 5.10).

Using the structure of the AgrA LytTR-binding domain as a guide (specifically DNA-
interacting residues: H169, N201 and R233) (Sidote et al, 2008), potential
corresponding DN A-interacting residues (N34, R67 and E108) from Yen6 were mapped
onto predicted loop-turn structures in the 3D model (Note: E108 was selected over
P109, which is comparatively more hydrophobic, Figure 5.9). Like the DNA-binding
region of AgrA, all the predicted DNA-bind residues were found to both share the
same face of the predicted protein and have a downward orientation. The predicted
novel loop region unique to Yen6, was found to also face a similar orientation as the
other loops containing DNA-interacting residues, suggesting Yen6 may possess and
additional DNA-interacting loop region. A potential DNA-interacting residue on the
novel predicted loop is asparagine (N81) which is 100 % conserved among the taxa

(Figure 5.10).

179



Figure 5.9: Predicted secondary structure model for Yen6 from Yersinia entomophaga
MHO96 based on crystal structure of LytTR domain of AgrA from S. aureus (c3bs1A)
with Phyre2 (confidence 95.8 %/coverage: 77 %). Visualized in JSmol interactive viewer
in secondary structure view with putative DNA-interacting residues highlighted with
yellow circles (N34, R67 and E108) and novel predicted loop region indicated by
orange triangle. Yellow ribbon arrows = 3-strands, pink helices = a-helices, purple
helices = 310 turn helices, blue coil = turns and while coil = unpredicted structure.

Hypothetical proteins with high sequence homology (E-value of less than or equal to
le-25) to Yen6 were found among pathogenic species of Gammaproteobacteria,
including diverse representatives among Enterobacteriales and Pasteurellales (Figure
5.11). All the other taxa, except for Y. entomophaga and closely related Y. nurmii, are
known to be associated with or pathogens of humans and mammals. For example,
Pasteurella oralis has been isolated from the oral cavities of animals including cats and
dogs but is not known to be pathogenic (Christensen et al., 2012), but Histophilus somni
(or Haemophilus somnus) is a pathogen of cattle, sheep and bison (Angen et al., 2003).
Some well-known human pathogens were also found to encode a Yen6 homolog,
including Escherichia coli, Klebsiella pneumoniae and Sa. enterica. The phylogenetic
reconstruction was not able to robustly resolve the evolutionary history of Yen6 and
Yen6-homologs because the percentage of trees in which the associated taxa clustered
among boot-straps was low in some cases, including separation of Sa. enterica from K.
pneumoniae and E. coli (only 48 % of trees) or separation of Yersinia spp. and

Actinobacillus spp. (only 54 % of trees).
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Figure 5.10: ClustalW amino acid alignment of putative LytTR-domain containing
regulator, Yen6 of Yersinia entomophaga MH96 and homologous hypothetical protein
sequences sharing significant similarity (E-value of less than or equal to 1e-25). Shaded
loci share 80 % or greater homology. Asterix (*) indicate loci with 100 % conservation
across taxa. Black triangle (¥ ) indicate putative DN A-interacting residues (N34, R67
and E108) based on protein secondary structure predictions from the structure of AgrA
from St. aureus. White triangle (V) indicate hypothetical DNA-interacting residue
(N81) located on novel predicted loop region. Predicted 3-sheets and a-helices are
indicated by blue and green arrows, respectively. Alignments were conducted using
MEGA X. Sequence accessions are provided in Figure 5.11, below.
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Figure 5.11: The evolutionary history of putative LytTR-containing regulator Yen6 of
Yersinia entomophaga MH96 was inferred by using the Maximum Likelihood method
and Le and Gascuel model. Taxa from GenBank nr protein database encoding
hypothetical proteins with significant sequence similarity to Yen6 (E-value threshold
le-25) were identified using BLASTp. The most homologous sequence from each
species was aligned to Yen6 using ClustalW. The most appropriate phylogenetic model
was determined as the model with the lowest Bayesian Information Criterion (best
description of the substitution pattern) among 56 different amino acid substitution
models. The bootstrap consensus tree inferred from 1,000 replicates is taken to
represent the evolutionary history of the taxa analyzed. Initial tree(s) for the heuristic
search were obtained automatically by applying Neighbor-Join and BioN]J algorithms
to a matrix of pairwise distances estimated using a JTT model, and then selecting the
topology with superior log likelihood value. A discrete Gamma distribution was used
to model evolutionary rate differences among sites (5 categories (+G, parameter =
1.2861)). Sequence alignment and evolutionary analyses were conducted in MEGA X.

Using Phyre? the top protein model match for Yen7 was limited to the DNA-binding
domain of PhoP response regulated from Mycobacterium tuberculosis (c2rv8A, Wang et
al., 2007) (67 % of sequence modelled with 99.9 % confidence). The predicted structure
of Yen7 consists of a typical wHTH motif, which is often found among DNA-
interacting domain of two-component response regulators (Figure 5.12). The predicted
structure of Yen7 is expected to begin with three stranded anti-parallel b-sheet,

followed a bundle of three a-helices, and an C-terminal B-hairpin that forms a 3
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stranded anti-parallel 3-sheet with the short -strand located between the first and

second a-helices (Figure 5.12 and Figure 5.13).
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Figure 5.12: Predicted secondary structure model for Yen7 from Y. entomophaga based
on crystal structure of the DNA-binding domain of PhoP from Mycobacterium
tuberculosis (c2rv8A) with Phyre2 (confidence 99.9 %/coverage: 67 %). Visualized in
JSmol interactive viewer in secondary structure. Yellow ribbon arrows = 3-strands,
pink helices = a-helices, purple helices = 310 turn helices, blue coil = turns and while coil
= unpredicted structure.

Based on the crystal structure of the M. tuberculosis PhoP DNA-binding domain, DNA-
interacting residues within wHTH motifs are primarily located within the recognition
helix (a8) (Wang et al., 2007). The recognition helix of Yen7 is a3, which was found to
contain several putative DNA-interacting residues (Figure 5.13 and Figure 5.14).
Furthermore, a high degree of sequences conservation was noted within the

recognition helix as well as the 33 and a2 regions (Figure 5.13).
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Figure 5.13: ClustalW amino acid alignment of putative wHTH-domain containing
regulator, Yen7 of Yersinia entomophaga MH96 and homologous hypothetical protein
sequences sharing significant similarity(E-value of less than or equal to 7e-7) with.
Shaded loci share 60 % or greater homology. Orange boxes indicate loci with 100 %
conservation across taxa. Black triangle (V) indicate putative DN A-interacting residues
(W52, N62, H65, Q66, S69, R70, K72, K73, K74, R88) based on protein secondary
structure predictions from the structure of PhoP from M. tuberculosis. Predicted (-
sheets and a-helices are indicated by blue and green arrows, respectively. Alignments
were conducted using MEGA X. Sequence accessions are provided in phylogeny

(Figure 5.15).
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Figure 5.14: Predicted secondary structure of Yen7 from Yersinia entomophaga MH96
based on crystal structure of the DNA-binding domain of PhoP from Mycobacterium
tuberculosis (c2rv8A) using Phyre? (confidence 99.9 %/coverage: 67 %). Visualized in
JSmol interactive viewer in cartoon view with specific focus on the third or

‘recognition” a-helix. Amino acid residue side chains arising from the Yen7 recognition
helix (N62 — K75) that are predicted to interact with DNA are superimposed on the
protein model.

Phylogenetic reconstruction of Yen7 and other homologous proteins with significant
sequence similarities (E-value less than or equal to 7e-7) revealed the presence of a
putative paralog, PhoB-like protein among Y. entomophaga and closely related Y. nurmii
(Figure 5.15). The PhoB-like protein (PL78_17385) is encoded on the phage-related
region and was shown to share a similar expression profile with Yen-TC and other
Yen-TC-associated factors (Chapter 4, section 4.3.8, Table 4.13). Yen7 orthologues were
also identified in Y. enterocolitica from wild boar and fallow deer carcasses (Macori et
al., 2017), as well as other species known to be animal pathogens. There is some
evidence that the Yen7 orthologue (WP_007175603.1) encoded by Y. enterocolitca strains
isolated from fallow deer and wild boar carcasses may act as a insecticidal TC regulator
because it is located directly upstream of three putative toxins (WP_077175604.1 -
hypothetical protein, WP_077175605.1 - toxin, and WP_076706524.1 - virulence
protein), which share significant homology and conserved domains with insecticidal
TCs produced by other pathogenic bacteria including Bacillus cereus, B. thuringiensis,

Paenibacillus alvei, P. luminescens and Sa. enterica.

185



WP 079897021.1 Sa/monella enterica

56 ————— WP 048961444.1 Enterobacter bugandensis
2 WP 085542886.1 CopR Cedecea sp.
<2 [ SQC91998.1 Cedecea neteri
[ WP 077175603.1 Yersinia enterocolitica
87L_ WP 076706527.1 Yersinia enterocolitica

ABG33871.1 Yen? Yersinia entomophaga MH96
76

76

83

WP 084728123.1 Yersinia nurmii Yersinia sp. Yen7-like
WP 049597149.1 Yersinia nurmii . .
Yersinia sp. PhoB-like
WP 120806274.1 Yersinia entomophaga |IP36721
WP 064517554.1 PhoB-like Yersinia entomophaga MH96

0.50

Figure 5.15: The evolutionary history of putative wHTH-containing regulator Yen?7 of
Yersinia entomophaga MH96 was inferred by using the Maximum Likelihood method
and Le and Gascuel model. Taxa from GenBank nr protein database encoding
hypothetical proteins with significant sequence similarity to Yen6 (E-value threshold
7e-7) were identified using BLASTp. Homologous sequences were aligned using
ClustalW and trimmed as required. The most appropriate phylogenetic model was
determined as the model with the lowest Bayesian Information Criterion (best
description of the substitution pattern) among 56 different amino acid substitution
models. The bootstrap consensus tree inferred from 1,000 replicates is taken to
represent the evolutionary history of the taxa analyzed. Initial tree(s) for the heuristic
search were obtained automatically by applying Neighbor-Join and BioN]J algorithms
to a matrix of pairwise distances estimated using a JTT model, and then selecting the
topology with superior log likelihood value. A discrete Gamma distribution was used
to model evolutionary rate differences among sites (5 categories (+G, parameter =
1.2861)). Sequence alignment and evolutionary analyses were conducted in MEGA X.

5.3.2.2 Predicted non-coding RNA, terminators and repeat motifs within PAlygge
regions encoding yen6, yeny and Yen-TC components.

The presence of 5 and 3" UTRs, non-coding RNA (ncRNA) and asRNA within the
region of PAlvess encoding yen6, yen7 and the Yen-TC components were predicted from
transcriptome data using Rockhopper as described in Chapter 4 (section 4.2.4). To
some extent, the transcription organization was validated using RT-PCR (described
below in section 5.3.3.4, Figure 5.23). A double hairpin terminator structure was

predicted within the long 3"UTR of Yen6, which also was predicted to partially overlap
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the ORF of yen7 found on the reverse strand. Many very small ncRNA and asRNA
(size range 26 — 406 bp) were predicted among the Yen-TC components (Figure 5.16).
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Figure 5.16: Terminators, non-coding and anti-sense RNA predicted within Yersinia
entomophaga MH96 PAlyes genomic region encoding putative regulators yen6 and yen7
and Yen-TC components . A long 3'UTR (646 bp) was predicted for yen6 which
overlaps the yen7 ORF. A 5’UTR (166 bp) was predicted for chil. “T”/orange rectangles
= terminators and turquoise triangles represent non-coding and anti-sense RNAs.

The nucleotide sequence of the entire upstream region of yen6 until the start codon of
chil (2,108 bp) was assessed for repeat motifs using the Repfind program (Betley et al.,
2002) with (P-value cut off = 0.002, minimum repeat length = 9, maximum repeat length
= 14, with low complexity sequence filtered). One perfect repeat sequence of 9 nt (5'-
GATATATTT-3’) separated by a 32 nt spacer was identified as overlapping the
putative 35-box of yen7 with P-value < 0.001(Figure 5.17). Another 9 nt (5-
AGCGACGAT-3) and 10 nt (5-AAAAAGAAAA) perfect repeat pairs were also
identified within the protein coding region of yen7, with P-value < 0.001 and 0.002,

respectively (Figure 5.17).
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Figure 5.17: Overlapping perfect repeat motifs identified from yen7 loci including
upstream promoter region. A. Location of three perfect repeat pairs (repl, rep2 and
rep3) identified within PAlvess of Yersinia entomophaga (MH96) using the Repfind
program (Betley et al., 2002) (P-value cut off = 0.002, minimum repeat length =9,
maximum repeat length = 14, with low complexity sequence filtered). B. Genetic
sequence with start codon of yen7 (black box and down arrow) and putative
transcriptional regulator binding sites identified as perfect repeat pairs highlighted in
yellow (repl), green (rep2) and blue (rep3).

5.3.2.3 yen6 and yen67as predicted RNA structures

The predicted stabilities of RNA species of yen6 messengers with a 32 and 478 bp
3'UTR region were modeled in Geneious using (v.10.0.9) DNA/RNA secondary
structure fold viewer with the Vienna RNAfold tool (Gruber et al., 2008) using the
constraint generation RNA free energy parameter estimation method (Andronescu et
al., 2007) and default settings (Figure 5.18). While the yen6 messenger species with the
shorter, 32 bp 3’'UTR was found to be somewhat stable (free energy of ensemble at 37
°C of -98.56 kcal/mol) , the predicted secondary structure of the yen6 messenger
containing the longer, 478bp 3" UTR, including the predicted double hairpin and a
portion of the Yen7as (649 bp), was found to be relatively more stable (free energy of
ensemble at 37 °C of -232.48 kcal/mol) (Table 5.3). Remarkably, the Yen7as region was
predicted to have a high degree of complementarity to the 5 region of the yen6
messenger, and the double hairpin also formed a very stable secondary structure in the

predicted model.
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Figure 5.18: yen6 variant mRNA secondary structure stabilities.short yen6 mRNA
variant including 32 bp 3'UTR. B. long yen67as mRNA variant including 477 bp 3'UTR.
C. close-up of predicted terminator in 3'UTR region of yen6. The mRNA secondary
structures were predicted using Geneious (v.10.0.9) DNA/RNA secondary structure
fold viewer with the Vienna RNAfold tool (Gruber et al., 2008) using the constraint
generation RNA free energy parameter estimation method (Andronescu et al., 2007)
and default settings. Color scales is reliability/well-definedness measure, ranging from
well-defined/low entropy (red) to ill-defined/high entropy (blue/violet) secondary
structure predictions.

189



Table 5.3: Yersinia entomophaga MH96 yen6 messenger RNA variant secondary structure
stability predictions

yen6 mRNA 3" UTR Temperature  Free energy of ensemble
variant length (bp) (°O) (kcal/mol)

yen6 392 37 -98.56

yen6 392 25 -141.58

yenb67as 839 37 -232.48

yenb67as 839 25 -324.94

5.3.3 Characterization of yen6 and yeny regulatory effects on Yen-TC

5.3.3.1 Optimization of pBAD, pBAD-yen6, pBAD-yen67as and pBAD-yeny in
MHg6

During preliminary experiments using MH96 strains carrying pBAD, pBAD-yen6,
pBAD-yen67as and pBAD-yen7, variable effects on growth and plasmid retention were
discovered under certain growth conditions. Also, ampicillin 400 ug/ml was found to
be somewhat inefficient to maintain certain pBAD vectors, especially with arabinose
0.2 % (the highest concentration of arabinose used in this thesis). Since species of
Yersinia are well known to produce (3-lactamases conferring resistant to ampicillin, the
alternative carbenicillin was used as a preferred antibiotic to maintain pBAD because it
is considered more stable against [-lactamases. Even with high amounts of
carbenicillin some plasmids were still found to be highly unstable with certain growth

conditions.

When the empty arabinose expression vector, pPBAD was maintained in MH9 as a
control strain under strong inducing conditions (0.2 % arabinose) at 25 °C a reduction
in cell density was consistently observed after 16 hours, with density only reaching ~ 5
x 10% CFU/ml (Table 5.4). Typically, MH96 reaches an early-stationary phase in 16 h
and corresponding cell density of around ~ 1 x 10'° CFU/ml, so finding reduced cell
density of MH96 carrying pBAD under arabinose 0.2 % was considered an interesting,
albeit unintentional finding. A reduction in cell density was not observed when MH96,
lacking any plasmids in the presence of 0.2 % arabinose (data not shown) attributing
the reduction in growth to the interaction of the Psap and P. promoters present on the
empty vector with MH96 RNA polymerase holoenzyme and/or CAP-cAMP.

Furthermore, when either yen6 or yen67as was induced from pBAD the final growth
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rates were consistently restored to almost wild-type levels, with these cultures reaching
~ 3 x 10° CFU/ml (Table 5.4). Induction of yen7 under 0.2 % arabinose from the pBAD
vector however had the greatest negative effect on growth, with average cell density

only reaching ~ 6 x 10° CFU/ml after 16 hours.

Table 5.4: Mean cell density and pBAD/pBAD-yen6/pBAD-yen67as/pBAD-yen7 stability
in Yersinia entomophaga MH96 under 0.2 % arabinose inducing conditions at 25 °C. CFU
= colony forming unit and SD = standard deviation.

plasmid stability ~ cell density (CFU/ml)

Strain N (%) £ SD +SD
MH96 1 - 1.0 x 101
MH96 + pBAD 3 35+ 16 54+1.1x108
MH96 + pBAD-yen6 2 95+0 27+1.0x10°
MH96 + pBAD-yen67as 2 56 +15 29+3.1x10°
MH96 + pBAD-yen7 2 1+1 59+2.2x10°

Noticeable and consistent differences in average plasmid stability were also observed
among MHO96 strains carrying pBAD, pBAD-yen6, pBAD-yen67as and pBAD-yen7
under strong inducing conditions (Table 5.4). The mean stability of empty plasmid in
MH96 with 0.2 % arabinose was only around 35 %, indicating the presence of selection
pressures against the empty plasmid vector under these growth conditions (low pBAD
stabilities were only observed under inducing conditions and plasmid was maintained
at 100 % under ampicillin 400 pg/ml when not exposed to arabinose). On the contrary,
the mean stability of pPBAD-yen6 was consistently higher at 95 %, indicating stronger
selection for maintenance of the plasmid when yen6 was induced. Retention of pBAD-
yen67as and pBAD-yen7 was lower than pBAD-yen6, with only 56 and only 1 % of total

cells retaining the plasmid, respectively.

Since Yen6, Yen67as and Yen7 over-producing strains were intended to be used for
protein analysis, it was important to find appropriate inducing conditions to ensure
consistent cell density and plasmid stability among strains. Specifically, further
assessment into the effect of cell growth and plasmid stability of pBAD and pBAD-yen7
were undertaken using three arabinose concentrations (0.2, 0.02 and 0.002 %) and the
aforementioned growth conditions at 25 and/or 37 °C. By reducing the amount of

arabinose to 0.002 %, higher cell densities and improved rates of plasmid retention
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were achieved for MH96 strains carrying pBAD and pBAD-yen7 (Table 5.5). Even at the
lowest arabinose concentration (0.002 %) plasmid stability was still very low (17 %) and

cell density only reached 1 x 107 CFU/ml when yen7 was induced in MH96 at 25 °C.

Table 5.5: Cell density and pBAD/pBAD-yen7 plasmid in Yersinia entomophaga MH96
under inducing conditions (0.2 %, 0.02 % and 0.002 % arabinose concentration) at 25 °C.
CFU = colony forming unit.

Arabinose  plasmid stability  cell density

Strain (%) (%) (CFU/ml)
MH9%6 + pBAD 0.2 35 5.8 x 108
MH9%6 + pBAD 0.02 68 1.9 x 10°
MH9%6 + pBAD 0.002 100 6.0 x 10°
MH96 + pBAD-yen7 0.2 0 4.8 x 100
MH96 + pBAD-yen7 0.02 9 22 x107
MH96 + pBAD-yen7 0.002 17 8.0 x 107

Preliminary trials using MH96 strains carrying pBAD-yen6, pBAD-yen67as and pBAD-
yen7 at 37 °C under 0.2 % arabinose were found to have variable effects on final cell
density and plasmid stability after 16 h (Table 5.6). Unlike at 25 °C, pBAD-yen6 and
pBAD-yen67as were not found to be very stable at 37 °C with only 5 and 4 % estimated
retention, respectively. The empty pBAD plasmid was also completely unstable at 37
°C, but unlike 25 °C, a deficiency in growth was not observed at this temperature, with
cell densities reaching ~ 3 x 10° CFU/ml. In comparison, pBAD-yen7 was highly stable
at 37 °C under arabinose 0.2 %, which was in stark contrast to 25 °C where pBAD-yen7
was estimated to be retained in less than 1 % of cells. Irrespective of temperature
however, cell density of MH96 carrying pBAD-yen7 were always much lower than

MH96 with empty pBAD under these conditions.

Table 5.6: Cell density and pBAD/pBAD-yen6/pBAD-yen67as/pBAD-yen7 stability in
Yersinia entomophaga MH96 under inducing conditions (0.2 % arabinose) at 37 °C. CFU
= colony forming units.

plasmid cell density
Strain N stability (%) (CFU/ml)
MH96 + pBAD 1 0 3.4 X10°
MHO96 + pBAD-yen6 1 5 24X10°
MHO96 + pBAD-yen67as 1 4 1.3 X10°
MH96 + pBAD-yen7 1 97 4.7 X 107
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Further work was undertaken to assess final cell density and plasmid stability of MH96
with pBAD and pBAD-yen7 under 0.002 % arabinose at 25 and 37 °C. The addition of
the arabinose was also delayed 2 h and the total culture time was 17 h. Under these
conditions, control strains carrying empty pBAD were completely stable and reached
normal cell densities at both temperature (Table 5.7). Strains carrying pBAD-yen7 were
found to have lower mean cell densities compared to other strains (only reached 108
CFUs/ml compared to 10° CFUs/ml) and mean plasmid stability was noticeably higher
at 37 compared to 25 °C, with approximately 81 compared to 17 %, respectively. The
stark temperature-dependent difference in plasmid stability of pBAD-yen7 was
considered a significant result, which eludes to the effect of yen7 expression on the cell
survival. While it is not ideal for inducing conditions (in this case 0.002 % arabinose) to
result in reduced selection against the expression vector and deleterious effects on cell
growth, these conditions were ultimately much better than previous attempts to induce
with 0.02 and 0.002 %. As such, 0.002 % arabinose (added after 2 hours pre-incubation
in 50 ml media) were considered the best possible inducing conditions available for
pBAD-yen7 in MH96 and was also used to prepare cultures for protein analysis (section
5.3.3.2) and [-gal assay for a chil translational reporter strain (section 5.3.3.6.4), which
allowed for a more thorough investigation of the role of yen7 on Yen-TC production in

MH96.

Table 5.7: Mean cell density and pBAD/pBAD-yen7 stability in Yersinia entomophaga
MH96 under inducing conditions (0.002 % arabinose added after 2 hours growth) at 25
and 37 °C.. SD = standard deviation, CFU = colony forming units.

Temperature Plasmid stability cell density

Strain (°O) N (% + SD) (CFU/ml + SD)
MH96 25 2 - 91+13x10°
MHO96 + pBAD 25 3 115+24 7.0+09x10°
MHO96 + pBAD-yen7 25 3 17+ 14 24+2.6x108
MH96 37 2 - 8.0+£1.7x10°
MH96 + pBAD 37 3 112 +31 54+0.4x10°
MHO96 + pBAD-yen7 37 3 81+20 74+43x108
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Based on these results further assessment of the effects of over-production of Yeno6,
Yen67as on protein secretion and Yen-TC production by SDS-PAGE and f3-
galactosidase assay using lacZ-reporter strains were undertaken using either 0.2 or 0.02
% arabinose. Following experiments related to over-production of Yen7 were
subsequently undertaken with addition of arabinose to final concentration of 0.002 %

delayed two hours post-inoculation.

5.3.3.2 Effect of over-production of Yen6, Yen67as and Yen7 on Yen-TC
production and global protein secretion

Under strong inducing conditions (0.2 % arabinose) at 25 °C, the over-production of
Yen67as from pBAD was initially found to increase secretion of Yen-TC toxin
components compared to MH96 strains with pBAD or pBAD-yen6 (Figure 5.19A).
Much more prominent protein bands corresponding to Yen-TC components YenB (167
kDa), YenA2 (156 kDa), YenA1 (130 kDa), YenC1 (109 kDa), YenC2 (107 kDa), Chi2 (70
kDa) and Chil (60 kDa) were observed in the CS from the from MH96carrying pBAD-
yen67as under these inducing conditions. Other putative secreted VFs including M66
peptidase (81 kDa), hypothetical VF (44 kDa) and chitinase (33 kDa) were also
observed when Yen67as was induced under 0.2 % arabinose in MH96 at 25 °C. On the
contrary, increased production of Yen-TC components were not observed in the CP
from MH96 with pBAD-yen67as compared to the other strains, but greater amounts of
the M66 peptidase protein were observed in the CP (Figure 5.19B); however, reduced
plasmid retention was also shown for MH96 carrying pBAD-yen67as compared to

pBAD-yen6 under these conditions (Table 5.4).

Though this experiment was repeated three times, visualizing increased secretion of
Yen-TC components by the MH96 pBAD-yen67as strain were difficult to repeat,
perhaps due to variation in SDS-PAGE hand-cast gels and silver stain development
times (supplementary Figure 523, Figure 524 and Figure S25). We also observed that 3
gal production of a chil::lacZ reporter strain (proxy for Yen-TC operon) with pBAD-
yen67as under 0.2 % was highly variable, with only one out of three culture flasks
reaching extremely high enzymatic activity per experiment (section 5.3.3.2, Figure

5.29).
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Attempts to identify effects on Yen-TC secretion and production from induction of two
other yen6 variants carried by pBAD-Amb2 and pBAD-Amb3 (Table S13) with 0.2 %
arabinose were also assessed. The mRNA of yen6 is predicted to form a very stable
secondary structure due to the presence of a long 3'UTR including a prominent
terminator and putative yen7as (cis-encoded asRNA sharing extended overlap with the
coding portion of yen7) (Figure 5.18). In order to assess whether truncations of the yen6
3’UTR resulted in observable effects on Yen-TC production and secretion (which was
observed, albeit in-consistently with pBAD-yen67as as reported above) yen6 3'UTR
variants Amb2 (3’'UTR of 67 bp; terminator absent) and Amb3 (3" UTR of 148 bp;
terminator present) were induced and then protein visualized by SDS- PAGE;
however, this preliminary work did not find any difference with respect to Yen-TC
secretion and production when MH96 carried pBAD-Amb2 and pBAD-Amb3 under

0.2 % arabinose compared to empty vector (Figure 524 and Figure 525).

One key finding of this work was evidence of restored secretion when Yen7 was
overproduced at 37 °C, as indicated by the presence of prominent protein bands in the
CS by SDS-PAGE (Figure 5.19A); however restored secretion of Yen-TC components
were not observed under these growth conditions. Protein bands corresponding to
Chil (60 kDa) and Chi2 (70 kDa) were much more prominent in the supernatant when
yen7 was induced (even with greatly reduced cell densities observed under these
strong inducing conditions) compared to CS from MH96 carrying empty vector, but
since other proteins are known to migrate at the same position as Chil and Chi2 (Hurst
et al, 2011a) increased secretion of these specific Yen-TC components could be
definitively demonstrated using this approach. Protein bands corresponding to Yen-TC
components and other putative secreted VFs were not observed in the CP when yen7
was induced at 37 °C either; however, a great reduction in cell density due to induction
of yen7 under inducing conditions (0.2 % arabinose) likely confounded these results. It
should be noted, that later experiments using the cis-merodiploid Pei::lacZ reporter
strain under the same conditions determined that over-expression of yen7 at 37 °C
resulted in significantly greater [-gal production by this strain compared to empty
vector (section 5.3.3.6.5 and Figure 5.30) and these results are consistent with
observations at the protein-level, that when yen7 is over-expressed at 37 °C in MH96
there is a positive transcriptional effect on chil.
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Reduced secretion of Yen-TC components at 37 °C with arabinose 0.2 % was observed
in MH96 strains carrying pBAD-yen6 and pBAD-yen67as compared to MH96 with
empty vector. These strains, along with wild-type also secreted a larger molecular
weight protein (~ 175 kDa) only at 37 °C (not secreted at 25 °C), which was visualized
as the highest protein band found on the CS SDS-PAGE (Figure 5.19A) and this high
molecular weight band was not observed at 37 °C when yen7 was induced from pBAD.
This band was excised and assessed by LC-ESI-MS/MS (section 5.3.1.1, supplemental

Figure 516 and supplemental Table S12).

196



A Cs

25°C 37 °C
pBAD  PBAD- pBAD- pBAD- MW “p) " opAn T pBAD- pBAD-
~175KDa__ ] yen6 yen67as yen7 kDA _ yens  yen67as yen7
YenB z ;
venAz—] B e e . Mg = = g
YenAl—» . .

YenC1l
YenC2

Peptidase M66—»f
Chi2—»|

Hypothetical—»|

Chitinase

CFU/ml: 1.3E9 4E9 2.4E9
Plasmid stability: 21 % 95 % 63 % 2% 1% 5% 4% 98 %

25°C 37 °C
pBAD  pBAD- pBAD- pBAD-
6

pBAD  pBAD- pBAD- pBAD-
yen6 yen67as yen7 kDA

CRUmI:  68E8 22E9 13E9  7.0E6 3.4E9  2.4E9 13E9  4.7E7
Plasmid stability: 21 % 95%  63% 2% 1% 5% 4% 98 %

Figure 5.19: Silver-stained SDS-polyacrylamide gel of protein produced and secreted
by Yersinia entomophaga MH96 carrying arabinose-inducible expression vector pBAD,
pBAD-yen6, pBAD-yen67as and pBAD-yen7 under arabinose 0.2 % at 25 and 37 °C
grown for 16 h (early stationary). A) filtered cell supernatant (CS) and B) cell pellet
(CP). The Marker (MW) lane contains Bio-Rad Precision Plus Protein unstained protein
standard, with respective ladder sizes given. Arrows correspond to Yen-TC
components, YenB (167 kDa), YenA2 (156 kDa), YenA1l (130 kDa), YenC1 (109 kDa),
YenC2 (107 kDa), Chi2 (70 kDa) and Chil (60 kDa) and peptidase M66 (81 kDa),
hypothetical (44 kDa) and chitinase (33 kDa). Cell density is reported as CFU/ml as
determined by enumeration plates and plasmid stability is reported as the proportion
of CFUs enumerated from ampicillin 400 ug/ml compared to CFUs enumerated from
media without antibiotic. Black triangles denote Yen-TC components and peptidase
M66, which were found to be secreted and/or produced in greater amounts when
yen67as or yen7 was over-expressed.
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Reducing the amount of arabinose in the culture from 0.2 to 0.002% had a positive
effect on growth and plasmid stability in both MH96 with pBAD and pBAD-yen7.
Decreased amounts of arabinose at 25 °C resulted in increased amounts of Yen-TC
components being produced in both the cell pellet and the culture supernatant (Figure
5.20). Importantly nearly equal amounts of toxin components were visualized from in
the CP of MH96 with pBAD and pBAD-yen7 with 0.002 % arabinose, even though the
final cell density of MH96 with pBAD-yen7 was two-fold less than with vector only.

CS CpP
pBAD pBAD-yen? MwW pBAD pBAD-yen?
Arabinose (%): 0.2 002 0002 02 002 0002  kDa

CFUMI: 5, T 19E9 60E9 48E6  22E7 B.OE7 58E8 L.9E9 6.0EQ 4.8E6 2.2E7 8.0E7
Plasmid stability: 35 % 68% 100% 0% 9%  17% 35% 68% 100% 0% 9% 17%

Figure 5.20: Silver-stained SDS-polyacrylamide gel of proteins produced and secreted
by Yersinia entomophaga MH96 carrying arabinose-inducible expression vector pPBAD
and pBAD-yen7 under arabinose 0.2, 0.02 and 0.002 % at 25 °C for 16 h. CS = cell
supernatant, CP = cell pellet, MW = molecular weight over marker lane containing Bio-
Rad Precision Plus Protein unstained protein standard, with respective ladder sizes
given. Arrows correspond to Yen-TC components, YenB (167 kDa), YenA2 (156 kDa),
YenAl (130 kDa), YenC1 (109 kDa), YenC2 (107 kDa), Chi2 (70 kDa) and Chil (60 kDa)
and peptidase M66 (81 kDa), hypothetical (44 kDa) and chitinase (33 kDa). Cell density
is reported as CFU/ml as determined by enumeration plates and plasmid stability is
reported as the proportion of CFUs enumerated from ampicillin 400 pg/ml compared
to CFUs enumerated from media without antibiotic.

At 37 °C, MH96 does not normally secrete proteins into the supernatant when cultured
in LB broth (with or without pBAD), apart from a large molecular weight protein (~
175 kDa) identified through LC-ESI-MS/MS (supplementary Table S12 and Figure S16)

as a putative filamentous hemagglutinin N-terminal containing protein (PL78_04365)
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and two other unknown proteins located at around 80 kDa and 60 kDa in size, which
are observed as very faint bands on the SDS-PAGE of the 37 °C CS samples (Figure
5.21A). When yen7 was induced with 0.002 % arabinose at 37 °C protein secretion was
partially restored compared to wild-type and protein bands tentatively corresponding
to Yen-TC components YenC1, YenC2, Chi2 and Chil were present in the supernatant
(Figure 5.21A and supplemental Figure S26). Several other small bands were also
found in large amounts in the CS along with YenC1, YenC2, Chi2 and Chil and could
possibly represent putative virulence factors peptidase M66, hypothetical virulence
factor and chitinase. A salient find was the comparative lack of Yen-TC and other
putative secreted VFs in the CP when expression of yen7 was induced with 0.002 %
arabinose at 37 °C compared to the same strain cultured at 25 °C, where the Yen-TC

bands were more evident compared to wild-type carrying empty pBAD vector.

As outlined above, induction of yen7 at either 25 or 37 °C results in a reduction of total
cell density compared to MH96 with or without pBAD under these conditions. It was
observed, that even despite the reduction in total cell density after 16 hours, when yen7
was induced at 25 °C, greater amounts Yen-TC components were secreted compared to
MH96 with or without pBAD grown in the same conditions, which grew to 10 times
greater cell density. Additionally, greater amounts of all Yen-TC toxin components,
YenB, YenA2, YenAl, Chi2 and Chil (but not YenC1 and YenC2) were identified in the
CP when Yen7 was over-produced at 25 °C (Figure 5.21B), although the YenC and Chi
components are masked by other similar sized proteins making it difficult to quantify
these specific proteins. Large amounts of other secreted putative VFs, including
peptidase M66 (81 kDa) and hypothetical VF (44 kDa) were also found in the CP when
Yen7 was over-produced at 25 °C. Conversely, the third secreted chitinase
(PL78_05310) (33 kDa) was comparatively reduced in the CP when yen7 was induced at

37 °C, compared to MH96 with or without pBAD under the same growth conditions.
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Figure 5.21: Silver-stained SDS-PAGE of proteins produced and secreted by Yersinia
entomophaga MH96 carrying arabinose-inducible expression vector pBAD and pBAD-
yen7 under arabinose 0.002 % at 25 or 37 °C for 16 h. CS = cell supernatant, CP = cell
pellet, MW = molecular weight over marker lane containing Bio-Rad Precision Plus
Protein™ unstained protein standard, with respective ladder sizes given. Arrows
correspond to Yen-TC components, YenB (167 kDa), YenA2 (156 kDa), YenA1l (130
kDa), YenCl1 (109 kDa), YenC2 (107 kDa), Chi2 (70 kDa) and Chil (60 kDa) and
filamentous hemagglutinin (~175 kDa), peptidase M66 (81 kDa), hypothetical virulence
factor (44 kDa) and chitinase (33 kDa). Cell density is reported as CFU/ml as
determined by enumeration plates and plasmid stability is reported as the percentage
of CFUs enumerated from ampicillin 400 pg/ml compared to CFUs enumerated from

media without antibiotic.

5.3.3.3 Effect of over-production of yeny on Yen-TC production and global
protein secretion in Ayen6 and Ayen6yeny

To determine if deletion of yen6 or yen6yen7 resulted in greater global toxin secretion at
37 °C compared to wild-type when yen7 was over-expressed from the pBAD arabinose
induction vector additional overnight cultures were grown under 0.002 % arabinose at
25 and 37 °C. Protein from the culture supernatant were visualized by SDS-PAGE that
showed no difference in the levels of Yen-TC components secreted between MH96,

Ayen6 and Ayenbyen7 strains when yen7 was over-expressed at 37 and 25 °C.
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Figure 5.22: Silver-stained SDS-polyacrylamide gel of cell supernatant from Yersinia
entomophaga MH96 strains carrying arabinose-inducible expression vector pBAD and
pBAD-yen7 under arabinose 0.002 % at 25 or 37 °C for 15 h. MW = molecular weight
over marker lane containing Bio-Rad Precision Plus Protein unstained protein
standard, with respective ladder sizes given. Arrows correspond to Yen-TC
components, YenB (167 kDa), YenA2 (156 kDa), YenA1l (130 kDa), YenC1 (109 kDa),
YenC2 (107 kDa), Chi2 (70 kDa) and Chil (60 kDa) and peptidase M66 (81 kDa),
hypothetical virulence factor (44 kDa) and chitinase (33 kDa). Cell density is reported
as CFU/ml as determined by enumeration plates and plasmid stability is reported as
the percentage of CFUs enumerated from ampicillin 400 pg/ml compared to CFUs
enumerated from media without antibiotic.

5.3.3.4 Transcriptional organization of yen6, yeny and chii

In order to validate the transcriptional organization of the yen6, yen7 and chil region
predicted by the RNA-seq data and confirm operon structure of these genes, RT-PCR
was performed on RNA isolated from MH96 grown at 25 °C in vitro during exponential
growth (~ 1 x 108 CFU/ml) and nine regions ranging from 250 — 875 bp among yen5,
yen6, yen7 and chil were investigated (Figure 5.23A). Seven out of nine RT-PCR
reactions generated a product of similar size to the product generated from genomic
DNA template (Figure 5.23B). RT-PCR across region 4 (spans from yen6 across the

predicted intergenic double hairpin into yen7as) was successful, providing evidence
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that yeno6 is transcribed with a long 3'UTR extending into anti-sense region of yen7 (as

predicted in the transcriptome data).

RT-PCR also demonstrated that yen6 and yen7 are independently promoted, since RT-
PCR across regions 1 and 7 did not generate a PCR product, but these regions could be
amplified using gDNA as template. Since yen6 and yen’ independently promoted,
these promoter regions were considered suitable for additional analysis using lacZ
translational fusions. Successful amplification by RT-PCR from region 8 also
determined that chil has an even longer 5’UTR than previously estimated (i.e., 166 bp
was estimated from RNA-seq data). Additional work is required to characterize the
exact transcriptional start site of chil; however, since yen7 (the gene located directly 5’
of chil) is encoded on the anti-strand, it was also assumed that chil is under
independent promotion. Furthermore, based on previously reported operon prediction
from RNA-seq data (Chapter 4, section 4.3.8, Table 4.13), chil is the first gene in the 4
gene operon chil-yenAl-yenA2-chi2, which also supports chil as a good proxy for (at
least) expression of YenA/Chi components of the Yen-TC holotoxin. The RNA-seq data
also predicted that yenB and yenCl are expressed in a 2-gene operon but yenC2 is

transcribed separately, but these findings need to be further validated using RT-PCR.
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Figure 5.23: Transcriptional organization of yen5, yen6, yen7 and chil coding region of

PAlyess of Yersinia entomophaga MH96. A) Transcriptional start sites (black curved
arrows) were estimated using transcriptome data and independent promotion was
confirmed by RT-PCR for yen6, yen7 and chil. Putative cis-acting anti-sense RNA
(yen7as) was predicted from transcriptome data. A terminator (T) was predicted in the
intergenic region between yen6 and yen7. RT-PCR regions 6 and 7 were tested on the

reverse strand. B) PCR amplicons generated using cDNA (RT-PCR), gDNA and RNA

as template for nine different regions (lanes 1-9) using specific primers visualized on 1

% agarose gel using Red Safe fluorescent dye.

5.3.3.5 Calibration curve: 25 vs 37 °C

Prior to carrying out the 3-gal assay on the plate-reader, calibration curves for MH96

grown at 25 and 37 °C were generated using absorbance ODsw on the SPECTROstarNare
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plate-reader. These calibration curves were generated as a method to estimate actual
cell densities based on absorbance readings from the plate-reader and determine the
validity of making comparisons between cells grown at two different cultures. The
calibration curves revealed a major difference between cells grown at 25 and 37 °C. The
absorbance from culture grown at 37 °C was consistently correlated with higher CFUs
compared to the absorbance from culture grown at 25 °C (Figure 5.24). The estimated
slope of the linear model of the 37 °C was also found to be three times greater than that

predicted for the 25 °C data.
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Figure 5.24: Calibration curves for Yersinia entomophaga MH96 grown at 25 °C and 37 °C
in 50 ml LB broth shaking at 200 rpm until ODew reached approximately 1.0.
Absorbance were quantified on SPECTROstarN= plate-reader in 96-well plates. Cell
density were determined from dilution plate counts. Data were combined from three
experiments, each consisting of three replicate flasks per temperature.

5.3.3.6 B-galactosidase assay for lacZ translational reporter fusions

5.3.3.6.1 MHO6 carrying Pyen7::lacZ reporter fusion did not produce 3 galactosidase

Cis-merodiploid MH96 strains carrying Pyens::lacZ, Pyen7::lacZ and Pait::lacZ translational
fusions (supplemental Table S2) were initially assessed at 25 °C using the (3-gal assay
but the Pyenr::lacZ reporter bearing a 873 bp region 5 of yen7 failed to produce any
detectable [3-gal and were not further assessed (supplementary Table 515). The correct

fusion was confirmed in the Pyen7::lacZ by PCR using validation primers yen7_valF and
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LacZ_valR (Table S13), so it was assumed that critical regulatory elements located
internal to the yen7 ORF were missing in Pyen7::lacZ reporter fusion and under these

conditions translation of lacZ does not occur in this strain.

5.3.3.6.2 Temperature effects on Pyens::lacZ and Peiir::lacZ reporter fusions in vitro

The rate of (3-gal production (measured in MU) from MH96 strains carrying Pyens::lacZ
and Paii:lacZ reporter fusions were assessed at 25 and 37 °C. The rate of 3-gal
production was significantly lower at 37 compared to 25 °C for both Pyens::lacZ (Welch
two sample t-test; P-value = 0.0026) and Paii::lacZ reporter fusions (P-value = 0.0003)
(Figure 5.25 and Figure 5.26).
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Figure 5.25: Effect of temperature on 3-galactosidase production in cis-merodiploid
Yersinia entomophaga MH96 strains harbouring Pyens::lacZ. Rate of 3-galactosidase was
measured from 1:25 culture dilution in a 96-well plate at OD4 after 16 hours of growth
and represented as Miller Units (normalized by ODsw). Data were combined from two
separate experiments, each containing three biological replicates/temperature. Median
boxplots displayed, with upper and lower hinges spanning the interquartile range
(difference between the 25t to 75" percentiles) and whiskers representing the
maximum and minimum values within 1.5 times the interquartile range over the 75% or
under the 25t percentile, respectively. Horizontal bars indicate statistically significant
differences: ** represents a P-value less than 0.01 but greater than 0.001 based on Welch
two-sample t-test.

The decrease in (3 gal production by the Pair::lacZ reporter at 37 compared to 25 °C is
consistent with previous SDS-PAGE results, showing reduced production and
secretion of Yen-TC components at higher temperatures. These results however, are
not consistent with the in vitro RNA-seq from 25 and 37 °C, where a significant
transcriptional change for Yen-TC components was not identified between different

temperatures.

The RNA-seq data did however identify a very strong temperature-dependent
response in transcription of yen6, which had a much higher expression at 37 compared
to 25 °C for both in vivo and in vitro growth conditions. Significantly lower enzymatic

activity at 37 °C was detected in the Pyens::lacZ reporter compared to 25 °C under in vitro
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conditions, which in is in contrast to the previous findings from RNA-seq that showed
transcription of yen6 is significantly higher at 37 compared to 25 °C in vitro, suggesting
the presence of some yet unknown culture-specific post-transcriptional repression

mechanism for yen6 at 37 °C in vitro.
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Figure 5.26: Effect of temperature on [3-galactosidase production in cis-merodiploid
Yersinia entomophaga MH96 strains harbouring Paii::lacZ. Rate of 3-galactosidase was
measured from 1:25 culture dilution in a 96-well plate at ODu42o after 16 hours of growth
and represented as Miller Units (normalized by ODew). Data were combined from two
separate experiments, each containing three biological replicates/temperature. Median
boxplots displayed, with upper and lower hinges spanning the interquartile range
(difference between the 25t to 75" percentiles) and whiskers representing the
maximum and minimum values within 1.5 times the interquartile range over the 75" or
under the 25% percentile, respectively. Horizontal bars indicate statistically significant
differences: *** represents a P-value less than 0.001 based on Welch two-sample t-test.

5.3.3.6.3 [3 galactosidase activity of MH96, Ayen6, Ayen67 and Ayen7 cis-merodiploid
Pcnir::lacZ strains at 25 °C in vitro.

When the enzymatic activity of Pai:lacZ in Ayen6, Ayen67 and Ayen7 genetic

backgrounds were compared to wild-type, MH96, significant differences were
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identified (Figure 5.27). The mean rate of 3-gal activity in wild-type was more than two

times less compared to the Ayen6 and two and three times greater in Ayen67 and Ayen7,

respectively.
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Figure 5.27: Increased [3-galactosidase production in cis-merodiploid strains harbouring
Penirz:lacZ in Ayen6 and decreased [3-galactosidase production in cis-merodiploid strains
harbouring Peuir::lacZ in Ayen67 and Ayen7 compared to wild-type Yersinia entomophaga
MH96. Rate of -galactosidase was measured from 1:25 culture dilution in a 96-well
plate at ODa42 after 16 hours of growth at 25 °C and represented as Miller Units
(normalized by ODew). Data were combined from three separate experiments, each
containing three biological replicates/strain. Median boxplots displayed, with upper
and lower hinges spanning the interquartile range (difference between the 25 to 75t
percentiles) and whiskers representing the maximum and minimum values within 1.5
times the interquartile range over the 75" or under the 25" percentile, respectively.
Horizontal bars indicate statistically significant differences: *** = adjusted P-value <
0.001, **=0.001 < adjusted P-value <0.01 and * = adjusted P.value < 0.05 based on
Tukey multiple comparison of means with 95 % family-wise confidence level.

To date, only preliminary attempts have been made to complement Ayen6 and Ayen67

in trans using mid-copy vector containing both yen6 and yen7 under their own natural
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promoters (pACYC184-Pyens-Pyenz; this region extended slightly beyond regions
characterized using RT-PCR, ensuring full capture of both yen6 and yen7 independent
promoter regions) (see Figure 5.23 above). When this complementation plasmid was
carried in a Ayen6 containing Pei:lacZ reporter fusion, -gal activity was only
marginally decreased compared to when the empty vector was carried in this strain
(Table 5.8). Similar attempts were made to complement Ayen67, but in this experiment
the pACYC184-Pyens-Pyens plasmid further reduced the amount of enzyme activity in
Ayen67 compared to the empty vector, and significantly less [3-gal levels were detected
in both Ayen67 strains compared to MH96 carrying the empty vector (Table 5.9). Lastly,
preliminary complementation attempts using Ayen6 with Peair::lacZ and pBAD-yen67as
under inducing conditions with 0.002 % arabinose were undertaken (Table 5.10). Both
Ayen6 Pair::lacZ strains (either carrying pBAD or pBAD-yen67as) were found to have
markedly higher (-gal production compared to MH96 Paii:lacZ carrying pBAD-
yen67as under arabinose 0.002 % at 25 °C. Also, as observed in wild-type, over-
expression of Yen67as from pBAD resulted in greater enzymatic activities of the chil
reporter in both Ayené and wild-type, compared to when these strains carried empty

vector.

Table 5.8: Preliminary 3 galactosidase assay for pACYC184- Pyens-Pyenz complementation
of Pair::lacZ in Yersinia entomophaga MH96 and Ayené (single replicate).

Strain N Miller Unit

MHO96 + Pair:lacZ + pACYC184sp 1 3,121
MHO96 + Peuir::lacZ + pACYC184sp 2,641
MHO96 + Pair:lacZ + pACYC184sp 3,342

Ayen6 + Pair:lacZ + pACYC184sp 12,323
Ayen6 + Panir::lacZ + pACYC184sp 14,217

Ayen6 + Panir::lacZ + pACYC184sp-Pyenc-Pyenz 11,263
Ayen6 + Pair::lacZ + pACYC184sp-Pyens-Pyen 9,995

2
3
1
2
Ayen6 + Pair::lacZ + pACYC184sp 3 15,237
1
2
Ayen6 + Pairz:lacZ + pACYC184sp-Pyens-Pyenz 3 11,331
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Table 5.9: Preliminary 3 galactosidase assay for pACYC184-Pyens-Pyenz complementation
of Paiiz:lacZ in Yersinia entomophaga MH96 and Ayen67 (single replicate).

strain N Miller Unit

MHO96 + Penir::lacZ + pACYC184cm 1 4,589
MHO96 + Penir::lacZ + pACYC184cm 2 8,108
MHO96 + Peiir:lacZ + pACYC184cm 3 7,186
Ayen67 + Pair:lacZ + pACYC184cm 1 3,053
Ayen67 + Pair:lacZ + pACYC184cm 2 4,040
Ayen67 + Pair:lacZ + pACYC184cm 3 3,593
Ayen67 + Pair:lacZ + pACYC184cm-Pyens-Pyenz 1 2,873
Ayen67 + Pairz:lacZ + pACYC184cm-Pyens-Pyen 2 2,258
Ayen67 + Pair::lacZ + pACYC184cm-Pyens-Pyens 3 2,256

Table 5.10: Preliminary (3 galactosidase assay for trans complementation of Ayen6 with
Penir::lacZ translational fusion by induction of yen67as in pBAD under 0.02 % arabinose
at 25 °C (single replicate).

strain plasmid N Miller unit
MH96 + Peuir::lacZ pBAD 1 4,563
MHO96 + Peir::lacZ pBAD 2 3,641
MH96 + Peuir::lacZ pBAD 3 3,447
MHO96 + Peir:lacZ  pBAD-yen67as 1 7,812
MHO96 + PailacZ  pBAD-yen67as 2 6,718
MHO96 + PairlacZ  pBAD-yen67as 3 6,103
Ayen6 + Pair::lacZ pBAD 1 14,703
Ayen6 + Penirz:lacZ pBAD 2 15,515
Ayené + Pair::lacZ pBAD 3 11,721
Ayené + Pair:lacZ ~ pBAD-yen67as 1 36,343
Ayen6 + Pair::lacZ ~ pBAD-yen67as 2 37,634
Ayené + Pai:lacZ ~ pBAD-yen67as 3 28,877

To date, no attempts to complement the reduction in 3-gal production for the Paii::lacZ
fusion in Ayen7 have been undertaken, but there is potential to attempt
complementation of this strains using pBAD-yen7 under arabinose 0.002 %, although
some reduction of growth would be expected compared to strains only carrying pBAD,
potentially confounding results. In trans complementation of Ayen7 with pBAD-yen7

remains a future area of work.

5.3.3.6.4  galactosidase activity of MH96 cis-merodiploid Peuii::lacZ strains over-
producing Yené or Yen67as at 25 °C.

To validate increased Yen-TC component secretion that was observed in MH96

carrying pBAD-yen67as under arabinose 0.2 % at 25 °C from CS visualized by SDS-
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PAGE, (-gal activity from MH96 Puir::lacZ reporter strain was assessed with either
empty vector (i.e, pBAD), pBAD-yen6 or pBAD-yen67as under the same inducing
conditions. A significant increase was determined for MH96 carrying pBAD-yen67as,
compared to strains carrying pBAD and pBAD-yen6 (Figure 5.28), although the rate of
B-gal production with pBAD-yen67as was highly variable among experimental

replicates (Figure 5.29).
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Figure 5.28: 3-galactosidase production following induction of pBAD-yen6 and pBAD-
yen67as in cis-merodiploid Yersinia entomophaga MH96 strain harbouring Peii::lacZ. Rate
of B-galactosidase was measured from 1:25 culture dilution in a 96-well plate at ODax
after 16 hours of growth at 25 °C with arabinose 0.2 % and represented as Miller Units
(normalized by ODsw). Data were combined from three separate experiments, each
containing three biological replicates/strain. Median boxplots displayed, with upper
and lower hinges spanning the interquartile range (difference between the 25t to 75%
percentiles) and whiskers representing the maximum and minimum values within 1.5
times the interquartile range over the 75" or under the 25" percentile, respectively.
Horizontal bars indicate statistically significant differences: *** = adjusted P-value <
0.001, **=0.001 < adjusted P-value <0.01 and * = adjusted P-value < 0.05 based on
Tukey multiple comparison of means with 95 % family-wise confidence level.
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Figure 5.29: 3-galactosidase production following induction of pBAD-yen6 and pBAD-
yen67as in cis-merodiploid Yersinia entomophaga MH96 strain harbouring Pei::lacZ
showing results of separate experiments. Rate of 3-galactosidase was measured from
1:25 culture dilution in a 96-well plate at ODa after 16 hours of growth at 25 °C with
arabinose 0.2 % and represented as Miller Units (normalized by ODeoo). Data were
combined from three separate experiments (facets 1, 2 and 3), each containing three
biological replicates/strain. Median boxplots displayed, with upper and lower hinges
spanning the interquartile range (difference between the 25% to 75t percentiles) and
whiskers representing the maximum and minimum values within 1.5 times the
interquartile range over the 75% or under the 25" percentile, respectively.

5.3.3.6.5 {3 galactosidase activity of MH96 cis-merodiploid Pehit::lacZ strains over-
producing Yen7 at 25 and 37 °C.

Induction of yen7 with a low concentration of 0.002 % arabinose in MH96 was found to
significantly increase enzymatic activity of the Peir::lacZ reporter strain at both 25 and
37 °C (p-values of 0.001 and 0.010, respectively) (Figure 5.30). These findings were
consistent with the aforementioned SDS-PAGE analysis of the same strains grown
under the same inducing conditions, that also showed the Yen-TC components and

other highly secreted putative virulence factors (Peptidase M66 - PL78_ 05495,
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Hypothetical virulence factor - PL78_18785, chitinase — PL78_11910 and chitin-binding
protein — PL78_05310).

Temperature (°C)
25 37
50000 _ _
Experiment Plasmid
e 1 $pBAD
ok 2 BAD-yen7
40000 -p y
@ 30000
c
)
ko
= 20000
=
*%
10000 .
0 —_ﬁ
pBAD pBAD'—yenY pBAD pBAD'—yen7
Plasmid

Figure 5.30: 3-galactosidase production following induction of pBAD-yen7 in cis-
merodiploid Yersinia entomophaga MH96 strains harbouring Peui::lacZ. Rate of 3-
galactosidase was measured from 1:25 culture dilution in a 96-well plate at ODu42o after
16 hours of growth at 25 °C with arabinose 0.002 % and represented as Miller Units
(normalized by ODew). Data were combined from two separate experiments carried out
at 25 and 37 °C (facets 1 and 2), each containing three replicate flasks per strain.
Median boxplots displayed, with upper and lower hinges spanning the interquartile
range (difference between the 25% to 75" percentiles) and whiskers representing the
maximum and minimum values within 1.5 times the interquartile range over the 75% or
under the 25% percentile, respectively. Horizontal bars indicate statistically significant
differences: *** = adjusted P-value < 0.001, ** = 0.001 < adjusted P-value <0.01 and * =
adjusted P-value < 0.05 based on Welch two-sample t-test.
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5.3.3.6.6 Cumulative analysis of yen7 over-expression on MH96 cell growth, plasmid
stability, Yen-TC production/secretion and Peii::lacZ reporter activity at 25
and 37 °C.
The hypothetical protein Yen7 is predicted to act as a transcriptional activator of Yen-
TC, so in order to test this hypothesis the effect of yen7 over-expression on MH96 cell
growth, plasmid stability, Yen-TC production/secretion and Peir::lacZ reporter activity
at 25 and 37 °C were undertaken as part of this thesis. Over-expression of yen7 was
found to have significant impacts on MH96, observed as deleterious effects on cell
growth, reduced plasmid stability, partial restoration of secretion at 37 °C, increased
production of some Yen-TC/co-secreted TC-associated factors at 25 C and increased 3
gal activity in the Pair::lacZ reporter strain at both 25 and 37 °C. Consistent inducing
conditions (0.002 % arabinose; delayed 2 hours after inoculation of 50 ml culture flasks)
and sample collection time-point (~15 h post-induction) for plasmid stability, cell
density, protein visualization by SDS-PAGE and (-gal assay of cis-merodiploid
Panir::lacZ reporter strain permitted for cumulative analysis of the overall-effects of yen7

over-expression on MH96 and toxin secretion at 25 and 37 °C (Table 5.11).

Table 5.11: Cumulative results from over-expression of Yen7 from pBAD under 0.002 %
in Yersinia entomophaga (MH96)"

Temperature (°C)

Experiment 25 37
Plasmid stability (%) 17 81
(CglUd;;‘S“y 2.4 x 108 7.4 x 108

Increased secretion of Yen-
Secretion of Yen-TC | TC components and other Secretion restored (wild-
and other putative putative secreted VFs type with or without
VFs (SDS-PAGE of | compared to wild-type with | empty vector does not
cell supernatant) or without empty vector. secrete).

Increased levels of all Yen-
Cellular levels of TC components and other Absence of Yen-TC or
Yen-TC and other putative VFs compared to other co-secreted factors
putative VFs (SDS- | wild-type with or without | was observed in the cell
PAGE of cell pellet) | empty vector. pellet.

Over-expression of yen7

Enzymatic activity Over-expression of yen7 resulted in significantly
of cis-merodiploid resulted in significantly increased (3-gal production
Penir::lacZ strain increased (-gal production | strain.

*50 ml flask cultures were grown for 2 hours; 0.002 % arabinose was used to induce
expression of yen7, and samples were collected after ~ 15 h.
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Protein visualization and (3-gal assay of the chil::lacZ reporter strain both provided
highly repeatable evidence supporting Yen7 as an activator of Yen-TC production at 25
°C. At lower temperatures greater levels of Yen-TC were produced as well as secreted
under inducing conditions and under these same conditions significantly greater
enzymatic activity was measured from the Pai::lacZ reporter strain, which is consistent
with the hypothesis that Yen7 interacts with the promoter region of chil to activate
transcription of the downstream Yen-TC operon. The protein analysis also supports a
more global function for Yen7 in activating the production of Yen-TC and perhaps
other co-secreted exoenzymes, like peptidase M66, hypothetical VF (PL78_18785) and
chitinase and possibly secretion as well. Visualization of cell supernatant at 37 °C
under inducing conditions very clearly and repeatably shows Yen7 (except for Yen-TC
components) can restore secretion in MH96 at this temperature. This is a key finding
because MH96 does not usually secrete any proteins/toxins at 37 °C (apart from a large
molecular weight filamentous hemagglutinin) but produces copious amounts of
proteins/toxins at temperatures lower than 25 °C, a phenomenon that is very likely
important to its entomopathogenic lifestyle. Using the (3-gal assay of the chil::lacZ
reporter strain, increased enzymatic activity was also confirmed under inducing
condition at 37 °C, albeit to a lesser degree than when the experiment was conducted at
25 °C, further supporting the finding that Yen7 can activate Yen-TC production and
secretion at 37 °C as well as 25 °C. These findings also indicate complex regulatory

mechanisms are likely controlling Yen-TC expression.

While induction of yen7 under 0.002 % arabinose did result in slight reduction in cell
density of the cultures, the final cell density was similar across both temperatures that
were tested, but a clear difference in plasmid stability was observed, where at 25 °C
there was a strong selection against pPBAD-yen7 in MH96, compared to 37 °C. Under
these same conditions, the empty pBAD vector is 100 % maintained in MH96 at both 25
and 37 °C. Another salient difference between induction at different temperatures was
observed from protein analysis of the CPs; at 25 °C abundant levels of Yen-TC and
other putative VFs (especially peptidase M66 and hypothetical VF (PL78_18785) were
clearly observed, however no obvious Yen-TC or other putative VFs protein bands

were found in CPs from 37 °C. It is suspected that the major difference in plasmid
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stability between 25 and 37 °C is linked to the presence of large amounts of toxins in
the cellular fractions at 25 °C only, attributing to increased selection pressure against
pBAD-yen7 at 25 °C under inducing conditions compared to the higher temperature.
Furthermore, the absence of Yen-TC components in the CP from 37 °C and the obvious
presence of toxin components in the CS taken from the same culture flasks suggests

possible density-dependent lysis mechanism may be present in MH96.

5.3.3.6.7 3 galactosidase activity of MH96 cis-merodiploid Pyens::lacZ strains in vivo at
25 and 37 °C.

Significantly higher transcription of yen6 at 37 °C compared to 25 °C was observed
from both in vitro and in vivo RNA-seq expression profiles (Chapter 4, section 4.3.8,
Figure 4.20, Table 4.13); however, validation experiments using a Pvyes:lacZ
translational fusion strain found the opposite result for in vitro growth conditions, as
there was significantly greater 3 gal activity produced by the Pvens::lacZ reporter strain
at 25 compared to 37 °C in vitro (Figure 5.25). As a follow-up validation experiment, we
assessed the Pves:lacZ reporter strain in G. mellonella and found that during infection
of G. mellonella the cis-merodiploid strain harbouring Prers::lacZ has significantly higher
enzymatic activity (> 39x fold-change) at 37 °C compared to 25 °C (Figure 5.31). These
results provide evidence of host-dependent post-transcriptional regulation of yen6, in
addition to the temperature-dependent transcriptional differences noted from the

transcriptome data.

It should be noted that the results of the in vivo -gal assays were found to be especially
variable from experiment 2 and 3, which were collected from host G. mellonella that had
been maintained in the laboratory for a prolonged period of greater than three weeks
(typically G. mellonella would be used within one week for experimental purposes but
access to hosts was limited at this time). The raw data, including ODewo values are
provided in the supplementary section (Table S16). For the combined data analysis, a
single individual from experiment two with unexpectedly low absorbance for ODsoo
was omitted as was the entire experiment 3, which suffered from numerous hosts
reporting unexpectedly low ODswo measurements as wells as negative controls

reporting positive MUs (negative controls should always generate negative MUs,
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perhaps suggesting some pipette error). Though we note that biological insect systems
are variable, it would be beneficial to repeat the experiment again using more
standardized hosts, ensuring consistent age, time on lab-based artificial diet, size and
weight as this assay was found to be highly variable. This is a logistical challenge
associated with working pet food/bait suppliers, that often cannot guarantee size/age

of hosts at time of delivery.
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Figure 5.31: 3-galactosidase production in cis-merodiploid Yersinia entomophaga MH96
strains harbouring Pyens::lacZ during infection of Galleria mellonella at 25 or 37 °C. Rate of
-galactosidase was measured from 1:25 dilution of hemolymph sample in a 96-well
plate at ODu42o after 19-22 or 16-17 h post infection at 25 or 37 °C, respectively.
Enzymatic activity is represented as Miller Units (normalized by ODew). Data were
combined from two separate experiments, each containing six biological
replicates/temperature. Median boxplots displayed, with upper and lower hinges
spanning the interquartile range (difference between the 25t to 75t percentiles) and
whiskers representing the maximum and minimum values within 1.5 times the
interquartile range over the 75" or under the 25" percentile, respectively. Horizontal
bars indicate statistically significant differences: *** represents a P-value less than 0.001
based on Welch two-sample t-test.

5.4 Discussion

Initial phenotypic investigations of MH96 mutant strains by visualization of secreted
protein and virulence testing in the intrahemocoelic G. mellonella infection model
determined only few selected mutants showed a phenotype at the protein level (i.e.,
AcspA123/AHCUIvess, AcbpA and ArovA) and/or an attenuation in virulence (i.e.,
AcspA123/AHCUIvess and Ayen6). Based on these results, and previously reported in
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vivo RNA-seq findings determining interesting host- and temperature-dependent
expression patterns for both PAlvess-encoded putative regulators, yen6 and yen7
(Chapter 4, section 4.3.8, Figure 4.20, Table 4.13) further investigations focused on
determining whether yen6 and yen7 participate in the co-ordinated regulation of
primary virulence determinant, Yen-TC were undertaken as a primary focus of this
chapter. The outcome of these investigations expands our understanding the
contribution of yen6 and yen7 in the regulation of virulence in MH96, but also
importantly unexpected phenotypic findings associated with over-expression of yen6
inspired new and interesting research initiatives, inspiring further characterization of

the yen6 regulon reported in Chapter 6 of this thesis.

5.4.1 Revealing the secreted weaponry of MH96 - considering SDS-PAGE and
transcriptome findings

Previously unpublished work by S. Jones (AgResearch Ltd.) characterized LC-ESI-
MS/MS many of the highly secreted proteins (in addition to the high molecular weight
Yen-TC components) from the supernatant of MH96 grown in rich culture broth at 25
°C, which included 81 kDa peptidase M66 (PL78_04595), 33 kDa chitinase
(PL78_11910), 23 kDa CbpA (LCMO/CBP - PL78_05310) and 44 kDa hypothetical VF
(PL78_18785) (a modular-type protein containing putative cellulose-binding and
intimin domains). Gene clusters encoding all of these secreted proteins were also
previously identified as sharing identical expression profiles with the Yen-TC genes
under in vitro and in vivo growth conditions at 25 and 37 °C (Chapter 4, section 4.3.8,
Table 4.13). Notably, expression of the Yen-TC genes and the above-mentioned co-
secreted factors were shown to be significantly repressed at 37 °C during in vivo
conditions only. In this respect, comparison of protein secretion and the in vivo
transcriptome of MH96 at 25 and 37 °C both identify the same core-set of putative VFs,
which are all under dynamic temperature- and host-dependent regulation and this

result was considered a key validating factor for the transcriptome.
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5.4.1.1  Chitinolytic TC-associated factors are co-expressed and co-secreted with
Yen-TC

Synergism of Yen-TC with chitinolytic factors would be considered especially effective
for degradation of peritrophic membrane (PM) which is comprised of chitin fibrils
attached to glycoproteins and proteoglycans and forms a physical barrier between the
gut lumen and the midgut epithelial (Erlandson et al., 2019; Kelkenberg et al., 2015). In
this model, chitinolytic factors act to degrade the PM, which exposes the underlying
midgut cells to Yen-TC, then Chil, Chi2 and YenA components bind specific receptors
located on the surface of midgut epithelial cells (Landsberg et al., 2011; Piper et al,,
2019), which initiates pore-formation (Gatsogiannis et al., 2016; Meusch et al., 2014) and
intoxication of the cells (Busby et al., 2013b) ultimately resulting in dissociation of the
midgut (Landsberg et al., 2011; Marshall et al., 2012). Other co-secreted factors, such as
M66 peptidase and the hypothetical intimin/carbohydrate-binding domain contain
protein would also be predicted to act synergistically with Yen-TC, chitinase and CbpA
to perhaps aid by interacting with proteoglycan and glycoproteins associated with the

PM?

Chitin also represents an abudnant nutrient resource within the insect host, as well as
more generally in the biosphere, as a key component of arthropod exoskeleton and
fungi cell wall, making it the second most abundance biopolymer in nature (Gooday,
1990; Souza et al., 2011) and diverse bacteria have evolved the ability to degrade this
especially recalcitrant crystalline polysaccharides by syngergistic activity of chitinolytic
enzymes (Beier and Bertilsson, 2013; Vaaje-Kolstad et al., 2013). Bacterial chitinases
typically include glycosyl hydrolases (GHs) within the GH18 family based on the
CAZy classification (Lombard et al., 2014) and can be broadly classified as either
endochitinases that hydrolyse random internal 31-4-glycosidic bonds to release low-
molecular weight multimeric units of (-1,4-N-acetylglucosamine (GIcNAc) or
exochitinases that target the non-reducing end of the chitin polymer, either releasing
mono or disaccharide GlcNAc sugar molecules (Adrangi and Faramarzi, 2013; Beier
and Bertilsson, 2013; Berini et al.,, 2018). Furthermore, many chitinolytic bacteria
produce chitobiase (or N-acetylhexosaminidase), which can hyrdolyse the (31-4-
glycosidic bond in (GlcNAc)2 and are classified within the GH20 family (Toratani et al.,
2008; Uchiyama et al., 2003). Another important group of chitin degrading enzymes are
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the LCMOs/CBPs that belong to the AA10 family (formerly the CBM33 family)
(Aachmann et al., 2012; Lombard et al., 2014). Remarkably, LCMOs/CBPs have been
shown to catalyse the depolymerization of chitin chains by an oxidative reaction
(Vaaje-Kolstad et al., 2010) requiring copper (Aachmann et al., 2012) and can act
synergistically with chitinases in the degredation of chitin is Serratia spp. (Manjeet et
al., 2013; Purushotham et al., 2012) by increasing substrate accessibility for chitinases

(Vaaje-Kolstad et al., 2005b).

Like MH96, most Serratin species are known to be proficient secretors, which are
widely known to use potent lytic enzymes as VFs in immune resistance, invasiveness,
and destruction of competitors (Petersen and Tisa, 2013). S. marcescens is known to be a
proficient secretor as well, and was shown to effiently degrade chitin by secretion of a
multi-component chitinolytic machinery (Suzuki et al., 1998; Vaaje-Kolstad et al,,
2005a, 2013) consisting of three GH18-family chitinases (ChiA, B and C1) (Suzuki et al.,
2002), a GH20-family chitobiase (Toratani et al., 2008; Uchiyama et al., 2003) and the
LCMO/CBP, CBP21 (Suzuki et al., 1999). Similar to S. marcescens, MH96 also secretes an
array of known and putative chitinolytic enzymes into the supernatant at temperatures
of 25 °C and lower, including three GH18 family chitinases (i.e., Yen-TC components:
Chil and Chi2 as well as PL78_11910) and CbpA, which is an LCMO/CBP that shares

homology with CBP21 of S. marcescens.

Previous work functionally characterized Yen-TC-associated chitinases (Chil and
Chi2) as important to the activity of Yen-TC holotoxin against insect mid-gut barrier,
including involvedment in both host-cell adhesion and endochitinase activities (Busby
et al, 2012; Landsberg et al., 2011; Piper et al, 2019). Furthermore, Chil was
demonstrated to be especially critical to the functionality of Yen-TC secretion, with a
structure consisting of a foot and leg that is involved in pore formation (Piper et al.,
2019), a dynamic process by which Yen-TC holotoxin can translocate the YenC-Rhs
toxic payload into host cells upon binding of host cell ligands (Busby et al., 2013b;
Meusch et al., 2014). Screens using high-throughput glycan microarry for Chil and
Chi2 identified galactose, glucose, N-acetylgalactosamine (GalNAc) and GIcNAc as
significant binding motifs of these chitinases, further implicating Chil and Chi2 as

multifunctional Yen-TC components with lectin-like properties (Piper et al., 2019). The
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apparent divergence between the alkaline pH of the mid-gut of the host C. giveni (Biggs
and McGregor, 1996) and optimum pH for Chil (~ 6) and Chi2 (~ 5) endochitinase
activity (Busby et al., 2012) has been suggested by Piper et al. (2019) as another
indicator that Chil and Chi2 may primarily function to bind glycophosphlipids,
known to be prevalent on the surface of insect host cells (Aoki and Tiemeyer, 2010;
Kim et al., 2003a; Walski et al., 2017a, 2017b), thus playing more of a primary role in
host-cell binding and toxin translocation, rather than degrading [31-4-glycosidic bond

to acquire GlcNAc for metabolism.

Given that MH96 is known to co-secrete a third chitinase, as well as CbpA (a
LCMO/CBP), along with Yen-TC, perhaps endochitinase activity of Chil and Chi2 are
not essential to MH96's ability to survive on GlcNAc as a sole carbon source at 25 °C
(Chapter 4, section 4.3.9, Table 4.14). In order to test this idea, the optimal pH for the
third chitinase and CbpA should be investigated, as these enzymes may have evolved
optimum chitinolytic activity for alkaline conditions known from insect gut (Biggs and
McGregor, 1996) and likely contribute to both virulence and metabolism of MH9

within the insect host.

With respect to biopesticide development, the Yen-TC chitinolytic co-secreted factors
of MH96 represent very promising options for additives to pre-established products.
Early work by Regev et al., (1996) showed that a chitinase from S. marcescens increased
the insecticidal effects of B. thuringiensis delta-endotoxin CryIC against Spodoptera (Sp.)
littoralis. In another study, a chitinase from tobacco, Nicotiana tabacum, was found to
provide a synergistic effect when combined with recombinant crylAc in B. thuringiensis
against Helicoverpa armigera (Ding et al., 2008). More recently, a chitinase from fungi
Penicillium orchrochloron were shown to be an effective insecticidal agent against H.
armigera (Patil and Jadhav, 2015). While the major focus of this work was not directly
focused on the chitinolytic activities of MH96, the transcriptome analysis and
subsequent comparisons with secreted proteins provided an effective method to

identify a few select targets for furture research.
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5.4.1.2 Other TC-associated factors are co-expressed and co-secreted with Yen-
TC and chitinolytic enzymes

Two other secreted exoenzymes, M66 peptidase and putative intimin/carbohydrate
binding protein, were also both found to be co-expressed/co-secreted with Yen-TC and
TC-associated factors and are highly suspected to also act as key VFs within the insect
host as well. Peptidase M66 contains a conserved zinc metalloprotease domain, sharing
similar sequence homology to an important VF from E. coli O157:H7 called StcE
(Lathem et al., 2002; Yu et al., 2012). Like the peritrophic membrane (PM) in insects, the
mammalian gut is lined with a mucosal barrier consisting of heavily glycosylated
mucin glycoproteins that protect the underlying epithelium from infection (Pelaseyed
et al, 2014). To this end, enterohemorrhagic E. coli secretes StcE, which acts to
hydrolyse the glycoproteins of the mucosal layer giving the pathogen access to
penetrate the underlying epithelium (Lathem et al., 2002). V. cholera also secretes
orthologous TagA which also is known to cleave mucin glycoproteins (Szabady et al.,
2011). Based on the predicted protein structure, peptidase M66 is anticipated to
perform a similar function against the PM in insects, and activity which may enhance
Yen-TC intoxication of underlying epithelial cells, solidifying a possible motive driving
co-expression/co-secretion of peptidase M66 with Yen-TC and TC-associated factors,

but this hypothesis remains to be tested.

Finally, the putative intimin-containing adhesin, shares similar properities with the
peptidase M66, in that it is likely involved into adhering to host cells through
recognition of a carbohydrate-containing host ligand. Based on predicted secondary
structure, this secreted protein can be expected to contain an intimin domain and a
carbohydrate binding region but the precise role of this putative VFs remains currently
unknown. Since both of these secreted exoenzymes have been clearly linked to the
secretion of Yen-TC and other chitinolytic enzymes by MH96, both M66 peptidase and
the putative intimin/carbohydrate-binding protein represent novel enzymes that likely
enhance pathogenesis of MH96 against insects, possibly by interacting with
glycoligands associated with the surface of the PM to increase access for co-secreted

chitinolytic enzymes to access the chitin-rich fibril component of the PM.
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5.4.2 Production and secretion of Yen-TC and TC-associated factors is
temperature-dependent in MHg6

Similar to Hurst et al. (2011), here MH96 was also shown to have greatly reduced
protein secretion at 37 compared to 25 °C in LB broth, evidenced by notably fewer
proteins in the CS at 37 °C, specifically including Yen-TC components and the co-
secreted TC-associated factors. Important temperature-dependent effects on Yen-TC
secretion and also virulence against G. mellonella have already been described before
(Hurst et al., 2011a, 2015), indicative that Yen-TC and co-secreted TC-associated factors
are the primary offensive artillery used by MH96 to attack insect hosts and
thermoregulatory mechanisms have evolved to shut off this system at mammalian host

temperatures.

Thermoregulation of important VFs from other pathogenic Yersinia spp. have also been
demonstrated before. Expression of insecticidal TC genes fcaA, tcaB, tcaC and tccC in Y.
enterocolitica strain W22703 is strictly under temperature-dependent regulation, such
that all {c genes are silenced at 37 °C and maximally expressed at 10 °C in vitro
(Bresolin et al., 2006). The tight thermoregulation of the fc genes in W22703 was shown
to involve a thermal-labile regulator, TcaR2, which at lower temperatures can out-
compete the H-NS/YmoA complex to activate the fc genes, but at higher temperatures
was subjected to increased proteolysis resulting in suppression of the tc genes by H-
NS/YmoA at 37 °C (Starke and Fuchs, 2014; Starke et al., 2013). Furthermore, optimal
induction of the chromosomally encoded Ysa-T3SS in Y. enterocolitica biovar 1B was
also found at temperatures of 26 but not 37 °C, and similar to MH96 secretion of Yen-
TC components, the Ysa-T3SS effectors YspA, YopN, YopP and YopE could be easily
visualized in the CS by SDS-PAGE when grown under Ysa-T3SS inducing conditions
(i.e., 26 °C in nutrient broth with high sodium chloride concentrations) (Venecia and

Young, 2005).

The effect of temperature on MH96 toxin secretion was found to be very consistent
among experiments; however, this was not the case for the presence/absence of Yen-TC
toxins and co-secreted factors in the cellular fraction at 37 °C, which was found to be
variable between experiments (i.e., sometimes the toxin bands were visible but other

times not). Earlier, Hurst et al. (2011) showed the CP protein profiles from MH96
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cultured at 30 and 37 °C contained relatively reduced levels of Yen-TC components
compared to 25 °C, but the sonicated filtrates of cells cultured at higher temperatures
still remained toxic against C. giveni per os while the CS from the same cultures did not
suggesting a temperature-mediated secretion mechanism. In contrast, the results
presented in this thesis found that the characteristic toxin bands were usually not
visible in the protein profiles of MH96 cells grown at 37 °C, especially when care was
taken to promptly collect and store the CP samples without letting the culture rest at
room temperature for extended periods of time. Considering that no significant
difference in the expression of the Yen-TC and associated factors was identified from
cultures grown at 25 or 37 °C using RNA-seq (i.e., data suggest Yen-TC components
and associated factors are expressed equally at both temperatures in vitro), the
variability in corresponding protein levels at 37 °C is speculated to involve some yet

unknown post-transcriptional regulatory mechanism.

Indeed, post-transcriptional regulation of many VFs produced by Yersinia species has
been reported, including regulation by «cis- and trans-acting ncRNAs,
thermoswitches/riboswitches, RNA-binding proteins and RNases (reviewed in Schiano
and Lathem, 2012, Righetti et al., 2016). For example, an important AraC-family
regulator LcrF, which is the activator of the plasmid encoded Ysc-Yop-T3SS (a key VF
among in human-pathogenic Yersinia spp.) contains a thermoswitch in the 5" region of
its messenger RNA (Bohme et al., 2012; Hoe and Goguen, 1993). At low temperatures
the 5 region forms complex stem-loop structures that obscures the Shine-Dalgarno
sequences preventing translation initiation, but at 37 °C the secondary structure
denatures permitting translation of LcrF and subsequent Ysc-Yop-T3SS activation at

mammalian body temperatures.

Compared to other regulatory mechanisms, post-transcriptional regulatory
mechanisms may provide a more rapid way for pathogenic bacteria to adjust to
environment changes and quickly fine tune the production of energetically expensive
VFs, such as toxins and complex secretion machinery (Schiano and Lathem, 2012). A
key finding of previously reported transcriptome and now proteomic investigations of
MH96 at 25 and 37 °C suggests that temperature-dependent post-transcriptional

regulatory mechanisms have evolved in MH96; however, the exact mechanism(s)
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remain to be elucidated. Spontaneous point mutation in the RNA chaperone, hfg,
results in a rough variant of MH96 that does not secrete or produce Yen-TC (Hurst et
al. 2019a; in prep), which strongly implicates a global role for some yet uncharacterized
ncRNA regulatory network in regulation of Yen-TC production and secretion, but the

role of small ncRNAs networks is considered beyond the scope of this thesis.

5.4.3 MHo6 secretes filamentous hemagglutinin N-terminal containing protein
at 37 °C in vitro

MH96 is known to have greatly reduced secretion at 37 compared to lower
temperatures in vitro (Hurst et al., 2011), (Chapter 2, section 2.3.3, Figure 2.3); however,
at 37 °C a large molecular weight protein (~175 kDa) was found to be consistently
secreted into the culture supernatant. LCMS-ESI-MS/MS methods were used to
identify this protein as filamentous hemagglutinin N-terminal containing protein (also
annotated as a hemolysin), which is encoded by PL78_04365 and this putative cell-
surface adhesion is likely secreted by cognate two-partner secretion (TPS)/activation
protein ShiB/FhaC/HecB encoded by PL78_04360 (Leyton et al., 2012). Filamentous
hemagglutinins have been shown to be key VFs among diverse pathogenic bacteria,
including Bordetella (Bo.) pertussis, A. baumannii, Erwinia chrysanthemi and Ps. fluorescens
(Darvish Alipour Astaneh et al., 2014; Rojas et al., 2002; Scheller and Cotter, 2015; Sun
et al., 2016). Filamentous hemagglutinins produced by Bo. pertussis are known to be
secreted and contribute to adherence to host cells (Melvin et al., 2015; Serra et al., 2011),
agglutination (Menozzi et al., 1994) and immune-modulation of host cells (Henderson

et al., 2012; Inatsuka et al., 2005; Julio et al., 2009).

The filamentous hemagglutinin N-terminal containing protein that is secreted at 37 °C
by MH96 has significant sequence similarity (E-value of 0.0) to ShlA of S. marcescens
(ALE98162.1), with 55.75 % identity over 99 % of the sequence. ShlA is a large *Serratia-
type” hemolysin that is secreted by means of TPS (Poole et al., 1988), but homologous
toxin/translocator pairs have been identified from other pathogenic bacteria, including
PhlA/PhIB from P. luminescens and YhlA/YhIB from Y. ruckeri. While, phlA was not
found be a major virulence determinant of P. luminescens against Sp. littoralis (Brillard

et al., 2002), both yhlA and yhlB were both found to be involved in virulence of Y.
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ruckeri (Fernandez et al., 2007) and numerous studies have associated shlA with
pathogenicity in S. marcescens (Gonzalez-Juarbe et al., 2015; Kurz et al., 2003; Lin et al.,

2010; Di Venanzio et al., 2017)

The filamentous hemagglutinin N-terminal containing protein that is secreted at 37 °C
by MH96 is considered a putative secreted toxin that is under thermoregulation at the
transcriptional level. Previously reported in vivo RNA-seq results identified
significantly higher expression of PL78_04365 at 37 compared to 25 °C, under both in
vitro and in vivo conditions during exponential growth phases (Chapter 4, section
4.4.4.2, supplemental Table S9). These results support a strictly temperature-dependent
transcriptional regulatory mechanisms for both secreted toxin and TPS which were
predicted to be expressed in an operon. While MH96 encodes another filamentous
hemagglutinin N-terminal containing protein (PL78_11060), the expression of this gene
was not found to have a strong response to increased temperature but was found to
have high expression at 25 °C during early infection (Chapter 4, section 4.3.7.3, Figure
4.17).

5.4.4 Phenotypes identified for AcspA123/AHCUIyggs, AchpA and ArovA mutant
strains by SDS-PAGE

Since MH96 is known to secrete large amounts of Yen-TC components as well as Yen-
TC-associated factors in a temperature-dependent manner (Hurst et al., 2011) (Chapter
2, section 2.3.3, Figure 2.3), visualization of the proteins in CS from mutant strains by
SDS-PAGE provides a convenient method to screen for phenotypes related to secretion
and Yen-TC production in MH96. Out of the eight mutant strains screened in this
study, only three (AcspA123/AHCUIyes, AcbpA and ArovA) were identified to influence
either global secretion or secretion of individual Yen-TC components or associated
factors. The AcspA123/AHCUlvess strain had the most conspicuous phenotype, with
complete shut-down of global secretion at 25 °C compared to wild-type; however,
transcriptome analysis of the AcspA123/AHCUIves strain revealed a 17.5 kb excision
(Chapter 6, section 6.3.1.4, Table 6.7) of a unstable genomic element, HCUIves that
became the focus of a different chapter of this thesis (i.e., Chapter 7) and later work

showed the non-secreting phenotype of AcspA123/AHCU]Ivess was solely attributed to
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the excision of HCUIvess and not actually a result of deletion of cspA123 (Chapter 7,

section 7.3.2, Figure 7.9).

In addition to absence of secretion at 25 °C, AcspA123/AHCUIyes was observed to have
two other phenotypic traits at the protein-level; First, the characteristic protein bands
representing Yen-TC components as well as other co-secreted TC-associated factors
(i.e., peptidase M66, chitinase, CbpA and hypothetical VF) were absent from the CP of
AcspA123/AHCUIvess grown at 25 °C, such that the protein profile of this strain more
resembled MH96 grown at 37 °C, which is typically found to have reduced amounts of
Yen-TC and TC-associated factors in the CP as well. Second, a small molecular weight
protein was observed in the cell pellet of AcspA123/AHCUIyess grown only at 37 °C,
that was not present in CP from MH96. This protein was identified as ribosomal
protein L6, which is known to be essential for the assembly of functional 50S rRNA
subunits at the late state in E. coli (Shigeno et al., 2016). In B. subtilis, L6 was shown to
be properly positioned by an essential GTPase on the 235 rRNA prior to incorporation
of L16 and other late assembly ribosomal proteins (Gulati et al., 2014). It currently
remains unclear why excessive amounts of L6 are produced in the
AcspA123/AHCUIvess grown at 37 °C and whether this phenotypic trait can be

attributed to the cspA123 deletion or excision of HCUIyes.

The only strains with phenotypes observed by SDS-PAGE, AcbpA and ArovA, were
found to have comparatively more subtle phenotypes. As expected, the AcbpA mutant
did not produce or secrete the previously-identified 23 kDa chitin-binding protein,
confirming the successful deletion of the cpbA gene. RovA was found to influence the
secretion of just one Yen-TC component, YenA2, which was found to be absent from
the CS of ArovA. Compared to wild-type, AcbpA and ArovA were not found to have
attenuated virulence in the G. mellonella intrahemocoelic model, despite the lack of
secretion of CbpA and YenA2, respectively and subsequently rovA and cbpA were not
carried further in this work despite a notable phenotype at the protein level from the

targeted gene deletions in both these strains.
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5.4.5 Exploring potential temperature- and host-dependent regulatory linkages
between yen6, yen7 and Yen-TC components.

5.4.5.1 Protein production and toxin secretion by Ayen6, Ayen6yeny and Ayeny
was consistent with wild-type MHg6

In order to investigate potential linkages between putative regulators yen6 and yen7
and temperature-dependent production and secretion of Yen-TC, protein profiles
produced by MH96-derivative mutants strains lacking yen6 and yen7 were compared
to wild-type. By visualizing proteins from cell pellet and supernatant by SDS-PAGE, it
was evident that deletion of yen6, yen7 and the entire yen6-yen7 region had nil effects
on global protein production or secretion. These results suggest that both yen6 and yen7
do not have any major regulatory control over the expression of the Yen-TC by MH96
in vitro at 37 and 25 °C; however, later investigations using a translational lacZ-reporter
fused to the promoter region of chil, revealed possible subtle regulatory effects on f3-
gal production in the Ayen6, Ayen6byen7 and Ayen7 strains were found to be
significantly different compared to wild-type and will be discussed further below in

section 5.4.8.6.

The notable lack of phenotype by SDS-PAGE observed for Ayen6, Ayenéyen7 and Ayen7
may also be an indicator of additional interacting factors contributing to the regulation
of toxin production/secretion in MH96. Previously reported transcriptome data
supports the presence of both temperature- and host-dependent regulatory
mechanisms governing the expression of genes for Yen-TC and TC-associated factors
(Chapter 4, section 4.3.8, Table 4.13), as does the disparity between Yen-TC/TC-
associated factor gene expression and Yen-TC component/co-secreted protein levels at
37 °C under in vitro conditions (discussed above, section 5.4.2). Furthermore, some
additional MH96 mutants under investigation in the Hurst lab, including a
spontaneous hfq deficient (Hurst et al., 2019a in prep) and AymoA strains (Hurst, et al.,
2019b in prep), are also known to have phenotypes linked to global regulation of Yen-
TC production and secretion, which supports the possibility of multi-layered
interacting processes governing the regulation of a consortia of primary secreted VFs in

MHO96.
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In addition to the above mentioned global regulators, hfg and ymoA, another possible
Yen-TC regulator is the HCUIvess-encoded PhoB-like regulator (PL78_17385), that is
associated with the holin-endolysin secretion system module encoded within HCUIves
(Chapter 7, section 7.3.1, Figure 7.1). While this putative regulator shares significant
protein sequence homology to yen7, suggestive of functional redundancy in Yen-TC
regulation, the specific roles of PL78_17385 in the temperature-dependent regulation of
Yen-TC was considered out of scope of this thesis and research and was captured
under the umbrella of another separate project. Further to this, a complete absence of
secretion and Yen-TC/TC-associated factor production in the AHCUIyess strain
(reported in Chapter 7) provided even more support that HCUIves is connected to the

regulation of Yen-TC and TC-associated factors.

It would not be considered unusual for complex temperature-dependent regulatory
mechanisms to have evolved in MH96, especially since secretion and production of
Yen-TC/TC-associated factors seems to comprise a core secreted virulence machinery.
By comparison, arguably the most important VF in Y. pseudotuberculosis, the virulence
plasmid pYV-encoded Ysc-Yop T3SS, is known to be transcriptionally regulated by two
different temperature-sensitive mechanisms; First, mRNA of the Ysc-Yop T3SS
transcriptional activator lcrF (an AraC-like regulator otherwise known as virF) includes
a cis-acting thermo-sensitive riboswitch that permits ribosomal binding of ribosomal
site (RBS) at 37 °C but not 25 °C and second, temperature-dependent repression of IcrF
by heat-labile YmoA (nucleoid-associated regulator that is known to interact with H-
NS) which is less stable at 37 compared to 25 °C (Bohme et al., 2012). YmoA was also
shown to be involved as a heat-labile repressor of insecticidal TC expression in Y.
enterocolitica W22703 (Starke and Fuchs, 2014), in addition to trans-acting TcaR1 and
TcaR2 (Starke et al., 2013), which together form a complex temperature-dependent

regulatory mechanism.

5.4.6 MHo6 is extremely virulent against G. mellonella by intrahemocoelic
injection at 25 °C

Overall the LDso estimated for MH96 was found to be extremely low, on average less

than a single cell. These results, albeit highly variable, were taken to mean that only a
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single cell of MH96 is required to kill 100 % of G. mellonella within 5 days after
injection. The extreme virulence of MH96 in this infection model made it difficult to
detect mutant phenotypes at 25 °C and not one deficient mutant strain that was found
to have attenuated virulence compared to wild-type at this temperature. The mutants
that were tested included strains deficient for cspA123 and HCUIyes region excised
(AcspA123/AHCUIvess), T6SS  sheath component (AvipB), Yen-TC/TC-associated
LCMO/CBP (AcbpA), usher/chaperone fimbrial protein (Afim1) and putative regulator
(ArovA).

Further virulence testing of mutant strains using G. mellonella hemocytes or the
Drosophila melanogaster macrophage-like cell line called S2 may provide a more
sensitive method to determine subtle phenotypes. For example, S2 cell line was shown
to be an effective model system for characterizing the role of Ysa T3SS in Y.
enterocolitica, which shares the same gene organization as T3SSYE2 in MH96 (Walker et
al., 2013). Further experiments using insect cell lines would be particularly ideal for
specifically AvipB and Afim1, which are deficient for the T6SS and usher-chaperone
fimbriae, both putative VFs that are likely to play a role in close-range interactions with

the host-cell during intrahemocoelic infection.

5.4.7 Significant reduction in virulence detected for AcspAi23/AHCUIyrgs and
Ayen6 strains in the intrahemocoelic infection of G. mellonella at 37 °C

Bioassay results reported in this thesis found that wild-type MH96 is equally as
virulent against G. mellonella by injection at both 25 and 37 °C, which is consistent with
previously reported findings of Hurst et al., (2015). Despite this, MH96 is still thought
to have reduced pathogenic capability within G. mellonella at 37 compared to 25 °C
because previous in vivo RNA-seq data revealed significant repression of co-secreted
VFs, including Yen-TC/TC-associated factors at 37 °C, but only during intrahemocoelic
infection of G. mellonella (Chapter 4, section 4.3.8, Table 4.13). Subsequent bioassays
conducted at 37 °C for two mutant strains (AcspA123/AHCUIvess and Ayen6) found an
estimate three-fold reduction in virulence by intrahemocoelic injection of G. mellonella
compared to MH96 wild-type. As a result of the reduced virulence of

AcspA123/AHCUIyess and Ayen6 during intrahemocoelic infection of G. mellonella at 37
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°C, in vivo transcriptome of both strains under these conditions were investigated and
reported in Chapter 6 of this thesis, and from there experimental work supported the
molecular characterization of Yen6 and HCUIvess, which can be found in Chapters 6

and 7 of this thesis, respectively.

5.4.8 Focused investigations of Yen6 and Yen7y as putative temperature-
dependent regulators of Yen-TC

Targeted investigations of the PAlvess-encoded putative regulators yen6 and yen7,
including predicted secondary structure comparison, amino acid sequence alignment
and phylogenetic analysis provided further support to the hypothesis that yen6 and
yen7 likely function as DNA-binding transcriptional regulators in MH96. Also, some
bioinformatic data also suggest the presence of additional regulatory processes
involved in the temperature-dependent regulation of yen6, yen7 and downstream toxin
genes, including widespread detection of both ncRNA and asRNAs being transcribed
in and around the yen6, yen7 and toxin coding genes (previously identified from in vivo
RNA-seq), specifically 3'UTR-encoded terminator and potential cis-acting asRNA
associated with yen6. The discovery of multiple perfectly repetitive binding motifs
within the promoter and coding regions of yen7 also suggests there are multiple

interacting DNA-binding proteins involved in the regulation of yen7.

5.4.8.1 In silico characterization of Yen6 - putative novel LytTR-containing
regulator

Based on the current NCBI assigned-annotation, yen6, produces a small hypothetical
protein; however, research presented in this thesis found that yen6 functions as a
virulence regulator in MH96. Due to the location of yen6 on PAlvess, responsiveness of
yen6 expression to 37 compared to 25 °C (especially under in vivo conditions) and
contribution of yené to virulence of MH96 in the G. mellonella intrahemocoelic infection
model at 37 °C, characterization of the functional role of Yen6 as thermoregulator of
virulence in MH96 was the major focus of this thesis (especially Chapter 6). As such,
additional targeted bioinformatics were undertaken to support further characterization
of this novel regulator, revealing yen6 to encoding small LytTR-containing binding

protein sharing significant structural similarity to the DNA-binding domain of AgrA,
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an important virulence regulator involved in density-dependent toxin secretion by St.

aureus (Bronner et al., 2004; Dunman et al., 2001).

Proteins containing LytTR DNA-binding domains are most commonly found to be
associated with bacterial two-component regulatory systems (TCRSs), in which the
LytTR domain is found within the effector module of the response regulator (RR)
component (Behr et al., 2016; Carter et al., 2007; Morici et al., 2007; Nicod et al., 2014;
Sidote et al., 2008). Bacterial RRs are modular-type proteins consisting of two domains:
a receiver and an effector, which have been mixed-and-matched over evolutionary
timescales, giving rise to an incredible diversity of TCRSs used by bacteria to sense and
adapt to changing environments (Capra and Laub, 2012; Galperin, 2006; Galperin et al.,
2005). Structure classification of receiver and effector domains of a variety RRs encoded
in prokaryotic genomes found the great majority encode DNA-binding HTH domains,
including either NarL-type (33 % of total) or OmpR/PhoP-type wHTH (19 % of total)
(Galperin, 2006). In this same analysis, only 3 % of all RR examined were found to

contain a LytTR-containing effector domain, making these types comparatively rare.

Interestingly, Yen6 appears to be a small regulatory protein, that primarily contains the
DNA-binding LytTR-domain and does not appear to be part of a TCRS. This contrasts
with AgrA of St. aureus, which is part of a TCRS that includes cognate membrane-
bound sensor, AgrC (Novick and Geisinger, 2008; Novick et al., 1993). While the
majority of LytTR-domain containing proteins are associated with TCRS, some have
been linked to other N-terminal domains, including CheY, LMO (‘elmo’, 40 bp with
coiled-coil region), ATP-binding cassette of ABC-type transporters and PAS-domains
(Galperin, 2008; Nikolskaya and Galperin, 2002); however, like Yen6, smaller
standalone LytTR-containing proteins have also been identified as well, for example
BlpS from Streptococcus pneumoniae (AAK74683) and the orf50 from the Pseudomonas
phage D3 (AAF80809) both represent small LytTR-domain containing proteins
(Nikolskaya and Galperin, 2002).

Most LytTR domains are ~105 residues and characterized by having a unique structure
consisting of numerous stranded [-folds (Sidote et al., 2008) and compared to the
secondary structure of AgrA which was found to contain 10 8-folds (Sidote et al., 2008),

the predicted secondary structure of Yen6 is expected to contain only 8 3-folds, as well
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as a novel loop structure between the fifth and sixth -strands that may participate in
DNA-binding interactions as it is located within the same plain as the other loops
known to interact with DNA in the AgrA model. The most likely DNA-interacting
residue located on this novel loop is an asparagine (N81), especially since asparagine
(N201) was already demonstrated to be a DNA-interacting residue within a loop of
AgrA, where side-chain water-mediated contact is made with A and T nucleic acid

within the minor groove (Sidote et al., 2008).

It should be noted that the LytTR-containing domains of protein sequence are
notoriously difficult to assess by sequence conservation, especially since the DNA-
interacting residues (located within the loops) are highly variable and the repetitive
structural elements (the many beta-sheets) are conserved. Considering this, Yen6 and
other putative regulators sharing significant amino acid sequence similarity identified
from pathogenic Enterobacteriales and Pasteurellales may comprise a novel family of

standalone LytTR-containing regulators.

5.4.8.2 In silico characterization of Yeny - putative wHTH-containing regulator

Like yen6, yen7 is also predicted to code for a small hypothetical protein according to
current NCBI annotation; however, the secondary structure prediction suggests that
Yen7 contains a wHTH domain, sharing some similarities in structure to PhoP from M.
tuberculosis (Wang et al., 2007). Proteins containing wHTH domains are often
associated with the DNA-binding domains of RRs of TCRSs (Galperin, 2006) including
virulence regulators GacS/GacA and PhoP/PhoQ, which were both implicated as
virulence regulators in Ps. entomophila (Dieppois et al., 2015; Liehl et al., 2006; Opota et
al., 2011; Vallet-Gely et al., 2010) and P. luminescens (Derzelle et al., 2004), respectively.
In previously reported findings, TCRSs were found to be one of the most prevalent
types of regulators identified as highly expressed under in vivo growth conditions at 25
°C that also shared significant sequence homology to previously characterized VFs
from other pathogenic bacteria (Chapter 4, section 4.3.7.2, Figure 4.17); however, (like
yen6) yen7 also appears to encode a small stand-alone DNA-binding regulator and does
not seem to be affiliated with any sort of phosphate receiver domain, which would be

typical for a TCRS-associated RR component.
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In addition to the predicted structure of Yen7 sharing a high degree of similarity to the
wHTH binding-domain of PhoP from M. tuberculosis, the proximity of yen7 directly 5’
of the genes for the Yen-TC components and the higher expression of yen7 under in
vivo growth conditions all point to yen7 being a trans-acting transcriptional activator of
downstream Yen-TC genes. Indeed, the -3 recognition helix of the predicted protein
structure of Yen7 was highly conserved among other orthologous proteins identified
among the genomes of diverse pathogenic Enterobacteriaceae and phylogenetic
reconstruction identified a possible gene duplication among Y. entomophaga/Y. nurmii
strains. The putative yen7 paralog, another small wHTH containing PhoB-like regulator
(PL78_17385), encoded on the HCUIyess unstable island (Chapter 7, section 7.3.1, Figure
7.1). The expression of yen7 was found to be linked to the co-expression of Yen-TC and
TC-associated factors, including the paralogous PhoB-like regulator and the holin-
endolysin system (Chapter 4, section 4.3.8, Table 4.13). Cumulatively, this evidence
supports a hypothesis that yen7 and the PhoB-like regulator are functionally redundant
transcriptional activators of Yen-TC production and secretion in MH96; however,
research into the function of PhoB-like regulator was the focus of a separate PhD

research project occurring concurrently with this one.

Three different potential binding motifs (ranging from 9 — 10 bp perfect repeat pairs)
were identified in an overlapping pattern within the promoter and coding regions of
the yen7 loci and represent potential binding locations for regulators controlling the
expression of yen7. One repeat motif (repl) overlapped perfectly with the 35-box and
the start codon of yen7 and may be a particularly important regulatory motif, for which
some, yet unknown, regulatory factor could bind. Since the LytTR-containing virulence
regulator of St. aureus was found to bind to direct 9 bp repeats (often imperfect), and
the predicted protein structure of Yen6 is shares similarities to the LytTR-binding
domain of AgrA, there is potential that Yen6 may bind rep1, which would put Yen6 in
a good position to act as transcriptional repressor of yen7. Additional work was carried
out to characterize the genetic relationship between yen6 and yen7 including
translational lacZ reporter fusions reported in this Chapter, as well as Ayen6 mutant
RNA-seq (Chapter 6, section 6.3.1) and electrophoretic mobility shift assays (EMSA)
testing recombinant Yen6 specific binding activity against the promoter region
(including rep1) of yen7 (Chapter 6, section 6.3.2).
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5.4.8.3 Yen6 and Yeny overproduction was found to affect growth, plasmid
stability, Yen-TC production and secretion in MHg6.

One of the first steps to characterizing the regulatory effects of yen6 and yen7 on toxin
production and secretion by MH96 involved comparing cell growth, plasmid stability
and protein production following over-expression of two yené variants — a shorter yen6
(contains 32 bp 3'UTR) and longer yen67as (contains 478 bp 3'UTR, and yen7
(containing 31 bp 3'UTR) compared to empty vector. Under 0.2 % arabinose, strains
containing pBAD-yen6 and pBAD-yen67as plasmids consistently reached higher final
cell densities and maintained significantly higher rates of plasmid stabilities compared
to strains carrying an empty vector, indicating beneficial effects and strong selection
favoring the over-expression of both yen6 and yen67as under inducing conditions. On
the contrary, strains containing pBAD-yen7 under 0.2 % arabinose had greatly reduced
growth rate and rates of plasmid stability compared to strains with empty vector,

indicating high expression of yen7 has deleterious effect on the cells.

Another interesting finding was drastic effect temperature had on plasmid stabilities;
while pBAD-yen6 and pBAD-yen67as had higher plasmid stability at 25 °C under
arabinose 0.2 %, the stability completely dropped at 37 °C under the same conditions.
Likewise, the plasmid stability for pBAD-yen7 was found to be very low at 25 °C but
the plasmid was perfectly maintained at 37 °C under inducing conditions. These
findings were very consistent, and suggest temperature is an important factor in the

activities of both putative regulators, yen6 and yen7 in MH96.

While over-expression of yen6 was found to have little impact on toxin
production/secretion, over-expression of yen67as under 0.2 % arabinose was (on
occasion) found to result in increased toxin production and secretion visualized by
SDS-PAGE compared to empty vector and pBAD-yen6 based on SDS-PAGE. One
significant limitation of SDS-PAGE is that protein levels can only be considered semi-
quantifiable; however, the highly variable effect of over-expression of yen67as under
arabinose 0.2% resulting in increased toxin translation was also identified using the
Peni:lacZ translational reporter strain, but this may have been a coincidence and

further validation is required.
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In contrast, over-expression of yen7 was shown to consistently result in partial
restoration of secretion at 37 °C and tentatively showed greater production of some
Yen-TC components as well, despite deleterious effects on growth and plasmid
stability, even at much lower arabinose concentrations (0.002 %). It was, however,
challenging to quantify differences in the larger Yen-TC components (YenB, YenAl
and YenA2) when yen7 was overexpressed due to the semi-quantitative nature of SDS-
PAGE, so whether yen7 can also activate yenB, yenAl and yenA2 remains to be
definitively shown. Ultimately, these findings support yen7 as a putative
transcriptional activator of Yen-TC production and secretion in MH96, but the lack of
phenotype by SDS-PAGE of the Ayen7 mutant suggests yen7 may not be the only
transcriptional regulator involved in Yen-TC production and secretion. These findings
may also suggest higher order DNA structural complexities associated with this region

of DNA and or potential over-regulation by the PhoB-like regulator.

5.4.8.4 Differences between transcription and translation of yen6 and chii
provide evidence for in vitro temperature-dependent post-transcriptional
mechanisms regulatory in MHg6 virulence.

One important goal for experiments using the Pyews, Pyenz and Pairz:lacZ reporter strains
was to validate temperature-dependent translational activity associated with the
promoter region of each of these genes. Previous RNA-seq results determined that yen7
and chil had significantly higher expression at 25 compared to 37 °C, while yen6 had
significantly higher expression at 37 compared to 25 °C in vitro (Chapter 4, section 4.3.8,
Table 4.13). Evidence for post-transcriptional thermoregulatory mechanisms was
gained by experimental work with lacZ reporter strains measuring temperature-
dependent effects on [3-gal production in MH96 under in vitro (and in vivo for Pyes::lacZ

strain) conditions.

Preliminary assessment of the lacZ reporter strains determined that the Pyenr::lacZ cis-
merodiploid strain did not produce any (3-gal when grown at 25 °C in vitro. The 5" yen7
protomer region of 837 bp was fused in-frame to the promoterless lacZ reporter gene
(Kalogeraki and Winans, 1997); however, the amount of 3-gal produced was essentially
equal to the MH96 wild-type control. These finding imply that additional promoter

sequences must be present beyond the yen7 start codon, located within the protein
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coding region of the gene that represent putative binding motifs. These findings are
consistent with the prediction of three different overlapping perfect repeat pairs are
located with the protein coding region of yen7. Conjugative E. coli strains containing
suicide plasmids for generating additional yen7:lacZ fusion strains containing the
promoter and increasing portions of the coding region were constructed, but time
restraints did not allow for recombination and follow-up assessment for [(3-gal

production in these strains and this remains an i area of future work.

Unlike Pyew::lacZ, the PyesilacZ and Peir:lacZ reporter strains did produce 3-gal and
were used in subsequent {3-gal assays. Pair::lacZ was found to produce significantly
greater amounts of 3-gal when cultured at 25 compared to 37 °C, which was consistent
with previous RNA-seq findings (Chapter 4, section 4.3.8, Table 4.13). On the contrary,
Pyens::lacZ was found to also produce greater amounts of (3-gal at 25 compared to 37 °C,
which was the opposite trend identified in the RNA-seq data; based on the
transcriptome, yen6 was actually identified as the most significantly different expressed
(DE) gene compared to 25 and 37 °C of any gene in the genome, with greater than 8
and 4 log2CPM fold-change under in vivo and in vitro conditions, respectively. These
conflicting results indicate multiple regulatory interactions are controlling the

temperature-dependent expression and translation of yen6 in MH96.

In order to characterize thermoregulation of yen6 under in vivo conditions, 3-gal
production by Pyes::lacZ strain was measured after injection into the hemocoel of G.
mellonella either incubated at 25 or 37 °C. While best efforts were taken to capture
samples at consistent stages of the infection, a great variability in pathogen growth
rates were encountered, especially when hosts were maintained for longer than
adequate periods in the laboratory. Preliminary measurements of (3-gal activities from
hemolymph samples identified that the production of dark pigment melanin interfered
with  OD measurements at 600 nm, so a phenol oxidase inhibitor,
phenylthiocarbamide/phenylthiourea, was added to subsequent samples. The
production of melanin still remained an issue with the in vivo 3-gal assay and it was
noted that highly conserved measurements could only be obtained if adequately fresh
hosts were used. Therefore, future applications of the in vivo 3-gal assay must follow

common recommendations for G. mellonella experiments, that include best practices to
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improve host consistency, especially using hosts within one week of arrival, such as

described in (Tsai et al., 2016).

Despite challenges associated with host-variability, using the in vivo (3-gal method to
investigate thermoregulation of the Pyes:lacZ strain revealed a > 39x fold-change in
enzymatic activity, with much higher $-gal production at 37 compared to 25 °C, after
intrahemocoelic injection after 16-17 and 19-22 h, respectively. These results support a
hypothesis that yen6 is able to sense and respond to the host environment by some yet
unknown post-transcriptional regulatory factors active within the in vivo environment
at 37 °C. These unknown regulator factors must interact with the 5 UTR region of the
yen6 messenger RNA to increase production of this regulator specifically under in vivo
conditions. The in vivo B-gal assay represents a promising new tool for future work
investigating the effects of in vivo cues on production of important putative VFs
identified MH96 (with the caveat that hemolymph samples must only be collected
from healthy and consistently-sized G. mellonella that have been maintained on diet for
a week or less). Since G. mellonella is increasing as a wide-spread model host in the
study of pathogenic microorganisms (Chapter 4, section 4.1.4), perhaps this approach
for studying reporter-fusions within hemolymph samples can be more widely applied

to other pathogens also.

5.4.8.5 Limitations of comparing p-gal activity of cells from different
temperatures due to temperature-induced dimorphism in MHg6

The calculation of MU, which is used for comparison of 3-gal activity of MH96 lacZ
reporter strains is normalized by OD, which is measured as absorbance at 600 nm
(Schaefer et al., 2016a, 2016b); however, the calibration curve data demonstrated that
the linear relationship between CFU and OD at 600 nm of MH96 was quite different at
25 compared to 37 °C, which may be related to differences in cell shape (MH96 at 37 °C
has small round cells, but cells are more rod-shaped or variable at 25 °C). While, this
natural temperature-dependent dimorphism of MH9 does not completely prevent
comparison of 3-gal activity using MUs, it is important to consider this confounding
factor when extrapolating results from any (-gal assays using MH96 strains to
comparing temperature effects on translational levels and is a recognized limitation of

this method for quantifying translational levels in MHO96. Further information,
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including mitigation measures taken in order to improve temperature-wise

comparison of MH96 using the (3-gal assay are included in Chapter 8 (section 8.4).

5.4.8.6 Mutagenesis of yen6 and yeny was shown to affect beta-gal production of
Pchiri:lacZ strains, but this could not be complemented in trans.

One of the primary goals of this chapter was to conduct genetic experiments to test
whether yen6 is a trans-acting transcriptional repressor of yen7 or the first gene in the
Yen-TC operon, chil and whether yen7 acts in trans to activate transcription of chil.
Unfortunately, the Pyenz::lacZ reporter failed to produce any measurable (3-gal which
limited investigations somewhat; however, experimentally it could be shown that
deletion of yen6, yen67 and yen7 significantly affected the amount of 3-gal produced by
the Pair::lacZ reporter strain under in vitro conditions at 25 °C. When yen6 was deleted,
the translational level of the chil reporter strain increased > 2-fold compared to wild-
type and these results suggest that Yen6 acts as a repressor of Yen-TC transcription.
When either yen67 or yen7 were abolished, the translational level of the chil reporter
strain decreased > 3-fold and > 2-fold, respectively suggesting Yen7 is a transcriptional

activator of chil.

Initially these findings supported the original hypothesis: yen6 acts as a temperature-
dependent repressor of yen7, which is a transcriptional activator of chil; however,
attempts to trans complement Ayen6 and Ayen67 by introduction of a mid-copy cloning
vector with yen6 and yen7 under their natural promoters or induction of yen67as under
Psap where not successful. The Ayen6 strain carrying the mid-copy vector with the
entire Pyens — Pyen7 region was found to be only partially complemented compared to the
Ayen6 strain carrying empty vector. Over-expression of yen67as from pBAD under 0.02
% arabinose was also not a successful method to complement the Ayen6 strain, which
actually resulted in increased (3-gal production by the chil rather than reducing the
translational level as expected; however these results were in-line with previous
findings that over-expression of yen6 and yen67as from the arabinose vector has a
positive effect on cell growth and plasmid stability, and in the case of yen67as, can
(albeit variably) result in increased levels of Yen-TC components and co-secreted TC-
associated factors as visualized by SDS-PAGE and quantified by (3-gal assay of the chil

reporter strain.
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Trans complementation of Ayen67 by mid-copy vector containing Pyens — Pyenz was found
to further reduce 3-gal production by the chil reporter strain compared to both MH96
and Ayen67 carrying empty vector; however, complementation would expect to
increase (3-gal production up to wild-type levels. Perhaps, confounding effects
resulting from excessive binding of the mid-copy vector by DNA/RNA-binding protein
with specificity to the Pyens — Pyen7 region may also contribute to the unexpected results,
suggesting trans complementation using a mid-copy variable may not be suitable for
this system and addition efforts to complement in cis may be required. Overall, these
results suggest that there may more complex regulatory process occurring in MH96,
which is consistent with results of transcriptome (Chapter 4, section 4.3.8, Table 4.13)
and protein visualization reported in this chapter, which were found to be disparate
with respect to Yen-TC/Co-secreted TC-associated factors expression and levels, at 37

°C under in vitro conditions, respectively.

5.4.8.7 Results summary table and consider if evidence supports the original
model and propose revised model based on findings.

While initial targeted work focused on identifying phenotypes from several targeted
mutant strain using protein visualization by SDS-PAGE and the bioassay using G.
mellonella intrahemocoelic infection model, the bulk of experimental work reported in
this chapter focused on investigating whether putative regulators yen6 and yen7 were
involved in temperature- and host-dependent regulation of chil, and essential
component of Yen-TC and the first gene in the operon, and these results are
summarized in Table 5.12, below. Over-expression experiments did not find yen6 or
yen67as exerted any repression on Yen-TC secretion or production at 25 °C, but
possibly contributed to repression of Yen-TC production at 37 °C; however, the
presence of Yen-TC and co-secreted TC-associated factors in CP is considered variable
in MH96. Remarkably, over-expression of yen6 and yen67as was found to have
beneficial effects on cell growth, plasmid stability, and yen67as was shown to
occasionally result in increased Yen-TC production/secretion. While (3-gal assays did
identify subtle, yet statistically significant differences in enzymatic activity of chil
reporter strain in Ayen6, Ayen67 and Ayen7 strains these effects could not be trans

complemented. While this work ultimately failed to generate definitive proof that yen6
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acts as a transcriptional repressor of yen7 or has a significant thermoregulatory effects
on Yen-TC component gene transcription, further investigations reported in the next
section of this thesis (i.e., Chapter 6) characterized a much different role for yen6 in

virulence regulation of MH96 at 37 °C in vivo.
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Table 5.12: Summary of all molecular investigations into transcriptional activities of
yen6 and yen7 on chil . '+ = positive effect; - = negative effect.

Result

Gene of interest

yené yenb7as yen7
Over-expression experiments
Cell growth effect + + =
Plasmid stability + + -
effect at 25 °C
Plasmid stability = = +
effect at 37 °C
Secretion effects Over-expression
partially restored
None Variable secretion at 37 °C and
increased secretion at
25°C
Cell pellet effects None Variable None
Region/gene of interest
yeno yenbyen/ yen7

Genetic interactions using mutant/lacZ reporter stains

Deletion mutant
effect on chil
reporter beta gal
activity

Ability to
complement
deletion in trans by
chil reporter bet gal
assay

Temperature-
dependent
difference in vitro?
Temperature-
dependent
difference in vivo?

Contribution to
virulence

Increased > 2-fold Decreased > 3-fold

Partial with Pyens-
Pyen7 in mid-copy
vector, but over-
expression of
yen67as had
opposite effect of
further increasing
chil reporter
activity

No, Pyens-Pyen7 in
mid-copy vector
resulted in
opposite effect of
further decreasing
chil reporter
activity.

Significantly higher activity of Pyens::lacZ
reporter strain at 25 compared to 37 °C
under these conditions.

Significantly higher activity of Pyens::lacZ
reporter strain at 37 compared to 25 °C

under these conditions.

3-fold reduction in

virulence in the
intrahemocoelic
infection G.

mellonella at 37 °C;

Untested at 25 °C

Untested

Decreased > 2-fold

Untested

Untested

Untested

Untested
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Over-expression and lacZ assays were used to characterize the interaction of yen7 on
chil and these experiments did provide evidence that yen7 is likely an activator of chil
and secretion in MH96. One very compelling piece of evidence is the consistent partial
restoration of secretion at 37 °C when yen7 is over-expressed. The deleterious effects on
cell growth during over-expression of yen7 also support a model that yen7 is an
important regulator in MH96 and is likely under strict regulatory control in order to
maintain proper growth. A recent preprint reports bimodal gene expression of the
holin-endolysin secretion system in S. marcescens is orchestrated by chiR, such that only
1 % percent of cells are secreting the chitinolytic machinery via the holin-endolysin
system within the population (de Assis Alcoforado Costa et al., 2019). Perhaps, a
similar bimodal mechanism of yen7 transcription is present in MH96 also, which allows
cell population to reach stationary densities (~ 1 x 10'® CFU/ml), while only a portion of
the population is responsible for the secretion large amounts of Yen-TC but further
experimentation using yen7 fluorescent reporters (similar to the methods used in the

preprint) would be required to validate this theory.

Attempts to generate recombinant Yen7 protein for EMSA analysis against the
promoter region of chil were not successful. Briefly, using similar methods described
in Chapter 6 (section 6.2.2.1) to express yen7extis in E. coli did not result in any visible
recombinant protein production within induced whole cell lysate nor among the
soluble lysate fraction (data not shown). Further characterization of the yen7 binding
interactions within the chil promoter region and possible other promoter regions of
other Yen-TC component genes would help to identify the putative binding motif of
this novel toxin regulator. Other important next steps may also include comparing and
contrasting of Yen7 and PhoB-like regulator binding dynamics and regulatory control
over co-secretion of Yen-TC and TC-associated factors using complementary

fluorescent reporter gene fusion strains.
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Chapter 6. Characterization of the Yen6 regulon and molecular phenotyping of
Ayen6 and AcspAi23/HCUIYEg6 by RNA-seq

6.1 Introduction

Further characterization of the deficient strains of Yersinia entomophaga (MH96), Ayen6
and AcspA123/AHCUIyes, was carried out because these deficient strains were found to
have attenuated virulence in G. mellonella at 37 °C compared to wild-type (Chapter 5,
section 5.3.1.2, Figure 5.8). The AcspA123/AHCUIvess was also found to have a highly
conspicuous non-secreting phenotype at 25 °C in vitro, however; in vivo RNA-seq data
from AcspA123/AHCUIves identified a 17.5 kb excision of HCUIyes and subsequent
analysis determined the non-secreting phenotype could be attributed to the excision of
the unstable region and not the targeted deletion of tandem cold-shock proteins,
cspA123. This chapter reports the in vivo transcriptome of AcspA123/AHCUIyess and
Ayen6 strains at 37 °C in G. mellonella, from which further phenotypic assessment of
Ayen6 and recombinant Yen6 DNA-binding dynamics were undertaken to show Yen6
is a DNA-binding regulator. Please note, Chapter 7 of this thesis also provides more
details related to the AcspA123/AHCUlIves strain, including phenotypic assessment of
AcspA123, AHCUIvess and AcspA123/AHCUIvegs.

In addition to the significant attenuation in virulence observed in Ayen6 during
intrahemocoelic infection of G. mellonella at 37 °C, prior evidence reported in previous
chapters of this thesis also support Yen6 as small LytTR-containing transcriptional
regulator that is responsive to environmental cues, such as in vivo growth conditions
and temperature. Transcriptome data previously identified yené as having the highest
differential expression of any genes in the MH96 genome at 37 compared to 25 °C in
vivo (Chapter 4, section 4.3.8, Figure 4.20, Table 4.13). Furthermore, the predicted
protein structure of Yen6 was found to share significant similarities to the structure of
the LytTR-domain of AgrA from Staphylococcus (St.) aureus (a well-known virulence
response regulator) (Sidote et al., 2008) (Chapter 5, section 5.3.2.2, Figure 5.9); however
unlike AgrA, Yen6 appears to be a standalone DNA-binding protein not affiliated with
any two-component regulatory system (TCRS). The over-expression of yen6 in MH96

with 0.2 % arabinose at 25 °C in vitro resulted in significantly higher growth rates as
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well as positive selection on the pBAD-yen6 induction vector compared to empty
vector (Chapter 5, section 5.3.3.1, Figure 5.4). Additionally, targeted deletion of yen6
was found to result in significantly greater B-galactosidase ((-gal) production by
Penirz:lacZ at 25 °C in vitro compared to empty pBAD (Chapter 5, section 5.3.3.6.3, Figure
5.27), but these results could not be easily complemented in trans (Chapter 5, section
5.3.3.6.3, Table 5.8 and Table 5.10). In a different reporter strain, 3-gal production by
Pyens::lacZ strain was found to be significantly affected by temperature, and that the
effect differed between to in vitro or in vivo conditions. The Pyens::lacZ strain was found
to have significantly higher {3-gal activities at 25 compared to 37 °C under in vitro
conditions (section 5.3.3.6.2, Figure 5.25) but enzymatic activity was significantly

higher at 37 compared to 25 °C under in vivo conditions (section 5.3.3.6.7, Figure 5.31).

Taken together, these results demonstrate that regulation of yené is complex, involving
both temperature- and host-dependent mechanisms at transcriptional and post-
transcriptional levels. While previous work did not determine definitive proof that
Yen6 is a transcriptional repressor of yen7 or chil, here a deeper investigation of the
transcriptional influence of yen6 on both the transcriptome and metabolic phenotype of
MHO96 are undertaken. Furthermore, additional work to characterize the specific-
binding affinities of recombinant Yen6extis against the promoter region of yen7 and the
promoter region of three other genes shown to be significantly affected by deletion of
yen6 based on in vivo RNA-seq. These findings, combined with additional evidence
provided in previous chapters of this thesis, serve as definitive proof that Yen6 is a
novel LytTR-containing DNA-binding protein that contributes to virulence during

infection of G. mellonella at 37 °C.

6.2  Summary Methods

6.2.1  Molecular phenotyping of AcspAi23/AHCUIyggs and Ayen6 strains during
infection of G. mellonella at 37 °C.

Unless otherwise stated in vivo RNA collection of MH96, AcspA123/AHCUIvess and
Ayen6 from G. mellonella at 37 °C was carried out using methods previously described
in Chapter 4, section 4.2.1.2. Total RNA samples (50 ul) were stabilized and shipped

using RNA-stable tubes (Biomatrica) and then processed by Novogene in Beijing,
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China. Total RNA quality and quantity were determined using 2100 Bioanalyzer
Instrument (Agilent) and sample quality were also assessed using agarose gel
electrophoresis. Samples were depleted using the Ribo-Zero Gold ribosomal RNA
(rRNA) Removal Kit (Epidemiology)|Magnetic kit (Illumina, Singapore) according to
the manufacturer’s guidelines then strand-specific cDNA libraries were prepared using
NEBNext Ultra Directional RNA Library Prep Kit for Illumina. Libraries were selected
for size 250 — 300 bp fragments and sequenced on the Novaseq 6000 PE150 (Illumina),
which produces 150 bp paired-end sequence data.

The raw sequence data were trimmed as described in Chapter 4 (section 4.2.4), using
adapter sequences listed in supplementary Table S17. The trimmed data were screened
against the G. mellonella shot-gun genome assembly (GCA_003640425.1) and rRNA
sequence (U65198.1, U65138.1, AF286298.1, AF423921.1 and X89491.1) as well as MH96
rRNA sequence (extracted from GCA_001656035.1) using the bbsplit function of
BBMap (Bushnell, 2015). Rockhopper (v2.03) was used to align the screened paired-end
reads to the MH96 reference genome (GCA_001656035.1/ASM165603v1) as well as
predict 3" and 5" untranslated regions (UTRs), non-coding RNAs (ncRNAs), anti-sense
RNAs (asRNAs) and operons, as described in Chapter 4, section 4.2.4.

Preliminary data exploration and differential expression (DE) analysis were carried out
as previously described in Chapter 4, section 4.2.5, using the R packages: iNEXT
(rarefaction analysis), RUVseq (PCA and RLE plots) and Limma (voom transformation
and DE analysis). Due to limited biological replication (n = 2), the least conservative
multiple-test correction method, “Benjamini & Hochberg” (Benjamini and Hochberg,
1995) was applied with an adjusted P-value cut-off of 0.1 (increased from standard cut-

off of 0.05).

6.2.2 Electrophoresis mobility shift assay (EMSA)

6.2.2.1 Production and purification of recombinant Yen6

The coding region of yen6 was amplified by polymerase chain reaction (PCR) from
MH96 genomic DNA using high-fidelity Phusion DNA Polymerase (NEB) as

previously described in Chapter 3 (section 3.3). Next, cloning, recombinant expression
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and purification of Yen6extis protein was undertaken by Marion Schoof at Callaghan
Innovation. The PCR produce was purified and cloned into plasmid pOPINF, which
was previously linearized by digestion with Kpnl and HindlIIl, using In-Fusion
Cloning kit (Clontech) following manufacturer guidelines (supplemental Table S4). The
vector pOPINF-yen6 was transformed into Escherichia coli Turner cells (Novagen) and

selected on ampicillin 100 pg/ml and sequence validated.

For induction of Yen6extis, over-night cultures of E. coli containing pOPINF-yen6 were
diluted 1:250 of Terrific Broth (TB) and incubated at 25 °C until the optical density at
600 nm (ODew) reached 0.5 — 1. Recombinant protein production was induced with 0.1
mM isopropyl [-d-1-thiogalactopyranoside (IPTG) and cultures were incubated
overnight at 16 °C. The following day cells were centrifuged at 5,000 x g for 20 min and
the supernatant discarded. Cell pellets were resuspended in 25 ml phosphate buffer
solution (PBS) and lysed using freeze thaw, lysozyme and sonication treatments and
centrifuged at 25,000 x g for 20 min to separate soluble and insoluble fractions. Protein
profiles from pre- and post-induced cellular samples and supernatant following cell
lysis were assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) to determine if Yen6ecris was present as a soluble protein. To purify
Yenbex-tis, the soluble fractions were loaded onto a 5-ml Histrap FF nickel-affinity
column (GE Healthcare Life Sciences) of the AKTA FPLC chromatography systems (GE
Healthcare Life Sciences, Uppsala, Sweden) and equilibrated with 40mM imidazole
(pH 7.4) and PBS solution. For protein dilution PBS with increasing imidazole

concentration up to 500 mM (pH 7.4) was used.

6.2.2.2 Visualization of native Yen6 recombinant protein and buffer exchange

Once received from Callaghan Innovation, the purified Yen6ex-tis was visualized under
native conditions by using similar methods as SDS-PAGE described in Chapter 3
(section 3.5) with the following exceptions. Native PAGE was performed on ice using
one-dimensional slab gels (1.0 mm thick) containing 12 % polyarcylamide without SDS
using native running buffer (25 mM Tris/HCl, 200 mM glycine, pH 8.3). Undenatured
samples (either 1 or 0.5 ul) were diluted into 20 pul 4x native loading buffer (125mM
Tris/HCI (pH 6.8), 20 % glycerol (v/v), and 0.1 % (w/v) bromophenol blue) and 15 ul
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was loaded into the wells following 120 V pre-run. Native Mark (Invitrogen) was used
as a molecular marker and proteins were mobilized by charge with 120 V for 2 h and

silver stained as previously outlined (Chapter 3, section 3.5.1).

For better long-term storage, purified Yen6e-nis was applied to VivaSpin 6, 10kDa
MWCO (Satorius) and centrifuged at 9,500 x g for 15 minutes. The buffer was
exchanged by washing the membrane with 1 ml EMSA buffer (20 mM NaH2POs 100
mM KCl, 5% glycerol, 2 mM 1,4-dithiothreitol, pH 8.0) to collect the protein. Yen6 in
EMSA butffer was stored at -20 °C.

6.2.2.3 Design and preparation of biotin end-labelled DNA probes

Potential Yen6 DNA binding regions were selected primarily based on the RNA-seq
data of the Ayen6 mutant, which found fructose and ribose gene clusters and a gene for
putative RNA-binding protein, yhbY had DE compared to wild-type during in vivo
conditions at 37 °C. These promoter regions were investigated for potential binding
motifs using Geneious (v.R10) repeat finder and motif search (maximum 2 mismatches
allowed). The potential for Yené to interact with a 9 bp perfect repeat putative binding
motif called repl, that overlaps the 35-box and the start codon of yen7 was also

investigated (see, Chapter 5, section 5.3.2.2, Figure 5.17).

The 5° promoterregions of yen7  (PL78_03735), yhbY (PL78_13050), D-
ribose pyranase (PL78_12650) and PTS fructose transporter subunit IIBC (PL78_17165)
were amplified by PCR using primers listed in Table 6.1, generating DNA probes
ranging in size from 295 — 409 bp, referred to as Py, Pywy, Privo and P, respectively.

Standard PCR primers and 5'-biotin labelled primers were sourced from Macrogen Inc.
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Table 6.1: Primer sequences used to amplify probes for specific binding activity by
Yen6 with EMSA

Amplicon size

Primer Sequence (5 - 3) (bp)
EMSA _yen7F CCTTCCTCCATTGGGCTACA 295
EMSA_yen7R CCACACTACCTTTCCAGCTGT

EMSA _riboseF CGGAATCGGCAGCCCAG 409
EMSA_riboseR GCGCCGGATCAGTTCGA
EMSA_frucktoseF ACGCCCACAACCACAGC 324
EMSA _fructoseR CGCGTTGGCAGCCAAAT

EMSA_yhbyF TTAAACCAGGCGCGCGA 312
EMSA_yhbyR CGGATGGGCCAGGCTTT

Preparation of 5-biotin-labelled DNA probes, preparation of EMSA reactions and
electroblotting and detection were performed by Dr. Naren at School of Natural and
Computational Sciences at Massey University, Albany Campus (New Zealand). Four
DNA fragments containing putative Yen6 promoter regions were PCR amplified using
5-biotinylated primers and purified by phenol/chloroform extraction and purified by

cold ethanol precipitation and resuspended in distilled water.

6.2.2.4 Protein-DNA binding reactions, EMSA, electro blotting and detection

Specific binding activity of Yen6 against the probes was examined using EMSA by Dr.
Naren at School of Natural and Computational Sciences at Massey University, Albany
Campus (New Zealand). Binding reactions (20 ul total volume) including 20 nM biotin-
labelled DNA and increasing concentrations of Yen6extis proteins in EMSA buffer and
incubated for 30 min at 23 °C (room temperature). Excess unlabeled specific competitor
DNA was added at a concentration of 200 nM to one reaction in order to test specific-
binding activity. Excess non-specific competitor DNA (1 pg Salmon sperm DNA) and

unrelated probe Pz promoter DNA from Ps. fluorescens SBW25 as controls.

Samples were electrophoresed on 6 % native polyacrylamide gel in 0.5x TBE buffer at
120 V at 4 °C until the loading dye (60 % glycerol and 0.025 % bromophenol blue)

reached the end of the plate.

DNA in native polyacrylamide gel was transferred to nylon membrane (Whatman
Nytran SuPerCharge) wusing XCell SureLock mini-cell system (Invitrogen).

Electroblotting was performed in 0.5x TBE buffer at 30 V for 1 hour. Next the DNA was
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immobilized by incubating the membrane for 30 min at 80 °C. LightShift
chemiluminescent EMSA kit (Thermo Fisher Scientific) was used to detect the biotin-
labelled DNA probes following the manufacturer’s instruction. The image was
visualized by LAS-4000 Luminescent Imager equipped with ImageQuant LAS 4000

software (FujiFilm).

6.2.3 Phenotype microarray of MHg6 and Ayen6 at 25 and 37 °C

Since in vivo transcriptome data from the Ayené revealed two gene clusters related to
sugar uptake (in addition to a RNA-binding protein) were found to be DE compared to
wild-type, so the ability of MH96 and Ayené to utilize a variety of sole-carbon sources
under aerobic conditions was determined at 25 and 37 °C using the Omnilog
phenotype microarray system (Biolog Inc.) as previously described (Chapter 4, section

439).

6.3 Results

Results presented here include in vivo transcriptome of MH96, AcspA123/AHCUIves
and Ayen6 during intrahemocoelic infection of G. mellonella at 37 °C, DNA-binding
specificity assessment of recombinant Yenb6estis against DNA containing putative
motifs within the promoter regions of rbsD-xylG-rbsC-xylF-rbsK-ccpA, IIA/hpr-fruK-I1IBC,
yhbY and yen7 and phenotype microarray of sole-carbon source utilization by Ayen6

and MH96 at 25 and 37 °C.

6.3.1 Mutant transcriptome results

6.3.1.1  RNA collection

Inoculums and in vivo cell densities at time post-infection are provided below in Table

6.2 and Table 6.3, respectively
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Table 6.2: Yersinia entomophaga MH96, AcspA123/AHCU]Ivess and Ayen6 cell density pre-
infection inoculum and Galleria mellonella incubation time . SD = standard deviation,
CFU = colony forming units. Number of replicates = 3.

Mean inoculum cells Incubation
Strain (CFU +SD) time (h)
MH96 1.27 +0.38 x 10° 9-10
AcspA123/AHCUI ks 1.63 +0.27 x 10° 9-10
Ayen6 5.67 +0.81 x 104 9-10

Table 6.3: In vivo cell densities at time of RNA collection for Yersinia entomophaga
MH96, AcspA123/AHCUIvess and Ayené at 37 °C in G. mellonella . SD = standard
deviation, CFU = colony forming units. Number of replicates = 3.

Mean cell density Mean cell density per gram
per larvae (CFU / (CFU/g +SD)
Strain larvae + SD)
MH96 573 +3.31x 107 3.00 +1.40 x 108
AcspA123/AHCUIvess 1.75+0.70 x 108 1.11 £ 0.65 x 10°
Ayenb 2.90 +1.30 x 107 1.29+£0.48 x 108

6.3.1.2 RNA quantity/quality, library preparation and sequencing

Overall the samples were of high quality (mean RNA integrity number (RIN) values of
> 8.7 + 0.7 SD) and reasonable quantities, except for one single low quantity sample
(Table 6.4). Based on Agilent 2100 analysis, one Ayen6 RNA sample failed quality
control due to low total amount of RNA (1.2 pg; minimum required is 3 ug); however,

the sample were still sequenced with 70 — 80 % success rate as predicted by Novogene.

Table 6.4: Mean total RNA quantity and quality determined by Agilent 2100 analysis.
SD = standard deviation, RIN = RNA integrity number. Number of replicates = 2.
Conc.+  RIN value

Strain SD (ng/ul) +SD 260/280 +SD  260/230 + SD
MH96 122+ 8 9.0+12 1.778+0.314 0.688 +0.030
AcspA123/AHCUIve

127 £ 16 98+04 1.757+0.061 1.007 +1.000

96

Ayené 82 +59 87+0.7 1.907+0.014 1.567 +0.054

6.3.1.3 Sequence data processing and quality control

Less than 0.05 % of sequences required removal during trimming. Host rRNA

sequences were found to represent the largest proportion of sequence data contained
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within the libraries (over 50 %) (Figure 6.1). Sizable fractions representing 15 — 25 %
and 16 — 28 % of the sequence data aligned to MH96 and host genomes, respectively.
Overall alignment rates for sequence data among trimmed libraries was 19 + 8 % SD
against the MH96 reference genome (data not shown). Due to the generally lower
alignment rate of these data, rarefaction analysis was conducted to ensure sufficient

capture of the dynamic range of expression (i.e., lowly expressed transcripts were

captured) (Figure 6.2).

1004

754

504

Average read alignment (%)

254

MH96 AcspA123/AHCUlvess Ayen6

Library
.MHQG genome. G. mellonella rRNA .G. melionella genome . No alignment

Figure 6.1: Proportion of trimmed paired-end reads aligning to Yersinia entomophaga
MHO96 genome or host, Galleria mellonella ribosomal RNA or genome sequence from in
vivo RNA-seq libraries from MH96, AcspA123/AHCUIyess and Ayen6 strains.
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Figure 6.2: Predicted transcript detection based on the number of aligned paired-end
reads for Yersinia entomophaga MH96, AcspA123/AHCU]Ivess and Ayen6 in vivo libraries
by rarefaction analysis. Solid and dashed lines are interpolated and extrapolated,
respectively

Both unnormalized and upper quartile (UQ) normalized libraries clustered by strain
based on principle coordinate analysis (PCA) (Figure 6.3). Based on inspection of
relative log expression (RLE) plot, normalization by UQ method was found to be
sufficient (i.e., the median RLE value for all libraries were normalized to approximately
zero). Neither batch effects or excessive variation were identified among any of the
normalized libraries. Regression analysis identified strong correlation between
biological replicate samples with adjusted Re-values ranging from 0.95 — 0.98; however,
a large amount of variance was noted for asRNA among the two mutant libraries

(Supplementary Figure S27).
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6.3.1.4 Differential expression analysis

Using the limma/voom transformation method (Supplementary Figure 528), very few
DE genes identified between RNA collected in vivo at 37 °C from MH96 and Ayen6,
even using the least conservative method of multiple-test correction. The transcription
of yen6 and yen7as was significantly lower in Ayené (as expected because this gene was
replaced with a kanamycin cassette), and not included in the analysis. Only six genes,
were found to have significantly lower expression in Ayen6 compared to MH96 (Table
6.5). These genes are located in a single operon (rbsD-xylG-rbsC-xylF-rbsK-ccpA), and
include rbsD (D-ribose pyranase, PL78_12650), xylG (D-xylose ABC transporter,
PL78_12655), rbsC (ribose C transporter permease, PL78_12660), xylF (ABC-type sugar
transport system, PL78_12665), rbsK (ribokinase, PL78_12670) and ccpA (catabolite
control protein A, PL78_12675). All these genes were previously identified as more
highly expressed in vivo, especially at 25 °C. Three genes located in a different putative
operon related to fructose utilization, which includes PL78_17155 (bifunctional PTS
fructose transporter subunit IIA/HPr protein), fruK (1-phosphofrucktokinase,
PL78_17160) and PL78_17165 (PTS fructose transporter subunit IIBC) (IIA-fruK-1IBC),
and as well as the gene encoding RNA-binding protein, yhbY (PL78_13050) were all
identified to have significantly higher expression in Ayen6 compared to MH96 in vivo at
37 °C. The function of the rbsD-xylG-rbsC-xylF-rbsK-ccpA and IIA-fruK-IIBC were
identified with respect to central carbon metabolism were identified (Figure 6.5) as
well as other genes encoded by MH96 involved in glycolysis and the pentose

phosphate pathway (Table 6.6).

Inspection of counts of raw alignments from the AcspA123/AHCUIyes mutant libraries
against the MH96 reference genome identified a spontaneously excised region of ~ 17.5
kb, which contained two integrase core domain proteins (PL78_17412 and PL7414) and
several putative regulators, including AraC-family transcriptional regulator
(PL78_17417), PhoB-like regulator (PL78_17385), prsK histidine kinase sensor
(PL78_17340), response regulator of citrate/malate metabolism (PL78_17335) and
NarL/Fix] family DNA-binding response regulator (PL78_17330) (Table 6.7). The
excised region is flanked by two tRNA-Asn encoding genes (PL78_17415 and
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PL78_1320) and contained the putative holin-endolysin system (PL78_17400-390) and a
citrate lyase cluster (citG, citX, citF, citE, citD and citC; PL78_17370-45). Further
validation of the excised region and characterization of the holin-endolysin secretion
system/citrate fermentation unstable island, HCUIves, is provide in Chapter 7 of this

thesis.

Aside from the excised region, several genes were found to have significantly lower
expression in AcspA123/AHCUIyess compared to wild-type (Table 6.8). Notably, genes
for Yen-TC components chil, yenAl, yenA2and yenB had reduced expression in this
mutant. The same xylose-transporter/ribose utilization cluster identified as DE in the
Ayen6 was also found to have reduced expression in AcspA123/AHCUIyes compared to
wild-type. Other known host-specific putative virulence factors (VFs) with lower
expression in AcspA123/AHCUIyes, included usher-chaperone fimbriae components
(PL78_12480, PL78_12475 and PL78_12470), an RNA polymerase sigma factor
(PL78_09636), downstream iron dicitrate transport regulator FecR (PL78_09630) and

outer membrane cobalamin receptor protein (PL78_01710).

Several genes were also found to have higher expression in AcspA123/AHCUIvess
compared to MH96 in vivo at 37 °C (Table 6.9). Among these genes are clusters related
to the acquisition of sulfur, including organic taurine (tauA, tauB, tauD; PL78_11445-
11430) and inorganic sulfate and sulfite (cysH, cysl, and cys]; PL78_14390-14380), which
were previously found to be more highly expressed in vivo at 37 °C. Genes related to
iron-sulphur cluster (Fe-S assembly, fdx, hscA, hscB, iscA, iscU, iscS and iscR;
PL78_15480-15445) were also found to have higher expression in the cold-shock mutant
as well as genes related to carbamoyl phosphate synthesis (carB and carA; PL78_13780-
13775) two aspartate carbamoyltransferases subunits (pyr] and pyrB; PL78_10560-
10555). Some genes found to have higher expression in AcspA123/AHCUIyess compared
to MH96 were previously identified as host specific putative VFs, including carbonic

anhydrase (PL78_18360) and metallo-beta-lactamase fold hydrolase (PL78_08900).
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Table 6.5. Transcripts identified as significantly differentially expressed in vivo at 37 °C in Yersinia entomophaga MH96 wild-type compared to Ayen6 .
Log fold-change expression values and adjusted p-value determined from in vivo transcriptome using voom in limma R package.

LogCPM

Gene Transcript Translation Translation Transcript fold- Adj.

identifier start/stop  start/stop start/stop  startstop Strand Gene product change @ FC P-value
bifunctional PTS fructose
transporter subunit

PL78_17155 1,103,025 1,102,963 1,101,830 1,101,830 = IIA/HPr protein -1.54 - 0.02
FruK, hexose kinase,1-

PL78 17160 1,101,833 1,101,833 1,100,895 1,100,881 - phosphofructokinase -1.14 - 0.04
PTS fructose transporter

PL78_17165 1,100,880 1,100,880 1,099,192 1,099,182 - subunit [IBC -1.21 - 0.08
RNA-binding protein

PL78_13050 2,067,052 2,067,096 2,067,389 2,067,438 + YhbY -0.78 - 0.08

PL78_12650 2,523,603 2,523,586 2,523,167 2,523,167 - RbsD, D-ribose pyranase 1.80 + 0.02
XylG, D-xylose ABC
transporter, ATP-binding

PL78_12655 2,523,166 2,523,159 2,521,627 2,521,627 - protein 1.57 + 0.06
RbsC, ribose ABC

PL78 12660 2,521,630 2,521,630 2,520,665 2,520,665 - transporter permease 1.55 + 0.04
XylF, ABC-type sugar

PL78_12665 2,520,664 2,520,601 2,519,711 2,519,711 - transport system 1.59 + 0.02

PL78_12670 2,519,667 2,519,633 2,518,707 2,518,707 - RbsK, ribokinase 1.43 i 0.01
CcpA, DNA-binding

transcriptional regulator,
PL78_12675 2,518,706 2,518,695 2,517,703 2,517,665 - Lacl/PurR family 1.29 + 0.02
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Figure 6.5: Metabolic pathways affected by yen6 deletion in Yersinia entomophaga MH96
during infection of G. mellonella at 37 °C. Expression of rbsD-xylG-rbsC-xylF-ccpA were
significantly decreased (indicated in green) and IIA/hpr-fruK-1IBC were significantly
increased (indicated in red) in yen6 compared to wild-type based on RNA-seq analysis.
The locus tag and function of the metabolic enzymes included in this figure are
provided in Table 6.6.
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Table 6.6: Metabolic genes from Yersinia entomophaga MH96 that are depicted in Figure

6.5.

Gene Function MH96 locus tag
psi phosphoglucose isomerase PL78 11035
pfk 6-phosphofructokinase PL78_07890
zwf glucose-6-phosphate dehydrogenase PL78_04490
pgl 6-phosphogluconolactonase PL78_01655
gnd 6-phosphogluconate dehydrogenase PL78_02225
rpe ribulose-5-phosphate epimerase PL78_05440
tkt transketolase PL78 09365
tal transealdolase PL78 13695
rpi ribose-5-phosphate isomerase PL78_09120
rbsK ribokinase PL78_12670
rbsD D-ribose pyranase PL78_12650
xylG ABC transporter, ATP-binding protein PL78_12655
rbsC ribose ABC transporter permease PL78_12660

ABC transporter, periplasmic substrate binding
xylF protein PL78_12665
frukK 1-phosophfructokinase PL78_17160
IIBC PTS, fructose transporter subunit IIBC PL78_17165
PTS, fructose transporter subunit IIA/Hpr
ITA/hpr protein PL78_17155
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Table 6.7: Raw read alignments to a genomic region containing excision of putative holin-endolysin system and citrate fermentation cluster in
AcspA123/AHCUIvess . Raw read aligned using Rockhopper package against reference Yersinia entomophaga MH96 genome.

Gene identifier Gene Product

MH96 MH96 AcspA123/ AcspA123/ Ayen6  Ayen6
AHCUIyeoss AHCUIyE9s
PL78_17410 tRNA-Asn 468 353 134 112 667 847
PL78 17412 integrase core domain protein 970 1,658 0 0 1,603 1,520
PL78 17414 integrase core domain protein 1,155 1,208 0 0 1,871 991
PL78_17417 AraC family transcriptional regulator 3,172 3,669 0 0 4,234 2,469
PL78_17400 hypothetical protein 214 525 0 0 161 0
PL78_17395 peptidase M15 342 194 0 0 99 109
PL78_17390 holin 730 307 0 0 353 320
PL78 17385 PhoB-like regulator 6,724 7,865 0 0 7920 8,354
PL78_17386 hypothetical protein 472 403 0 0 738 1,574
PL78 17380 phosphopantetheinyl transferase 37,616 33,432 0 0 34,758 34,065
PL78 17375 anion permease 37,353 45,307 0 0 34,379 30,226
PL78_17370 CitG, Triphosphoribosyl-dephospho- CoA synthetase 27,890 31,128 0 0 26,424 24,674
PL78_17365 CitX, Apo-citrate lyase phosphoribosyl- dephospho- 18,092 16,079 0 0 11,272 12,387
CoA transferase

PL78 17360 CitF, citrate lyase subunit alpha 43,030 50,281 0 0 32,525 42,535
PL78 17355 CitE, citrate lyase subunit beta 31,154 30,408 0 0 24290 31,517
PL78 17350 CitD, citrate lyase subunit beta 12,894 12,674 0 0 10,429 11,848
PL78_17345 CitC, Citrate lyase synthetase 35,216 30,948 0 0 24,413 27,389
PL78 17340 PrsK, histidine kinase sensor 58,108 65,678 0 0 83,208 59,668
PL78 17335 Response regulator of citrate/malate metab. 37,723 42,923 0 0 42,125 33,852
PL78 17330 DNA-binding response regulator, NarL/Fax 7,319 4,909 0 0 7418 2,309
PL78_17325 FbpC, ferric transporter ATP-binding subunit 55 1,582 0 0 194 622




Gene identifier Gene Product

MH9 MH96 AcspA123/ AcspA123/ Ayen6  Ayen6
AHCUIyess  AHCUIve9%

PL78_17326 hypothetical protein 0 52 0 0 79 112
PL78_17320 tRNA-Asn 421 448 378 94 585 343




Table 6.8: Transcripts with significantly higher expression in Yersinia entomophaga MH96 compared to AcspA123/AHCUIvess during in vivo
growth at 37 °C . Log fold-change expression values and adjusted p-value determined from in vivo transcriptome using voom in limma R
package.

Gene Transcript Translation Translation Transcript LogCPM Adj.

identifier start/stop  start/stop  start/stop start/stop Strand Gene product fold-change P-value
Chil, toxin complex

PL78_03740 57,123 57,172 58,800 58,800 i component 2.24 0.02
YenAl, toxin complex

PL78_03745 58,801 58,886 62,380 62,380 + component 1.73 0.02
YenA2, toxin complex

PL78_03750 62,373 62,373 66,467 66,467 + component 0.99 0.08
YenB, toxin complex

PL78_03760 68,661 68,661 73,124 73,124 + component 0.98 0.09

YcaO, ribosomal protein S12
methyltransferase accessory

PL78 05370 466,058 466,071 467,285 467,285 + factor 1.89 0.01
Putative class I SAM-

PL78 05371 467,286 467,374 468,225 468,225 + dependent methyltransferase 1.26 0.07
N-acetylmuramoyl-L-alanine

PL78_18925 723,048 723,034 722,201 721,688 - amidase 0.72 0.09

PL78 17580 1,000,349 1,000,414 1,002,057 1,002,073 + MycP, peptidase S8 0.94 0.02

PL78 17000 1,140,687 1,140,687 1,141,466 1,141,485 + PapD 1.48 0.03

PL78 15020 1,610,998 1,610,985 1,610,302 1,610,053 - ClpP, Clp protease 0.56 0.06

Succinate-acetate transporter
PL78_13715 1,907,875 1,907,957 1,908,523 1,908,572 + protein 0.72 0.07




Gene Transcript Translation Translation Transcript LogCPM Adj.

identifier start/stop start/stop  start/stop start/stop Strand Gene product fold-change P-value
GItP,
Glutamate/aspartate:proton
PL78_08440 2,185,851 2,185,763 2,184,447 2,184,444 - symporter 0.86 0.10
PL78_12650 2,523,603 2,523,586 2,523,167 2,523,167 - D-ribose pyranase 2.14 2.34E-03

XylG, D-xylose ABC
transporter, ATP-binding

PL78_12655 2,523,166 2,523,159 2,521,627 2,521,627 - protein 2.70 1.12E-03
RbsC, ribose ABC transporter

PL78_12660 2,521,630 2,521,630 2,520,665 2,520,665 - permease 2.53 9.20E-04
XylF, ABC-type sugar

PL78_12665 2,520,664 2,520,601 2,519,711 2,519,711 - transport system 2.28 9.48E-04

PL78_12670 2,519,667 2,519,633 2,518,707 2,518,707 - RbsK, ribokinase 1.99 3.07E-04

CcpA, DNA-binding
transcriptional regulator,

PL78_12675 2,518,706 2,518,695 2,517,703 2,517,665 - Lacl/PurR family 1.77 6.84E-04
pilin typel fimbria

PL78_12480 2,561,657 2,561,908 2,562,444 2,562,444 + component protein 1.01 0.02

PL78_12475 2,562,445 2,562,540 2,563,250 2,563,288 + fimbrial chaperone protein 1.55 0.02

PL78_12470 2,563,289 2,563,289 2,565,796 2,565,796 + usher protein 1.38 0.02

PL78_12335 2,595,638 2,595,557 2,594,898 2,594,817 - membrane protein 0.73 0.09
16S rRNA (guanine(1516)-

PL78_11890 2,713,331 2,713,351 2,714,094 2,714,114 + N(2))-methyltransferase 1.56 0.09

cell wall-associated
PL78 11340 2,840,585 2,840,561 2,839,140 2,839,140 - hydrolase, NIpC family 1.81 0.02




Gene Transcript Translation Translation Transcript LogCPM Adj.

identifier start/stop start/stop  start/stop start/stop Strand Gene product fold-change P-value
RNA polymerase subunit

PL78_09636 3,200,043 3,200,058 3,200,585 3,200,585 + sigma 1.09 0.03
iron dicitrate transport

PL78_09630 3,200,582 3,200,582 3,201,547 3,201,648 + regulator FecR 0.95 0.10
membrane protein, putative
aminobenzoyl-glutamate

PL78_01415 3,811,943 3,811,943 3,812,962 3,812,970 + transporter 0.64 0.07
Outer membrane cobalamin

PL78_01710 3,875,523 3,875,523 3,877,568 3,877,568 + receptor protein 1.12 0.10
EhuA, arginine ABC
transporter ATP-binding

PL78_02435 4,036,173 4,036,173 4,035,394 4,035,394 - protein 1.13 0.05




Table 6.9: Transcripts with significantly lower expression in Yersinia entomophaga MH96 compared to AcspA123/AHCUIyes during in vivo
growth at 37 °C . Log fold-change expression values and adjusted p-value determined from in vivo transcriptome using voom in limma R
package.

Gene Transcript Translation Translation Transcript Log.CPM Adj. P-

identifier start/stop  start/stop  start/stop  start/stop Strand Gene product fold-change value
hypothetical protein,

PL78_05735 550,203 550,365 551,609 551,672 i putative ahpD-like -1.25 0.03

PL78_18360 840,050 840,050 839,316 839,316 - carbonic anhydrase -3.19 4.84E-04
cysteine transporter

PL78_17805 952,073 952,073 951,255 951,255 = subunit -0.71 0.06
thiosulfate

PL78 15970 1,384,229 1,384,203 1,383,166 1,383,166 - transporter subunit -1.25 0.02
uracil/xanthine

PL78_15735 1,433,588 1,433,507 1,432,221 1,432,139 - transporter -1.24 0.06

Fe-S, assembly, Iron-
sulphur cluster

PL78_15480 1,511,814 1,511,814 1,511,614 1,511,614 - assembly -0.99 0.07
PL78_15475 1,512,204 1,512,202 1,511,867 1,511,815 - Fdx, Ferredoxin -0.92 0.04
PL78_15470 1,514,055 1,514,055 1,512,205 1,512,205 - HscA, chaperone -0.76 0.03
PL78_15465 1,514,831 1,514,823 1,514,299 1,514,146 = HscB, co-chaperone -0.99 0.02
ncRNA_19 1,514,919 1,514,832 - ncRNA_19 -1.41 0.02

IscA, iron-sulfur
cluster assembly

PL78 15460 1,515,281 1,515,281 1,514,958 1,514,920 - protein -0.92 0.03
IscU, Fe-S cluster

PL78 15455 1,515,761 1,515,731 1,515,345 1,515,282 - formation -1.02 0.02




Gene
identifier

Transcript
start/stop

Translation
start/stop

start/stop

Translation Transcript
start/stop Strand Gene product

LogCPM
fold-change

Adj. P-
value

PL78_15450

PL78_15445

PL78_14885

PL78_14390

PL78_14385

PL78_14380

PL78_13780

PL78_13775

PL78_13050

1,517,045

1,517,540

1,636,139

1,739,114

1,740,841

1,742,692

1,892,512

1,893,750

2,067,052

1,516,991

1,517,540

1,636,163

1,739,114

1,740,841

1,742,649

1,892,503

1,893,685

2,067,096

1,515,762

1,517,046

1,636,675

1,738,380

1,739,111

1,889,270

1,892,519

2,067,389

1,515,762

1,517,046

1,636,705

1,738,216

1,739,111

1,740,841

1,889,264

1,892,518

2,067,438

IscS, cysteine
desulfurase

IscR ,transcriptional
regulator

HpaR
,jtranscriptional
repressor MprA
CysH,
phosphoadenosine
phosphosulfate
reductase

Cysl, sulfite
reductase subunit
beta

Cys]J, sulfite
reductase subunit
alpha

CarB, carbamoyl
phosphate synthase
large subunit
CarA, carbamoyl
phosphate synthase
small subunit
YhbY, RNA-binding
protein

-0.86

-0.59

-0.86

-0.92

-0.90

-0.92

-1.61

-1.87

-0.64

0.02

0.10

0.03

0.09

0.07

0.09

0.02

2.88E-03

0.05




Gene
identifier

Transcript
start/stop

Translation
start/stop

start/stop

Translation Transcript
start/stop Strand Gene product

LogCPM
fold-change

Adj. P-
value

PL78_07885

PL78_12535

PL78_12510

PL78_12505

PL78_11445

PL78_11440

PL78_11430

PL78_10560

2,438,228

2,550,483

2,555,327

2,556,205

2,820,151

2,821,248

2,822,872

3,000,358

2,438,228

2,550,483

2,555,345

2,556,326

2,820,151

2,821,248

2,822,872

3,000,348

2,437,239

2,551,523

2,556,181

2,557,063

2,821,239

2,822,015

2,823,720

2,999,884

2,437,222

2,551,524

2,556,195

2,557,064

2,821,247

2,822,015

2,823,928

2,999,829

Sulfate transporter
subunit

PstS, phosphate ABC
transporter
substrate-binding
protein

amino acid ABC
transporter
substrate-binding
protein

EhuC, amino acid
ABC transporter
permease

TauA ,taurine
transporter ATP-
binding subunit
TauB, taurine
transporter ATP-
binding subunit
TauD, taurine
dioxygenase

Pyrl, aspartate
carbamoyltransferase
regulatory subunit

-1.37

-1.14

-1.45

-1.14

-2.04

-2.10

-1.90

-1.86

0.01

0.09

0.02

0.09

0.07

0.05

0.02

0.02




Gene Transcript Translation Translation Transcript Log:CPM Adj. P-
identifier start/stop  start/stop start/stop  start/stop Strand Gene product fold-change value
PyrB, aspartate
carbamoyltransferase
PL78_10555 3,001,329 3,001,294 3,000,359 3,000,359 catalytic subunit -2.02 0.04
hypothetical protein,
trans-membrane
PL78_09275 3,270,077 3,270,163 3,270,849 3,270,928 helix predicted -1.07 0.03
PL78_08900 3,341,509 3,341,494 3,340,607 3,340,557 MBL fold hydrolase -1.89 0.06
Cystathionine beta-
PL78_02320 4,012,254 4,012,254 4,010,887 4,010,865 synthase -1.51 0.02




6.3.2 EMSA results

6.3.2.1 Recombinant Yen6 production

Recombinant Yen6 was found to be soluble and migrated at molecular weight of ~ 14.5
kDa under denaturing conditions, visualized from post-induced whole-cell and
supernatant from sonicated lysate (Figure 6.6A). Oligomerization was observed when
purified Yen6 was visualized under native conditions as five distinct bands ranging in
size from approximately ~155 — 550 kDa and with varying abundance, suggesting
multiple Yen6 subunits are combining to form a larger multi-monomeric structure

(Figure 6.6B).
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Figure 6.6: Visualization of recombinant Yen6ex-tis by SDS- and native-PAGE .A)
Coomassie stained 12 % SDS-PAGE of E. coli turner cells (Novagen) carrying pOPINEF-
yenbextis pre-induced, and post-induced whole-cell and lysate supernatant samples.
MW = molecular weight over marker lane containing Bio-Rad unstained SDS-PAGE
broad range standard with respective ladder sizes given. Black triangles correspond to
recombinant Yen6 (~14.5 kDa) and lysozyme (14.1 kDa). This gel was prepared by
Marion Schoof at Callaghan Innovation. B) Silver stained 12 % native-PAGE of purified
Yen6. MW = molecular weight over marker lane containing Invitrogen NativeMark
unstained protein standard with respective ladder sizes given. Black triangles
correspond to five visible discrete bands.

6.3.2.2 Identification of palindromic motif within the promoter regions of
putative yen6 regulon genes

The promoter regions (Pfruc, Privo and Pynby) of the gene/gene clusters that were found to
respond significantly to the deletion of yen6 (i.e., fructose cluster, ribose cluster and
yhbY) were investigated for potential binding motifs and a shared palindromic motif
was identified from multiple times within all three promoter regions (twice within the
Ptruc and Pribo promoter region and once within Pywy) (Figure 6.7). The promoter region
of putative Yen-TC component activator, yen7, was also assessed using EMSA and the

Py7 probe contained a 9 nt perfect palindromic repeat (5-GATATATTT-3") called repl,
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that was found to overlap with the 35-box and start codon of yen7 (Chapter 5, section

5.3.2.2, Figure 5.17).

A

1,103,221 1,103,022 1,102,822 1,102,622 1,102,422 1,102,222 1,102,022 1,101,828

2 A
L) 1)

GAAACGTLI'TC GAAACGATTC

2,523,821 2,523,622 2,523,422

|
GAAACGTTTC GAAACGTTTC

2,066,947 2,067,146 2 067,400
\
GAACCGTTTT
L 1;103,063 1,103,044 1,103,034 1,103,024 1,103,014 1.103,004 1,102,994
C}'o AAACOTTTCAGCOTTATCTGCTTCACT 1 TOATAAA TAACGCTCCTTTTTCTCATAAAAGCTOAAACGATTC
RN |
GAAACGTTTC GAAACGATTC
e 2,523,691 2523672 2523662 2,523,652 2523642 2523632 2523622 2523612 2523603
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O I I
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&

l
GAACCGTTTT

Figure 6.7: Palindromic motifs identified within the Ptruc, Privo and Pynoy regions using
Geneious repeat finder and motif search (maximum 2 mismatches allowed). A)
Location of repeat motifs and protein coding region in the genome of MH96 and B)
sequence-level view of repeat binding motifs identified.

6.3.2.3 EMSA

Recombinant Yen6extis was found to have specific binding activity against the Ptruc, Pribo
and Pynby based on EMSA analysis (Figure 6.8, Figure 6.9 and Figure 6.10). Binding of
Yenb6ex-tis to the Pruc probe showed clear specific binding and with increased Yen6
concentrations three DNA-protein complexes formed, possibly due to protein
oligomerization/aggregation or the presence of multiple binding sites (Figure 6.8).
Relatively weaker specific binding activity of Yen6extis was found for Privo and Pynvy and
only a small amount of DNA shifted, even when in reactions with the highest
concentration of protein. A single DNA-protein complex formed between Yen6ex-is and
Priro, which disappeared in the presence of unlabelled competitor probe, providing
evidence of weak specific binding activity (Figure 6.9). As a control, Yen6extis was
tested with an unrelated probe Pecz promoter DNA form Ps. fluorescens SBW25 as a
negative control and no shifted band was observed (Figure 6.9). The probe Pynoy formed
two protein free bands (Banda and Bands) on the EMSA, and at higher concentrations
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of Yenbextis two DNA-protein complexes formed (Figure 6.10). In the presence of
excess unlabelled competitor, the DNA-protein complexes became less visible, but one

of the bands could not be completely reduced Figure 6.10).

Yen6 (ug/ml)
0 8 34 66 135 270 540 1080 540
:
4_
Yen6/Ps,,.
«— [complexes
4_
Free Py, probe
- | R S - . ‘ |

Figure 6.8: EMSA showing specific binding of Yen6 to the promoter region of gene for
PTS fructose transporter subunit IIA/Hpr, Ptrue. EMSA was performed using 20 nM
biotin-labeled 324 bp DNA probe corresponding to the promoter region containing two
palindromic putative binding motifs. Purified Yen6e«tis was added with increasing
concentration. A 200-fold molar excess of unlabelled probe (competitor DNA) was
added and 1 pg salmon sperm DNA (non-specific competitor). * approximately 200 nM
unlabelled specific competitor DNA added.

Yen6 (pg/ml) . +
0 8 34 66 135 270 540 1080 540 540

4—Yen6/P,;,, complexes

e S e e S e G G <4Free Py, probe
4Free P, probe

Figure 6.9: EMSA showing specific binding of Yen6 to the promoter region of rbsD,
Privo. EMSA was performed using 20 nM biotin-labeled 409 bp DNA probe
corresponding to the promoter region containing two palindromic putative binding
motifs. Purified Yen6ex-tis was added with increasing concentration. A 200-fold molar
excess of unlabelled probe (competitor DNA) was added and 1 ug salmon sperm DNA
(non-specific competitor). * approximately 200 nM unlabelled specific competitor DNA
added. * 20nm unrelated probe Pecz promoter DNA form Ps. fluorescens SBW25 as a
negative control.

276



Yen6 (ug/ml) | .
0 8 34 66 135 270 540 1080 540

- w— e S s s «Band, Py, probe

- — 4— |complexes
[ ————— U EC LV

4—:|Yen6/Pyth

Figure 6.10: EMSA showing specific binding of Yen6 to the promoter region of yhbY,
Pyrby. EMSA was performed using 20 nM biotin-labeled 312 bp DNA probe
corresponding to the promoter region containing a single putative binding motifs.
Purified Yen6extis was added with increasing concentration. A 200-fold molar excess of
unlabelled probe (competitor DNA) was added and 1 pg salmon sperm DNA (non-
specific competitor). * approximately 200 nM unlabelled specific competitor DNA
added.

Analysis by EMSA of Yen6extis affinity for the promoter region of yen7 did not support
specific binding activity (Figure 6.11). A weak shifted DNA-protein band was visible
with higher concentrations of Yen6e.tisbut this band remained (though difficult to see)
in the presence of unlabelled competitor DNA. Also, Py» produced two distinct protein-
free bands and the large one (Bandc) became reduced in the presence of excess
unlabelled DNA competitor, a result that cannot be explained. Higher order DNA
structures were observed for P, Pynby and Py7 since these DNA probes do not show

more than one band when visualized by agarose gel electrophoresis (supplemental

Figure S29).
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Figure 6.11: EMSA showing specific binding of Yen6 to the promoter region of yen?,
Py7. EMSA was performed using 20 nM biotin-labeled 295 bp DNA probe
corresponding to the promoter region containing a repetitive binding motif repl
(Chapter 5, section 5.3.2.2, Figure 5.17). Purified Yen6ex-tis was added with increasing
concentration. A 200-fold molar excess of unlabelled probe (competitor DNA) was
added and 1 pg salmon sperm DNA (non-specific competitor). * approximately 200 nM
unlabelled specific competitor DNA added.

6.3.3 Phenotype microarray of MH96 and yen6 at 25 and 37 °C

Results of the Ayen6 in vivo RNA-seq determined deletion of yené results in
significantly different expression of two different sugar uptake systems (i.e., fructose
phosphotransferase system (PTS) and ribose/hexose ABC-type transporter system)
suggesting yen6 may play a role in in-host metabolic processes occurring at 37 °C in
vivo. To further characterize effects of the yen6 deletion on carbon utilization in MH96,
phenotype microarray was carried out on MH96 and Ayen6 strains at 25 and 37 °C to
identify any differences in ability to utilize 190 difference of carbon sources under

aerobic conditions using the Omnilog phenotype microarray system (Biolog Inc.).

Based on the phenotype microarray very limited differences in sole-carbon utilization
by MH96 and Ayen6 were identified (Table 6.10). Shifts in sole-carbon utilization by the
Ayen6 strain was found to be somewhat spurious, but subtle reductions in the
utilization of carbohydrate sources D-mannose and D-mannitol, amino acids L-
asparagine and L-histidine and polymers laminarin and pectin were noted for 25 °C
compared to wild-type. At 37 °C (the temperature that yen6 is highly expressed) only
the utilization of amino acid D-alanine was identified as possibly affected by the
deletion. While, yen6 was shown to have transcriptional effects on fructose and ribose
gene clusters, there was no observable difference in utilization of fructose or ribose (or

L-arabinose which is a hexose analogue ribose) as sole-carbon sources in the Ayen6
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strain compared to wild-type. Overall the findings were somewhat inconsistent among

replicate batch plates and would need to be further validated.

Table 6.10: Differences in aerobic sole carbon source utilization by Yersinia entomophaga
MHO96 and Ayené6 strains at 25 and 37 °C by phenotype microarray. (+) indicates
positive carbon-source utilization per replicate plate, green cells = maximum
value/minimum value > 2 and yellow cells = maximum value/minimum value < 2.
Blank cells represent no growth curve detection based on threshold criteria.

Strain

Carbon source Chemical Ayen6  MH96

Incubation temperature: 25 °C
carboxylic acid Succinic acid o+
carbohydrate D-Mannose ++ ++
carbohydrate D-Mannitol ++ ++
amino acid L-Asparagine i ++
amino acid L-Histidine + ++
polymer Laminarin
polymer Pectin

Incubation temperature: 37 °C
amino acid D-Alanine + ++

6.4 Discussion

One previously reported finding of this thesis was that two mutants strains of MH96,
AcspA123/AHCUIyess and Ayen6, were shown to have significantly attenuated virulence
during intrahemocoelic injection of G. mellonella at 37 °C compared to wild-type
(Chatper 5, section 5.3.1.2). It was also found that AcspA123/AHCUIvess did not have
attenuated virulence by injection of G. mellonella at 25 °C compared to wild-type (Ayené
was not tested at 25 °C). Bioassay results at 25 and 37 °C, also previously presented in
this thesis (Chapter 5, section 5.3.1.2) and reported in literature (Hurst et al., 2015) have
shown that shifting temperature from 25 to 37 °C does not affect the median lethal dose
(LDso) of MH96 during intrahemocoelic infection of G. mellonella; however, MH96 is
still thought to have reduced pathogenic capability under these conditions at 37
compared to 25 °C because previous RNA-seq data revealed significant repression of
co-secreted VFs, including Yen-TC/TC-associated factors at 37 °C, but only during
intrahemocoelic infection of G. mellonella (Chapter 4, section 4.3.8, Table 4.13). So, as

follow-up in vivo RNA-seq of AcspA123/AHCUIvess and Ayen6 were conducted at 37 °C
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during intrahemocoelic infection of G. mellonella to further characterize the roles of
cspA123 and yen6 as putative virulence regulators during infection of G. mellonella at
mammalian ~ host  temperature. = Subsequently,  the  transcriptome  of
AcspA123/AHCUIvess, revealed a 17.5 Kb excision in the genome, so while significant
transcriptional effects on numerous genes were identified compared to wild-type in
this strain, it was not possible to attribute transcriptional changes to the targeted
cspA123 deletion or excision HCUIyess, and is the focus of Chapter 7. Subsequently,
follow-up phenotyping work reported in this chapter, including EMSA protein-DNA
binding assays and carbon utilization testing, only focused on Yen6extis, and the Ayen6

strain, respectively.

6.41 Deletion of yen6 resulted in differential expression of fructose and ribose
uptake/metabolic gene clusters during infection of G. mellonella at 37 °C

The in vivo transcriptome of Ayen6 at 37 °C revealed the regulon of Yen6 contains
mostly genes related to central carbon metabolism as well as the gene for RNA-binding
protein YhbY. These results also showed that deletion of yen6 does not result in any
significant transcriptional changes to yen7 or Yen-TC component genes. Based on these
findings Yen6 is revealed as a pleiotropic regulator that can simultaneously activate
rbsD-xylG-rbsC-xylF-rbsK-ccpA and repress IIA-fruK-IIBC as well as yhbY. Additional
work testing the specific binding activity of recombinant Yen6exnis against DNA
containing a putative binding motif within the promoter regions of rbsD, IIA/Hpr and
yhbY were undertaken to determine the direct binding targets of recombinant Yen6
(section 6.4.4 below). Further to this, the binding affinity of the yen7 promoter region

was also tested with Yen6ex-is.

The effects of the yen6 deletion on the fructose and ribose uptake/acquisition clusters
are of particular interest, especially since co-regulation of virulence and metabolism is
known to be related to host-adaptation among other pathogenic Yersiniae spp.
(Heroven and Dersch, 2014) and more broadly (Kwaik and Bumann, 2013) and
metabolic shifts may represent a specific host-adaptation by MH96 for survival within
a mammalian host, especially since Ayené has attenuated virulence against G. mellonella

during intrahemocoelic infection at 37 °C (not tested at 25 °C) (Chapter 5, section
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5.3.1.2, Table 5.2, Figure 5.8). E. coli can transport D-ribose (primarily as B-D-
ribopyranose form) into the cytoplasm by ABC-type high-affinity transporter called
RbsABC (Horazdovsky and Hogg, 1987; Park et al., 1999; Song and Park, 1998),
although allose (Kim et al., 1997) and xylose ABC transporters (Song and Park, 1998)
and an altered glucose PTS (Oh et al., 1999) have also been shown to function as low-
affinity transporters of ribose as well. More recent investigations into the ABC
transport mechanism suggest RbsABC share features of the both type I and II ABC
importer systems, but likely represents a distinct superfamily of increasingly diverse

transporters (Clifton et al., 2015).

Similar to MH96, E. coli encodes an inducible rbsDACBK operon that contains genes for
ribose transport and initial metabolic enzymes required for ribose utilization (Laikova
et al., 2001; Lopilato et al., 1984; Mauzy and Hermodson, 1992). In MH96, the xlyG and
xlyF genes encode xylose ABC transporter ATP- and substrate-binding domains,
respectively and should be considered analogous to (and possibly re-assigned to rbsA
and rbsB of E. coli) (Horazdovsky and Hogg, 1987; Park et al., 1999; Song and Park,
1998), which combine with the permease RbsC to form the high-affinity transporter
structure (Barroga et al., 1996; Clifton et al., 2015). MH96 encodes three other genes
annotated as xylose ABC-transporter components, including PL78_17225 and
PL78_02115 (both annotated as xyIG) and PL78_02115 annotated as xylF. Unlike E. coli,
where the gene for the Lacl-type rbsDACBK repressor, rbsR is induced separately
transcriptome data of MH96 identified that ccpA (orthologous to the rbsR) was
expressed within the same operon as the ribose uptake/utilization genes based operon

predictions generated by Rockhopper.

The B-pyranose form of D-ribose is the most abundant ribose available to bacteria in
nature (Si$ak et al., 2010) and represents an important sugar that is a component of
nucleic acids and other biomolecules and also as an energy source. Once [(3-D-
ribopyranose is transported from the periplasm by the RbsABC transporter, the sugar
must undergo D-ribose degradation pathway before assimilation, which involves rbsD
and rbsK, that encode for putative D-ribose pyranase and ribokinase, respectively and
are also found in the rbsD-xylG-rbsC-xylF-rbsK-ccpA ribose operon of MH96. RbsD is a

cytoplasmic sugar-binding protein that catalyse the conversion D-ribopyranose to D-
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ribofuranose (Kim et al., 2003b) and RbsK phosphorylates D-ribofuranose into ribose 5-
phophate (Sigrell et al., 1998) both reactions requiring ATP energy. Once in the ribose
5-phosphate form it can be further metabolized by the PPP (also called the hexose
monophosphate shunt), which is an important component of cellular metabolism, both
in production of key metabolites for nucleotide synthesis, biosynthesis of aromatic
amino acids and vitamins (Lam and Winkler, 1990; Zhao and Winkler, 1994), as well as
production of NADPH as a source of reducing power (Grant, 2008; Kovafova and

Barrett, 2016; Spaans et al., 2015).

Genes related to ribose uptake and metabolism have been implicated in virulence in
mammalian pathogens before. For example, an E. coli mutant deficient for rbsK was
found to have minor defects in long term maintainance of the population within the
mouse intestine but was not impaired with respect to colonization compared to wild-
type (Chang et al., 2004). Genes for putative ribose uptake protein and ribose
transporter RbsD were also found to be strongly induced in Enterococcus faecalis
following three hours exposure to urine, suggesting these genes are induced during
bladder infection (Hanin et al., 2010). In whole-genome microarray study of Y. pestis
genes for ribose permeases and uptake of pentoses ribose, xylose and arabinose were
found to be more highly expressed within the gut of blocked flea vector compared to in
vitro growth conditions (Vadyvaloo et al., 2010) and an earlier microarray study of Y.
pestis also found that rbsK and rbsD underwent early induction at 37 °C implying a
potential role during mammalian infection (Motin et al., 2004). Even though ribose
uptake/utilization have been found to be highly expressed by Y. pestis upon
temperature transition or within the digestive tract of the flea vector, one of the key
PPP enzymes, zwf (glucose-6-phosphate dehydrogenase) has recently acquired a
missense mutation preventing the first step of PPP in epidemic strains of plague
(Bearden et al., 2009). In Y. pseudotuberculosis transcriptome study of growth in human
plasma compared to Luria Bertani broth and at 37 and 28 °C and found a gene for
ribose-phosphate pyrophsphokinase, prsA had significantly greater expression in
human plasma compared to broth culture, and both rbsC and rpi had significantly

higher expression at 37 compared to 25 °C (Rosso et al., 2008).
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In addition to activating the ribose transport and utilization cluster, deletion of yen6
also results in significant repression of the fructose transport and utilization operon
IIA/hpr-fruK-IIBC under in vivo conditions at 37 °C, which encode for the PTS
components IIA/Hpr and IIBC and 1-phosphofructokinase, FruK, which are required
for uptake of -D-fructopyranose into the cytoplasm and production of fructose-1,6-
biphosphate, an important substrate in glycolysis, respectively (Kornberg, 2001). Since,
these result suggest that Yen6 may act transcriptionally to both activate ribose
uptake/utilization and repress fructose uptake/ utilization, it is plausible that one of the
primary functions of Yen6 is to control carbon fluxes within the central metabolic
biosynthetic pathways of MH96. Further assessment of sole-carbon utilization of MH96
and Ayen6 by phenotype microarray were undertaken in order to reconcile potential
metabolic effects of the deletion of yen6 on carbon utilization by MH96 and discussed

in section 6.4.5 below.

6.4.2 Deletion of yen6 resulted in differential expression of the gene for an RNA-
binding protein, YhbY during infection of G. mellonella at 37 °C

In addition to differential expression detected for the gene clusters rbsD-xylG-rbsC-
xylF-rbsK-ccpA and IIA/hpr-fruK-1IBC in the yen6 mutant compared to MH96 under in
vivo conditions at 37 °C (Figure 6.5 above), the only other gene with significantly DE
was yhbY, which encodes for an RNA-binding protein that belongs to a group
hypothetical proteins widely distributed among archaea, eubacteria and plants (Pfam
code UPF0044) (Barkan et al., 2007). The crystal structure of E. coli YhbY shares a lot of
structural similarities (but little amino acid sequence similarity) with the C-terminal
domain of the translation initiation factor 3 (IF3) (Ostheimer et al., 2002), which plays
an important role in protein translation, especially fidelity of selection of tRNA™¢t and
start codon proof-reading (Hussain et al., 2016; Sharma et al., 2018). Also, in E. colj,
YhbY can be co-sedimented with the 50S subunit (Jiang et al., 2006, 2007) and pre-50S
particles (Barkan et al., 2007). In Ralstonia solanacearum, a yhbY homolog was found to
play a role in virulence because a deficient mutant was found to have decreased
virulence in tomato and Arabidopsis (Franks et al., 2008). In Yersinia spp., yhbY was

found to have DE in a rovA deficient mutant strain of Y. pseudotuberculosis compared to

283



wild-type (Nuss et al., 2015), but that was not the case for Y. enterocolitica or Y. pestis
(McNally et al., 2016). The function of yhbY in MH96 during infection at 37 °C remains

to be determined.

6.4.3 Deletion of yen6 has no significant effects on yen7 or Yen-TC component
genes at 37 °C in vivo and Yen6ex-His has no specific binding activity for the
promoter region of yeny

The transcriptome of Ayené provided additional evidence that transcription of yen7
and Yen-TC component genes are not influenced by yené (at least during infection at 37
°C). Furthermore, EMSA analysis of Yen6exis affinity for Py did not provide evidence
to support specific binding activity of Yen6 for the promoter region of Yen7 (although
the reaction of Yen6ex-tis, biotin-labelled Py7 and excess unlabelled Py7 resulted the top-
most protein-free DNA band disappearing, which could not be explained). Taken
together, these results provide strong evidence that there is not likely a direct

transcriptional interaction between Yen6 and yen7.

These findings are consistent with previous phenotyping by SDS-PAGE, that showed
protein production and secretion by Ayen6 and Ayen6éyen7 strains did not result in any
major differences when grown at 25 and 37 °C in vitro compared to wild-type (Chapter
5, section 5.3.1.1, Figure 5.3 and Figure 5.4). Also, previous investigations using the
transcriptional reporter Pei:lacZ strain (proxy for Yen-TC translational activity),
determined that when yen6 was deleted (i.e., Ayen6 strain) significantly higher (3-gal
production was observed at 25 °C under in vitro conditions compared to in the wild-
type genetic background (Chapter 5, section 5.3.3.6.3, Figure 5.27); however,
preliminary attempts at frans complementation of Ayen6 using either arabinose-
inducible vectors, pBAD-yen6 (protein coding region only) or pBAD-yen67as (protein
coding region and portion of predicted 3’'UTR-encoded anti-sense RNA) or the mid-
copy cloning vector carrying yen6 under its natural promoter (pACYC184-Pyens-Pyenr)
were not entirely successful and had opposite effects on the production of 3-gal by the
Penii:lacZ reporter strain, supporting a more complicated interaction (Chapater 5,
section 5.3.3.6.3, Table 5.8, Table 5.10). So, to this end, the EMSA results and the in vivo

transcriptome of Ayen6 at 37 °C both aligned with previous findings reported in
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Chapter 5, that overall do not support Yen6 as a direct transcriptional regulator of yen7
nor does Yeno6 likely have any major downstream effects on Yen-TC component genes,

as originally hypothesized.

6.4.4 EMSA validate Yen6 as transcriptional regulator that can interact with
DNA from the promoter of the fructose and ribose uptake/acquisition
clusters and RNA-binding protein, YhbY

Using EMSA analysis, the regulon of Yen6 was validated because Yen6ex-tis was shown
to have specific binding affinity for the promoter regions of IIA/hpr-fruK-IIBC (i.e., Piruc),
rbsD-xylG-rbsC-xylF-rbsK-ccpA (i.e., Privo), and yhbY (i.e., Pynvy),. These results confirm
that the palindromic 10 bp sequence (5-GAA[A/C]CG[A/T]TT[C/T]-3"), which is
located twice within Ptruc and Privo and once within Pyrwy is likely the binding motif of
Yen6. These results validate the findings of the molecular phenotyping by in vivo RNA-
seq of the Ayen6 strain at 37 °C, where significantly greater expression of IIA/hpr-fruK-
IIBC operon and yhbY and significantly reduced expression of rbsD-xylG-rbsC-xylF-
rbsK-ccpA compared to wild-type were identified. Combined with the EMSA results,
Yen6 is now known to be a transcriptional regulator that can simultaneously repress
the fructose uptake/acquisition cluster and yhbY, while also activating the ribose

uptake/acquisition cluster during in vivo conditions at 37 °C.

The binding affinity of Yen6e«tis was strongest against Psuc and comparatively weaker
against Privo and Pynby, even though Ptue and Privo share very similar imperfect repeats of
the binding motif. Many of the biotin-labelled DNA probes used for the EMSA
demonstrated higher order structures, which could stabilize DNA-protein reactions.
Further EMSA analysis should be carried out with smaller DNA probes, which would

help to reduce possible confounding effects associated higher order DNA structure.

6.4.5 Phenotype by microarray only identifies potentially subtle effects on
utilization of sole carbon source by MHg6 at both 37 and 25 °C

In vivo RNA-seq of the Ayen6 at 37 °C identified the regulon of Yen6 includes two
sugar uptake/metabolism-related clusters, fructose and ribose and based on these

additional investigations into the metabolic phenotype of Ayen6é were carried out.
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Carbon utilization by MH96 and Ayen6 at 25 and 37 °C was assessed the Omnilog
phenotype microarray system, which found that the deletion of yen6 had limited effects
on sole carbon utilization by MH96, especially at 37 °C. While some differences were
noted among batches (i.e.,, replicate microarray plates), the results were overall
inconsistent, and many of the subtle differences observed between the two strains
requires further validation. Such limited differences in metabolic capabilities of MH96
compared to Ayen6 suggest that yen6 may not have a primary role in regulating

metabolism at all.

Transcriptome data support one of the key regulatory functions of Yen6 is the
activation of the ribose uptake/utilization operon rbsD-xylG-rbsC-xylF-rbsK-ccpA, which
is necessary to provide ribose for the PPP. The PPP is an important metabolic pathway
in bacteria that generates carbohydrate precursors for biosynthesis and acts as a major
carbon exchange center (Lam and Winkler, 1990; Zhao and Winkler, 1994). Another
important function of PPP is the production of NADPH, which is an important
reducing agent involved in reductive biosynthesis and resistance to oxidative stress
(Grant, 2008; Kovarova and Barrett, 2016; Spaans et al., 2015). Based on the evidence
form the microarray phenotyping suggesting yen6 has limited effects on metabolism of
MHD96, it is now suspected that yen6 plays a role in stress response during infection of
G. mellonella at 37 °C, by activating ribose uptake systems and repressing fructose
uptake systems to result in carbon flux to the PPP which is a survival strategy to
increased NADPH in order to combat oxidative stress during infection. This response
to oxidative stress hypothesis supports the findings of previously reported in vivo
transcriptome (Chapter 4, section 4.3.8, Figure 4.20) of significantly higher expression
of several other genes related to uptake of organic and inorganic sulfate, iron, nickel,
cold-shock proteins, acid-resistance proteins, and multidrug transporters that were all
found to be highly expressed at 37 °C during in vivo conditions by MH96 (Chapter 4,
supplemental Table S9).

Bacterial pathogens are equipped with many strategies to deal with oxidative stress
that is encountered within the host environment, including detoxification strategies
involving reducing thiols, such as glutathione (GSH) or iron-sulfur (Fe-S) cluster, for

example (Van Loi et al., 2015; Reniere, 2018; Turnbull and Surette, 2010; Zeller and
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Klug, 2006). The polyamine GSH is a known potent antioxidant, containing a reactive
Cys thiol core (Newton and Fahey, 2017; Reniere, 2018). In E. coli, synthesis of GSH is a
two-step process involving glutamate cysteine-lyase and glutathione synthetase,
encoded by gshA and gshB, respectively (Newton and Fahey, 2017). Similarly, Fe-S
clusters are well known redox centers in the cell and have been shown to act as
environmental sensors of oxidative and nitrosative stress (Kobayashi et al., 2014; Miller
and Auerbuch, 2015). MH96 encodes homologous genes related to Fe-S (i.e., iscR-iscS-
iscU-iscA-hscB-hscA-fdx-Fe-s assembly/PL78_15445 — PL78_15480) as well as glutamate
cysteine-lyase (gshA/PL78_14695) and glutathione synthase (i.e., gshB/ PL78_09425) and
several glutaredoxins (i.e., grxA, grxC, grxD and nrdH/PL78_02370, PL78_07935,
PL78_05900 and PL78_14940) and it was noted that the entire Fe-S gene cluster was
more highly expressed in the AcspA123/AHCUIyess mutant compared to wild-type
during infection of G. mellonella at 37 °C, albeit the transcriptional regulation of the Fe-S

gene cluster cannot be attributed to the cspA123 or the excision of the unstable region.

Another major clue that yen6 is likely involved in a stress response is the co-expression
of numerous genes related to sulfate, thiosulfate, taurine and methionine uptake that
were identified previously as having higher expression at 37 °C in vivo (Chapter 4,
section 4.3.8, Figure 4.20). As discussed above, sulfur is the key component of the
reactive center of Fe-S as well as the Cys found in the glutathione and glutaredoxins, so
upregulation of sulfur acquisition genes during the same conditions that Yen6 is
expected to function to shift central carbon metabolism towards generating extra
NADPH makes a feasible hypothesis for a role of Yen6 in response to oxidative stress
during infection at 37 °C. It was also noted, that like the Fe-S cluster, an additional nine
genes related to sulfur acquisition were identified in the transcriptome of the
AcspA123/AHCUIvess mutant as more highly expressed compared to wild-type,
suggesting a possibility that cspA123 and/or genes located on excisable region HCUIve9s
are involved in the regulation of sulfur uptake and Fe-S cluster formation. Given the
evidence that sulfur acquisition was an overriding theme of in vivo transcriptome of
MHO96 at 37 °C, these finding somewhat align with a functional role for yen6 under
these conditions to adapt to high levels of oxidative stress by fluxing more carbon into

the PPP to generate necessary NADPH to oxidize the reactive cores of Fe-S and GSH.
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While the role of Yen6 in oxidative stress response remains to be further tested,
perhaps previous unexplained findings observed for yen6 over-expression experiments
also support this theory. When yen6 was over-expressed using the arabinose induction
vector pBAD, a consistent increase in plasmid retention and positive effects on cell
growth were observed compared to strain carrying empty vector at 25 °C in vitro. In a
2007 study, a common mechanism of cellular death by antibiotics (including
ampicillin/carbenicillin) was found to be a result of oxidative damage by stimulation of
hydroxy radicals, regardless of drug-target (Kohanski et al., 2007, 2010). It is plausible
that oxidative stress resistance explains why yen6 over-expressed in vitro in the
presence of carbenicillin or ampicillin consistently results in a positive effect on growth
and plasmid retention compared to a strain with empty vector. Furthermore, in vivo g-
gal analysis of the Pyens::lacZ reporter stain also identified a much stronger induction of
this strain during in vivo conditions at 37 compared to 25 °C (Chapter 5, section
5.3.3.6.7, Figure 5.31), which was consistent with expression of yen6 under the same
conditions as well based on transcriptome analysis (Chapter 4, section 4.3.8, Table
4.13). All of these findings indicate expression and translation of yen6 is tightly
regulated and induced specifically under in vivo conditions were MH96 is
encountering oxidative stress. Further experimental work to identify potential signals
of oxidative stress that trigger induction of yené is an important next step for validating
this new hypothesis as well as assessing oxidative resistance of Ayen6 compared to

wild-type.

6.4.6 Transcriptome of AcspAi23/AHCUIyeye identifies excision of unstable
holin-endolysin secretion system and citrate fermentation cluster
containing island

In vivo transcriptome of the AcspA123/AHCU]Iyess strain identified a 17.5 Kbp excision,
which became the focus of Chapter 7. In addition to the excised genes, 87 transcripts
were found to have significant DE in the AcspA123/AHCUIyess strain compared to wild-
type under in vivo conditions at 37 °C. Among the DE transcripts identified included a
portion of the Yen6 regulon (rbsD-xylG-rbsC-XylF-rbsK-ccpA and gene for RNA-binding
protein yhbY), several Yen-TC component genes as well as a number of other

potentially important putative VFs (i.e., usher-chaperone fimbriae, and sulfur
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acquisition systems etc.) identified from previous in vivo RNA-seq investigations.
These results suggest either HCUIvess and/or cspA123 are central to virulence regulation
in MH96, but it is impossible to determine what transcriptional responses are
associated with what deleted element from the genome in this strain, so additional in
vivo RNA-seq should focus on characterizing the molecular phenotype of AcspA123
and AHCUIyees, which would resolve much of the current confusion. Further details

related to HCU]Iyes are reported in Chapter 7.
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Chapter 7. Characterization of an excisable holin-endolysin secretion system
and citrate fermentation genomic island from Yersinia
entomophaga MHg6

7.1 Introduction

7.1.1  Horizontal gene transfer - a driver of bacterial genome evolution

Over twenty years of genome sequencing has revealed the mosaic-like and unstable
structure of bacterial genomes, which is largely attributed to genome-wide
rearrangement events and horizontal gene transfer (HGT) including the movement of
mobile genetic elements (MGEs) (Boyd et al., 2009; Darmon and Leach, 2014; Frost et
al., 2005; Land et al., 2015; Soucy et al., 2015). Despite the importance of MGEs in
shaping modern prokaryotic genomes, these elements have remained somewhat
understudied and currently lack a consistent classification system (Oliveira Alvarenga
et al., 2018). A variety of different type of MGEs have been described and the most
common types include transposons, insertion sequences, integrons, conjugative
plasmids, bacteriophages, integrated prophages, genomic islands (GIs) - including
pathogenicity islands (PAls) and integrative and conjugative elements (ICEs) (Abebe-
Akele et al., 2015; Frost et al., 2005; Oliveira Alvarenga et al., 2018; Wilkinson et al.,
2009) but the focus here will be PAIs/Gls, which are considered a major driver of
genome evolution among prokaryotes (Juhas et al., 2009; Rodriguez-valera et al., 2016),

especially pathogens (Hacker and Carniel, 2001; Sui et al., 2009).

Usually occurring at repetitive sequences associated with tRNA genes, PAIs/GIs are
associated with high diversity hotspots in the genome, evolving more rapidly than the
core genome by frequent site-specific recombination events (Rodriguez-valera et al.,
2016). The arrangement of genes within PAIs/Gls is modular, with blocks of genes
sharing similar functions located together in clusters called modules and islands
typically evolve by acquisition or loss of entire modules (Ogier et al., 2010; Rodriguez-
valera et al., 2016). Usually (but not always) a mobilization module is associated with
one end of the island and consists of remnant phage-related integrases or transposases
required for mobilization of their cognate element (Bellanger et al., 2014; Wozniak and

Waldor, 2010). Often, PAIs/GIs support gain-of-function phenotypes including,
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symbiosis (Piel et al., 2004; Sullivan et al., 2002), metabolic adaptation (Gaillard et al.,
2006), heavy metal resistance and iron acquisition (Larbig et al., 2002), antimicrobial
resistance (Katayama et al., 2000; Luck et al., 2001), secondary metabolite synthesis

(Egan et al., 2001; Metsa-Ketela et al., 2002) and virulence (see below).

More specifically, PAls are found within the genomes of pathogenic variants but are
less frequently found within the genomes of avirulent relatives and represent some of
the best studied GlIs to date (Hacker and Carniel, 2001; Hacker et al., 1997; Kaper and
Hacker, 2000). Usually PAls encode genes related to virulence (i.e., exotoxins, adhesins,
invasins, capsule synthesis, iron acquisition, secreted effectors and secretion systems)
(Fischer et al., 2010; Kaper and Hacker, 2000) and like most GlIs, are recognized by
atypical G+C content and codon usage compared to the core genome, found within
close proximity to tRNA genes and/or being flanked by direct repeats and may have
evidence of multiple recombination events (i.e,, multiple short repetitive elements),
insertion sequences or remnant bacteriophage integrases or transposases (Boerlin, 2004;
Kaper and Hacker, 2000; Schmidt and Hensel, 2004). With respect to mobility, PAls can
be highly variable - some remain mobile and contain a conjugation module (i.e., ICEs)
(Johnson and Grossman, 2015) or viral machinery (integrated prophages) (Boyd, 2012),
others are mobilized in trans by hijacking transmission machinery of other MGEs
(Carpenter et al., 2016; Guédon et al., 2017; Moon et al., 2015, 2016) and still others
demonstrate a more solid integration into the host genome, having lost the ability to
mobilize all together (Kaper and Hacker, 2000). Although such elements are now
recognized as ubiquitous among bacterial genomes and are major contributors to
important evolutionary processes like pathogen emergence and antibiotic resistance, a
clear understanding of the evolutionary relationships between integrated prophages,

plasmids, ICEs and PAIs/GIs remains unclear at this time.

7..2 Pathogenicity islands in entomopathogenic bacteria

Among entomopathogenic bacteria, such as Photorhabdus luminescens and Yersinia
entomophaga MHO96, insecticidal toxin complex (TC) components are known to be
present within PAIs (ffrench-Constant et al., 2003; Hurst et al., 2011a; Waterfield et al.,

2004). Photorhabdus luminescens W14 is known to encode multiple tandem repeats of
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insecticidal TC components among several PAls located throughout the chromosome
(Waterfield et al., 2001, 2002, 2004). Within PAI 1 of P. luminescens W14 are repetitive
tcdAB genes interrupted by tcc-like sequences as well as a tcdA-like pseudogene
(Duchaud et al., 2003b; ffrench-Constant et al., 2003). PAI 1 is flanked by tRNA-Asp
loci that are associated with repetitive intergenic consensus sequences (ERIC)-like
sequences, however PAI 1 is thought to be unstable because the genetic structure of
this PAI among P. [uminescens strains is highly variable (Duchaud et al., 2003b; ffrench-
Constant et al., 2003; Waterfield et al., 2004). Within the genome of focal species, MH96
the main virulence determinant, Yen-TC, a insecticidal TC, is encoded on a virulence
island called PAlvess that is flanked by a 76-bp direct repeat sequence (DRS), called
DRL7% and DRR7, that are associated with tRNA-Gly loci (Hurst et al., 2011a). A
remnant tRNA is also located directly 5" of DRR7 but it is not possible to identify
historical residue specificity for this locus. PAlvess is thought to be non-mobile and
permanently integrated into the genome of MH96 because the island does not encode
any mobilization-related genes (Hurst et al, 2016). Furthermore, insecticidal TC
components and a putative chitinase gene were found to be located on a tRNA-
associated PAI within a Xenorhabdus nematophila cosmid library, that when expressed in
Escherichia coli was found to increase virulence against cabbage white butterfly, Pieris

brassicae by per os challenge (Morgan et al., 2001).

Interestingly, insecticidal TC genes are even more widely distributed among PAls and
on plasmids within pathogen genomes (e.g., Serratia entomophila, Y. pestis, Y.
pseudotuberculosis, Y. enterocolitica, Y. mollaretii, Y. frederiksenii, Pseudomonas syringae pv.
tomato, Fibrobacter succinogenes and Treponema denticola) (Dobrindt et al., 2004, 2015;
Dodd et al.,, 2006; Fuchs et al.,, 2008) and MH96 (Hurst et al., 2011a) making the
evolution of TC islands an interesting system for investigating the influence of HGT in
pathogen genome evolution. The widespread occurrence of insecticidal TCs among
diverse bacterial lineages may in part be explained by high rates of HGT and frequent
recombination of insecticidal TC modules associated with MGEs within bacterial
communities over evolutionary timescales. In addition to providing an advantage for
insect pathogenesis, TC containing MGEs may have also been responsible for increased
rates of genome rearrangements, which is thought to give bacterial populations greater
adaptive capabilities (Bellanger et al., 2014).
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The genome of P. luminescens W14 contains other PAls that encode toxins, for example
PAI 2 is inserted into a tRNA-Phe site and carries the mcf gene encoding “makes
caterpillar floppy” toxin as well as a filamentous hemagglutinin-like adhesion factor
and PAI 3 encodes a CNF-like toxin gene pnf but this island (otherwise known as
Photorhabdus virulence cassette) is not associated with any specific tRNA loci (ffrench-
constant et al., 2000; ffrench-Constant et al., 2003; Waterfield et al., 2004). Within the
genome of Y. entomophaga MH96, an additional fimbrial associated island FAlves has
been identified as flanked by 138-bp direct repeat sequence and tRNA-Asn genes but
has yet to be functionally characterized with respect to virulence (Hurst et al., 2016).
The genome of Y. entomophaga MH96 also contains five Rearrangement hotspot (Rhs)
clusters (Hurst et al., 2016) and in addition to PAlves, Rhs-associated region 3 and 4 are
also associated with different tRNA genes, and represent putative PAls. Rhs-associated
region 3 is downstream from a tRNA-Arg and encodes a type VI secretion system
apparatus, including a potential secreted effector with homology to eukaryotic gene
Spt4 (PL_00995) and several short repetitive elements suggestive of orphan
toxin/immunity pairs (Poole et al., 2011). Rhs4-associated region is flanked by tRNA-
Pro and tRNA-Ser and encodes various putative type 3 and type 4 secretion system

effectors.

7.1.3 Mobility and transmissibility of PAls/GIs among pathogenic bacteria

Generally, PAIs/GIs are assumed be acquired by HGT but reports of active
mobilization or transmission of such elements are somewhat limited. One widely-
studied example of a mobile PAI is the 36 — 43 kb high pathogenicity island (HPAI)
encoding an iron acquistion system called Yersiniabactin, that was initially identified
as a mobile element present in the most pathogenic strains of Yersinia, including Y.
pestis, Y. pseudotuberculosis and Y. enterocolitica phylotype 1B (Bach et al., 1999;
Buchrieser et al., 1998; Hare et al., 1999) but was later shown to be highly conserved
and widely-distributed among Enterobacteriaceae suggesting that HPAI was recently
acquired by HGT among this group (Bach et al., 2000). In Y. pseudotuberculosis the
excision process for HPAI requires a P4-like integrase (a tyrosine integrase) and a

recombination directionality factor (RDF) call hef, both of which are encoded on HPAI
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(Lesic et al.,, 2004). Under specific growth conditions (i.e., iron-deprivation at 4 °C)
HPAI was demonstrated to be transmitted horizontally between strains of Y.
pseudotuberculosis at a tRNA-Asn attachment site (Lesic and Carniel, 2005). A related
mobile ICE was identified in E. coli ECOR31 that also encodes Yersiniabactin and is
considered the possible progenitor of HPAI (Schubert et al., 2004). Subsequently,
Flannery et al., (2009) identified an 94-kb ICE called ICEPm2, prevelent among
pathogens that commonly caused catheter-associated urinary tract infections, including
Proteus mirabilis, Providencia stuartii and Morganella morganii. The ICEPm2 island
consisted of three variable regions, one of which contains the Yersiniabactin, which
further established this iron acquisition system on ICEs and mobile PAIs/GIs (Flannery
et al., 2009).

Other linkages between ICEs and PAls and GIs have also been demonstrated
previously in the genomes of pathogenic bacteria, including both Salmonella (Sa.)
enterica (Nieto et al., 2016; Quiroz et al., 2011) and Legionella pneumophila (Lautner et al.,
2013; Trigui et al., 2013). A PAI present in several Sa. enterica serovars including
Enteritidis, Gallinarum, Dublin and Typhi (McClelland et al., 2001; Thomson et al.,
2008) known as ROD21 can excise from the genome and form an episomal genetic
element when grown in laboratory culture medium and during infection of phagocytic
cells (Quiroz et al., 2011) and was also shown to be transferrable between strains of
Salmonella by conjugation (Salazar-Echegarai et al., 2014). A mutant strain of Sa. enterica
serovar Enteritiditis that cannot excise ROD21 (deletion mutant of ROD21 cognate
integrase) showed reduced ability to cause lethal disease in the mouse infection model
as well as reduced colonization of mouse liver and spleen compared to wild-type,
suggesting that excision was important for modulating virulence in this system (Tobar

et al., 2013).

Other examples of mobile PAIs/GIs from pathogenic bacteria including uropathogenic
E. coli (Blum et al., 1994; Hochhut et al., 2006; Middendorf et al., 2004), Shigella (Sh.)
flexoneri (Sakellaris et al., 2004; Turner et al., 2001, 2004), Sa. enterica serovar Typhi
(Bueno et al., 2004; Doublet et al., 2005) and Vibrio cholerae (Almagro-Moreno et al.,
2010; Murphy and Boyd, 2008; Rajanna et al., 2003). In uropoathogenic E. coli 536,

excision of multiple PAIs within the genome requires P4-like integrase activity, which
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are generally restricted to their own cognate islands but some cross-talk between
intregrases associated with different islands was also observed by Hochhut et al.
(2006). The antibiotic restistance island, SRL in Sh. flexneri was also shown to require
the SRL-encoded P4-like integrase for excision and intergration into two different
tRNA attB sites (Turner et al., 2004), while excision of the Sh. flexneri virulence island
SHE required the SHE-encoded P4-like integrase and RDF rox genes (Sakellaris et al.,
2004). The very large (134 kb) virulence island SPI7 from Sa. enterica serovar Typhi is
also a mobile element, which was shown to be prone to excision resulting in loss of
capsular antigen Vi, resulting in changes to morphology and phage Vi-II resistance
(Bueno et al., 2004; Nair et al., 2004). Excision of the VPI-2 metabolic/secretion island
from V. cholerae was also shown to occur, but under specific conditions including low
temeraptures following sublethal exposure to UV-light and excision of this island was
also shown to require the VPI-2-encoded intV2 (a tyrosine-recombinase) and the RDF
gene, vefA, but does not require RDF gene vefB, which is also found on VPI-2
(Almagro-Moreno et al., 2010). Earlier studies on V. cholerae PAls demonstrated that
out of four PAIs located in the genomes of O1 and O139 serogroup isolates, three can
excise (VPI-2, VPS-I and VPS-II) even though VSPI-1 does not carry any recombinase-
like genes suggesting recombinase/RDF cross-talk between different V. cholerae mobile

islands (Murphy and Boyd, 2008).

Similar to PAIs/GlIs, mobilizable ICEs have also been identified from pathogenic
bactieria as well. The transcriptome of hfg deletion mutant strain L. pneumoniphila
revealed excision of a 100 kb copper resistance GI that also encodes an integrase and
putative conjugative system. The island is able to excise from the chromosome and
exist as episomal plasmid-like element called pLP100 and the rate of excision was
effected by presence or absence of the hfg (Trigui et al.,, 2013). Two GIs within the
genome in L. pneumoniphila Corby, designated Trb-1 and Trb-2, were both found to
posses a conjugation/type 4a secretion system encoded by the genes trb and tra, both
can excise and form episomal plasmid-like circles, but only Trb-1 could be transmitted
to other L. pneumoniphila strains by conjugation (Glockner et al., 2008). Furthermore,
the congate integrases (Int-1 and Lpc1883) were found to be responsible for the exision
of Trb-1 and a separate secretion island ICE called LpcGI-2, respectivley (Lautner et al.,
2013). In this same study, the activity of Int-1 was found to regulated by several
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regualtory proteins (lvrRABC) also encoded on Trb-1 as well. Resistance to copper,
arsenic and cadmium were also shown to be acquired in plantae by uptake of ICEs and

plasmids by kiwi fruit pathogen Ps. syringae pv. actinidiae (Colombi et al., 2017).

With respect to entomopathogenic bacteria (the focus here), there have yet to date been
any reports of mobile PAIs/GIs or ICEs. Recently, the methicillin resistance island
McRIweep of Macrococcus caseolyticus was shown compatible for site-specific integration
in the genome of B. thuringiensis (Schwendener and Perreten, 2018). In this study, the
integrase, int, and the attachment site on a circular element were found to be sufficient
for integration at the rpsl gene, while two regulator genes intR and xis were also shown
to influence recombination (Schwendener and Perreten, 2018). The importance of
plasmids in the pathobiology and evolution of entomopathogenic bacteria has
previously been recognized for several species, including B. thuringiensis and S.
entomophila (Dodd et al., 2006; Gillis et al., 2018). It is now estimated that ICEs and
PAIs/GlIs are far more prevalent among bacterial genomes than plasmids and definetly
have an important role in key evolutionary processes, such as pathogen evolution and
antibiotic resistance, for example. So, while the importance of MGEs is reconginzed
primarily from genome-wide comparison studies, very limited emperical data exist

characterizing PAI/GI or ICE mobility mechanisms within entomopathogenic bacteria.

7.1.4 A mobile holin-endolysin secretion system/citrate fermentation genomic
island is present in the genome of Yersinia entomophaga MHg6

A ~17.5 Kb excision was observed in the transcriptome of the MH96 mutant
AcspA123/AHCUIvess  strain  (Chapter 6, section 6.3.1.4, Table 6.7). Since
AcspA123/AHCUIyess was also shown to have a very conspicuous non-secreting
phenotype (Chapter 5, section 5.3.1.1, Table 5.6), further work was undertaken to
determine whether this phenotype was attributed to the deletion of the cspA123 operon
or excision of the unstable island herein called holin-endolysin/citrate fermentation
unstable island (HCUIvess). Previous linkages between the PAlyess-encoded Yen-TC and
the holin-endolysin secretion system and have been identified and described in
previous chapters of this thesis, notably as they share a co-expression profile with an

exclusive group of secreted chitinolytic and carbohydrate-binding factors (Chapter 4,
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section 4.3.8, Table 4.13) and both islands also encode a pair of homologous putative
regulators, yen7 (focus of previous work reported in Chapter 5, section 5.3.2) and, a
PhoB-like regulator, respectively. Based on these, and additional work undertaken
concurrently with this project by Marion Schoof (Bio-Protection/AgResearch,
University of Lincoln) characterizing the role of the PhoB-like regulator and the holin-
endolysin system in the secretion of Yen-TC in MH96, the likelihood that the non-
secreting phenotype was linked to the excised region was considered very high.
Targeted bioinformatics of HCUIyess provided further insights into potential
mobilization mechanisms involving two integrases found encoded within the island,

that target DRSs associated with the flanking tRNA-Asn loci recombination.

Validation of the excision by targeted PCR and sequencing confirmed the
transcriptome data were correct and that an excision event had occurred in
AcspA123/AHCUIyess. Next, further experiments demonstrated that the excision event
could be easily repeated during targeted mutagenesis of the cspA123 operon and
during over-expression of yen7 within MH96 (wild-type). A AHCUIyess mutant was
generated allowing for further assessments by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) to clarify that the non-secreting phenotype was
attributed to the excised region confirming the role of the holin-endolysin system in
secretion of Yen-TC and other TC-associated factors. In addition to the non-secreting
phenotype, excision of HCUIyes was also found to result in smaller cell shape and non-
motility, eluding to the region having a more significant regulatory role governing

global secretion, Yen-TC production, cell shape and motility in MH96.

7.2 Summary methods

Standard molecular microbiology and DNA manipulations were carried out as
described in Chapter 3, sections 3.1 and 3.3, respectively. Reduced secretion at 25 °C
(Chapter 5, section 5.3.1.1, Figure 5.6) and reduced virulence against Galleria mellonella
by intrahemocoelic injection at 37 °C (Chapter 5, section 5.3.1.2, Figure 5.8) was
previously reported for the AcspA123 strain respectively; however subsequent in vivo

transcriptome data from this strain identified excision of an unstable region called
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HCUIyess (Chapter 6, section 6.3.1.4, Table 6.7) and as more accurate reflection of the
genetic status, this strain was subsequently renamed AcspA12/AHCU]Ivess. The excision
of HCUlvess in AcspA123/AHCUIvess was validated by PCR using primers targeting
regions internal or external to the HCUIyes (Table 7.1). Strains used in this study are

provided in Table 7.2.

Targeted mutagenesis by homologous recombination to replace the cspA123 operon
with a kanamycin cassette was repeated as previously described (Chapter 5, section
3.4) in order to test whether the excision of HCUIves was explicitly associated with this
specific deletion. Eight potential recombinants were screened using validation primers
(CSP_P1/KanR and KanF/CSP_P7) and HCUIyes excision primers (EXC_F/EXC_R)

(Table 7.1) and a single clean AcspA123 strain was validated by sequencing.

Table 7.1: Primers used to validate the incision/excision of HCUIyess in Yersinia
entomophaga MH96 and mutant strains.

Internal or
external to

HCUTIveg Primer name Sequence (5' — 3')

Internal MS24_F CTCCCCATCCTGTTCTTCAC
MS23_R CTACCCTTGGTTATTGTTTG

Internal MS42_F CCCTCCCCATCCTGTTCTTC
MS43_R AACTACTCCTCCTTAAAATTAG

External EXC_F GGTCGGCGTTGAGGGAG
EXC_R GCGGATAGCGACGCGAA
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Table 7.2: Yersinia entomophaga MH96 strains used to determine the phenotypic
attributes of HCUIvgoe.

Strain Description Reference
Yersinia entomophaga type strain isolated from (Hurst et al.,
MH96 diseased grass grub 2011b).

Deletion mutant derivative MH96 lacking cspA123
(tandem cold-shock proteins Al, A2 and A3;
PL78_18365, PL78_17450 and PL78_18370, including
AcspA123 intergenic regions); Kan® This study.

MHO96 with holin-endolysin/citrate fermentation
AHCUIyess unstable island (HCUIyes) excised at the tRNA-Asn. This study.
AcspA123 / Deletion mutant derivative MH96 lacking cspA123
AHCUTIyE9% (tandem cold-shock proteins Al, A2 and A3;
(previously PL78_18365, PL78_17450 and PL78_18370, including
designated intergenic regions) and with holin-endolysin unstable
AcspA123). island (HCU]Ivess) excised at the tRNA-Asn. Kan® This study.

Excision of HCUIvess in wild-type MH96 was facilitated by over-expression of yen7 (a
suspected activator of secretion) to select for a non-secreting phenotype as previous
experiments found that over-expression of yen7 at 25 °C had both negative effects on
growth and produced strong selection against the induction vector, pBAD-yen7, likely
due to excessive lysis from activation of the holin-endolysin secretion system (Chapter
5, section 5.3.3.3). Briefly, MH96 with pBAD-yen7 was grown in Luria Broth Base (LB
broth) (Invitrogen) with ampicillin 400 pg/ml for eight hours at 30 °C with 250 rpm
shaking, then diluted to 1 % in 50 ml media plus carbenicillin 400 pg/ml and grown for
two hours at 25 °C with 200 rpm. Expression of yen7 was induced by adding 0.002 %
arabinose and the cultures were grown another 15 hours. The culture was diluted in
phosphate buffer solution (PBS) (Sigma) and plated for single colonies on LB agar
Miller (LB agar) (Merck) supplemented with ampicillin 400 ug/ml to select for
maintenance of the expression plasmid (i.e., strains with HCUIvess excised would
altogether lack the holin-endolysin secretion system, alleviating the selective pressure
against pBAD-yen7 under inducing conditions). Six colonies were screened using PCR
with HCUIyes external primers, EXC_F and EXC_R (Table 7.1). An isolate testing
positive for the excision of HCUIvess was cured of pBAD-yen7 by streaking for isolation
on LB agar supplemented with 0.02 % arabinose (previous reports demonstrated that
even the empty pBAD vector is selected against under higher concentrations of

arabinose in MH96), grown for 24 h and transfer of single colonies onto a fresh LB plate
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and screened for sensitivity against ampicillin (i.e., loss of plasmid). A cured
AHCUIvess strain was validated by carrying out plasmid isolation on overnight culture
and then confirming absence of plasmids in the sample by visualization on 1 % agarose

gel electrophoresis.

Sequence alignments were carried out using ClustalW and visualized using Geneious
(v.R10). Translated nucleotide sequence from HCUIyess (CP010029.1) and a similar
suspected PAI from Y. ruckeri Big Creek 74 (CP011078.1) were compared using
tBLASTx (Camacho et al.,, 2009) with online BLAST+ (v.2.9.0) and visualized using
EasyFig (v.2.2.3) (Sullivan et al., 2011). Normalized log> counts-per-million (CPM) gene
expression values for int]l and int2 were determined from in vivo and in vitro RNA-seq

as previously described in (Chapter 4, section 4.3.6).

Further phenotypic investigations were undertaken on MH96, AcspA123, AHCU]Iyes%
and AcspA123/AHCUIyes. For visualization of protein extracts, wild-type and mutant
strains were grown in 3 ml liquid media for approximately hours with appropriate
antibiotics. Flasks containing 50 ml media were seeded with 1 % inoculum and grown
at either 25 or 37 °C with 200 rpm shaking overnight (~ 17 hours) with appropriate
antibiotic. In the morning, 1 ml culture were pelleted by centrifugation for 10 minutes
at 8,000 x g and the cell supernatant was filter sterilized (0. 22 um). Serial dilutions of
the overnight culture were made in PBS and colony forming units (CFUs) were
enumerated to confirm consistent cell density among the overnight cultures. SDS-
PAGE was performed as previously described in Chapter 3, section 3.5) according to
(Laemmli, 1970), using hand-cast 10 % tris-glycine under denaturing conditions, 200 V
for 50 min and stained with silver (Blum, H., Beier, H., Gross, 1987). A sample of each
strain was visualized by wet mount (1:2 dilution) under a Olympus BX50 light

microscope at 400x magnification to observe cell shape, relative size and motility.
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7.3  Results

7.3.1  Validation of HCUIyges mobile genetic island in AcspA123/AHCUIygg6

A excisable genomic region of 17.5 Kb, designated holin-endolysin/citrate fermentation
unstable island (HCUIves), was identified in the transcriptome of AcspA123/AHCUIyess
(Chapter 6, section 6.3.1.4, Table 6.7). A direct repeat sequences (DRSs) of 138 bp that
contain tRNA-Asn loci (PL78_17410 and PL78_17315) was found to flank HCUIves
(Figure 7.1). The 5" DRS is referred to as left attachment site (attL) and the 3" DRS is the
right attachment site (attR). Two integrase genes, intl (PL78_17412) and int2
(PL78_17414) are also found within HCUIyes and are likely important for mobilization
of the island and site-specific recombination at the DRS. The predicted proteins sizes
for Intl and Int2 are notably small, comprising 30 and 56 amino acid residues,
respectively. In addition to the integrase-associated mobilization module, HCUIves%
contains two other modules, a holin-endolysin secretion system/PhoB-like regulator
(PL78_17390 — PL78_17400/ PL78_17385) and citrate fermentation cluster, including
citC, citD, citE, citF, citX, citG (PL78_17375 — PL78_17345), a putative anion permease
(PL78_17375) and phosphopantetheinyl transferase (PPT) (PL78_17380).

Several putative regulators are found within the element, including a winged-helix-
turn-helix (WHTH) containing PhoB-like regulator (PL78_17385), that shares significant
sequence homology with yen7, which is encoded directly upstream of the Yen-TC
genes on PAlyess and are a major focus of this thesis. Specifically, it was demonstrated
in Chapter 5 (section 5.3.3.3), that over-expression of yen7 partially restores protein
secretion by MH96 at 37 °C (a temperature where MH96 does not normally secrete
Yen-TC and other TC-associated factors). The AraC-like regulator is also found within
the holin-endolysin secretion system module and was found to share the same co-
expression pattern with Yen-TC and all other TC-association factors based on RNA-seq

analysis (Chapter 4, section 4.3.8, Table 4.13)
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Figure 7.1: Genomic organization and GC content of HCUlIvess in Yersinia entomophaga
MHO96. Blue arrows represent ORFs encoding proteins thought to be non-regulatory,
while grey arrows represent known and putative regulatory proteins. Pink arrows
represent tRNA genes. Green markers represent primer binding locations used in this
study. Orange boxes represent direct repeat sequences (DRS), also known as left and
right attachment sites (i.e., attL and attR). PPT = phosphopantetheinyl transferase. The
GC content was calculated using a window size of 60 bp, the green and blue lines
represent AT- and GC-content, respectively.

The genome of MH96 contains one additional tRNA-Asn loci (PL78_17260), which is
located directly downstream from HCUIyes, flanking the fimbrial associated island
called FAlvess (Hurst et al., 2016). This usher/chaperone fimbrial cluster represents a
different putative adhesion and should not be confused with the usher/chaperone
fimbrial cluster (PL78_12480, PL78_12475, PL78_12470 and PL78_12465) identified in
the in vivo RNA-seq as a unique host-induced cluster (Chapter 4, section 4.3.7.2, Figure
4.15, supplemental Figure S10) and targeted for mutagenesis and phenotyping (section
5.3.1). The 138 bp sequence of the HCUIyes attL and attR were compared to the third
potential tRNA-Asn-containing DRS, which revealed the presence of several single-

nucleotide polymorphisms (SNPs) within the 5" and 3’ intergenic regions (Figure 7.2).
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attL/tRNA-Asn 1 ggatattatgcgcccegttcacacgaTTCCTCTGTAGTTCAGTCGGTAGAACGGCGGACT
attR/tRNA-Asn 2 cgctattattcgcccegttcacacgaTTCCTCTGTAGTTCAGTCGGTAGAACGGCGGACT
tRNA-Asn 3 cgctattattcgcctcgttcacacgaTTCCTCTGTAGTTCAGTCGGTAGAACGGCGGACT

attL/tRNA-Asn 1 GTTAATCCGTATGTCACTGGTTCGAGTCCAGTCAGAGGAGCCatattagagaagcccgat
attR/tRNA-Asn 2 GTTAATCCGTATGTCACTGGTTCGAGTCCAGTCAGAGGAGCCatattagagaagcccgat
tRNA-Asn 3 GTTAATCCGTATGTCACTGGTTCGAGTCCAGTCAGAGGAGCCatattaaagaagcctgat

attL/tRNA-Asn 1 taaggaaacttagtcgggttttttgctttt
attR/tRNA-Asn 2 taaggaaacttagtcgggttttttgcttat
tRNA-Asn 3 taaggaaacttagtcgggctttttgctatt

Figure 7.2: Nucleotide alignment of Yersinia entomophaga MH96 tRNA loci and flanking
regions, containing the HCUIvess direct repeat sequences (DRS). Uppercase nucleotides
= tRNA coding sequences and underlined nucleotides = DRS attL and attR. Bases
highlighted in red represent single nucleotide polymorphisms within intergenic
regions.

Excision of HCUIyes from the genome of AcspA123/AHCUIyess was validated by
targeted PCR, using HCUIves internal (MS24_F/MS23_R and MS42F/MS43_R) and
external (EXC_F/EXC_R) primers (Figure 7.3). Genomic DNA template generated from
AcspA123/AHCU]Ivess failed to amplify a product with HCUIves internal primers, but
did generate a 964 bp PCR product using external primers with one minute elongation,
proving excision of HCUIvess from the chromosome of this strain. The PCR product
generated from the external primers was sequenced, allowing for delineation of the

DRS/site of recombination (Figure 7.4).
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Template:

1. AcspAl23/AHUlyee 5. ACSpA123/AHUlyggs 9. AcspA123/AHUl g
2. AcspAl23/AHUlygg 6. ACSPAL123/AHUlyggs  10. AcspA123/AHUlyggq
3. MH96 7. MH96 11. MH96
4. - 8. - 12. -
\ J \ J
[ \ | : !
Primers:
MS24_F + MS23_R MS42_F + MS43_R EXC_F + EXC_R

Figure 7.3: Targeted PCR validation of excision of HCUlIves from Yersinia entomophaga
MHO96 AcspA123/AHCUIvess mutant strain using internal (MS24_F + MS23_R and
MS42_F + MS43_r) and external (EXC_F + EXC_R) primers. M = Marker; GeneRuler
1kb DNA ladder (Thermo Scientific).
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Figure 7.4: Alignment of quality trimmed DNA sequence electropherograms generated from HCUIyes external primers EXC_F and
EXC_R with AcspA123/AHCUIyes genomic template delineating the point of recombination. Blue arrows represent ORFs encoding
proteins thought to be non-regulatory, while grey arrows represent putative regulatory proteins. Pink arrows represent tRNA-Asn. Green
arrows represent primer binding locations. Orange boxes represent direct repeat sequences, and the orange arrows indicate the point of
excision.



Based on the sequencing results and identification of the DRS, the genomic
organization of AHCUIyes, including the single remaining attB site, was determined
(Figure 7.5A) and the extrachromosomal element that must have been excised from the

chromosome containing the single attP site was predicted (Figure 7.5B).

During repeated mutagenesis of the the cspA123 operon, in addition to several clean
AcspA123 deficient mutants, one out of eight potential recombinants that were checked
was found to carry an excision of HCUIvess; however, further validation determined
that this mutant was a product of single recombination (i.e., the suicide plasmid
integrated into the chromosome) and was not used further in this study. Also, a single
wild-type strain carrying an excision of HCUIyvess was identified from six islolates
following over-expression of yen7. Perhaps coincidental, but worth noting that in each
instance the strain carrying an excision was the first colony selected from the recovery

plates.

HCUlIvess was found to share 11 high scoring pairs and 73% coverage with the
translated nucleotide sequence from a suspected PAI identified from pathogenic
strains of Y. ruckeri that encodes citrate fermentation, hexose phosphate acquistion and
iron transport modules (Cascales et al., 2017) based on tBLASTx searches (E-value =
0.0) (Figure 7.6). Comparison of the two islands revealed significant areas of homology,
including the entire citrate fermentation cluster plus the first gene in the hexose-
phophate cluster (a regulatory factor) and the putative fbpC, a ferric transporter
adenosine tri-phosphate (ATP)-binding subunit. Also, both HCUIvess and the
citrate/hexose phosphate/iron island from pathogenic Y. ruckeri share the same
insertion site associated with tRNA-Asn loci; immediately 5 of the afttL site is a
putative regulator, dgsA followed by a tRNA-Ser and the attR site contains a tRNA-Asn
in both GIs. There are some differences between the two GlIs, such as the presence of a
second tRNA-Asn loci in the Y. ruckeri island that is not found in HCUIyes and the
presence of two putative integrases, an AraC-like and PhoB-like regulator and the
holin-endolysin secretion system within HCUIvess that are absent in the Y. ruckeri
island. Genes found within regions external to the islands at the atfR site were different

in MH96 and pathogenic Y. ruckeri strains which encode an usher/chaperone fimbriae
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and type 6 secretions system, respectively.

— 1 dgsA
tRNA-Ser- 4 EXC_A tRNA-Asn exc_H ‘
NarL/FixJ family
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response regulator citrate/malate \ /
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Figure 7.5: Genomic organization of HCUIyes after excision from genome of Yersinia
entomophaga MH96. A. Post-excision genomic organization of AcspA123/AHCU]Iyess
containing attB site. B. Theoretical HCUIyes extrachromosomal element containing attP
site. Blue arrows represent ORFs encoding proteins thought to be non-regulatory,
while grey arrows represent known and putative regulatory proteins. Pink arrows
represent tRNA genes. Green markers represent primer binding locations used in this
study. Orange boxes represent direct repeat sequences (DRS), also known as left and
right attachment sites (i.e., attB and attP). PPT = phosphopantetheinyl transferase.
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Y. entomophaga MH96 HCUI, s (CP010029.1 [3878037..3897109])

Y. ruckeri Big Creek 74 genomic island (CP011078.1 [859186..881650]), 5 Kbp . I1°°°’°

[l t(RNA-Ser | Regulatory [J] Holin-endolysin il Hexose-phosphate
B (RNA-Asn [l Integrase [ Citrate ferment. [l iron ABC transporter 0%

Figure 7.6: The mobile genetic island HCU]Ivess in Yersinia entomophaga MH96 shares 11
high scoring pairs and 73 % coverage with the translated nucleotide sequence from a
Gl identified in Y. ruckeri Big Creek 74. Grey lines indicate regions with 50 — 100 %
identity between GIs based on tBLASTx searches with bacterial genetic code
(translated nucleotide subjects using a translated nucleotide query, all three frames
translated for DNA strand).

Based on RNA-seq data, int1 was found be more highly expressed in vivo across the
three different cell densities tested (~ 107, 10® and 10° CFU/g or CFU/ml) (Figure 7.7A),
while int2 only had higher expression in vivo at the lowest cell density (Figure 7.8B).
Two putative non-coding RNA (ncRNA_128 and ncRNA_129) were also identified
from within the mobilization module of HCUIyrs and ncRNA_129 was found to be
more highly expressed in vivo compared to in vitro across all cell densities tested

(Figure 7.9).
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Figure 7.7: Normalized logz counts-per-million gene expression of HCUIyess-associated
integrases, intl and int2 in Yersinia entomophaga MH96, from in vivo and in vitro
treatments at 25 °C.RNA was collected from three different cell densities: early (~107),
middle (~10%) and late (~10°) CFU/g or CFU/ml. Median boxplots displayed, with upper
and lower hinges spanning the interquartile range (difference between the 25t to 75%
percentiles) and whiskers representing the maximum and minimum values within 1.5
times the interquartile range over the 75" or under the 25" percentile, respectively.
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Figure 7.8: Normalized logz counts-per-million gene expression of HCUIvess-associated
non-coding RNAs (ncRNA_128 and ncRNA_129) in Yersinia entomophaga MH96, from in
vivo and in vitro treatments at 25 °C.RNA was collected from three different cell
densities: early (~107), middle (~10%) and late (~10°) CFU/g or CFU/ml. Median boxplots
displayed, with upper and lower hinges spanning the interquartile range (difference
between the 25% to 75t percentiles) and whiskers representing the maximum and
minimum values within 1.5 times the interquartile range over the 75" or under the 25%

percentile, respectively.
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7.3.2 Non-secreting phenotype was attributed to excision of HCUIyggs, not
deletion of the cspAi23 operon.

Examination of secreted proteins produced by MH96, AcspA123, AHCUIyess and
AcspA123/AHCUIvess by SDS-PAGE determined that both strains lacking HCUIvess (i.e.,
AHCUIvess and AcspA123/AHCUIvess) did not secrete (Figure 7.9) or produce a wide
range of proteins including the Yen-TC components (Figure 7.10) at 25 °C. Since the
AcspA123 strain still secreted and produced Yen-TC in the same manner as wild-type,
the non-secreting phenotype was attributed to excision of HCUIvess. Visualization of
the cell supernatant produced by AcspA123 did reveal a large protein with molecular
weight much greater than 250 kDa (top band of marker) these bands were not
identified in the cell supernatant produced by any of the other strains. The largest gene
in the MH96 genome (PL78_16910) is predicted to produce an repeats-in-toxin (RTX)
autotransporter adhesin of an estimated 466.78 kDa in size and represents a potential

identity for the large molecular weight protein secreted by AcspA123.
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Figure 7.9: Silver-stained SDS-polyacrylamide gel of proteins secreted by Yersinia
entomophaga MH96, AHCUIyes, AcspA123/HCUIvess and AcspA123 at 25 or 37 °Cin LB
broth for 17 hours. MW = molecular weight over marker lane containing Bio-Rad
Precision Plus Protein unstained protein standard, with respective ladder sizes given.
Arrows correspond to filamentous hemagglutinin (FHA) (~175 kDa), Yen-TC
components: YenB (167 kDa), YenA2 (156 kDa), YenA1 (130 kDa), YenC1 (109 kDa),
YenC2 (107 kDa), Chi2 (70 kDa) and Chil (60 kDa), peptidase M66 (81 kDa),
hypothetical virulence factor (44 kDa) and chitinase (33 kDa). Cell density is reported
as CFU/ml as determined by enumeration plates.
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Figure 7.10: Silver-stained SDS-polyacrylamide gel of proteins from cell pellet of
Yersinia entomophaga MH96, AHCU]Ivess, AcspA123/HCUIyess and AcspA123 at 25 or 37 °C
in LB broth for 17 hours. MW = molecular weight over marker lane containing Bio-Rad
Precision Plus Protein unstained protein standard, with respective ladder sizes given.
Arrows correspond to filamentous hemagglutinin (FHA) (~175 kDa), Yen-TC
components: YenB (167 kDa), YenA2 (156 kDa), YenA1 (130 kDa), YenC1 (109 kDa),
YenC2 (107 kDa), Chi2 (70 kDa) and Chil (60 kDa), peptidase M66 (81 kDa),
hypothetical virulence factor (44 kDa) and chitinase (33 kDa). Cell density is reported
as CFU/ml as determined by enumeration plates.

Visualisation of live cells under phase-contrast microscopy identified that a
small/round cell shape is associated with the excision of HCUlIves because both
AHCUIyess and AcspA123/AHCUIyes strains produced cells with a much smaller and
rounder appearance compared to MH96 and AcspA123 that produced many more rod
shaped cells of variable lengths (Figure 7.11). Under wet-mount, cells produced by
both strains with HCUIvess excised appeared non-motile compared to MH96 and
AcspA123 strains as well. Based on these results the excision of HCUIyess could be
attributed to a very conspicuous phenotype characterized by small, round, non-motile,
non-secreting cells that do not produce as much Yen-TC and other TC-associated

factors at 25 °C, compared to wild-type.
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Figure 7.11: Phase-contrast microscopy of Yersinia entomophaga MH96, AHCUIvess,
AcspA123/AHCUIvess and AcspA123 strains grown in LB broth for 16 hours at 25 °C.

7.4  Discussion

7.4.1  HCUIyegs is an excisable island that inserts into direct repeat sequences
located at tRNA-Asn attachment sites

This chapter provides preliminary characterization of an  excisable
secretion/metabolism island in MH96, that when excised from the genome produces a
very distinctive phenotype, with altered cell-shape, motility, toxin production and
secretion. This is the first report of a holin-endolysin secretion system located on an
actively mobile island, which is likely a variant of a previously reported island
containing citrate fermentation, hexose phosphate uptake and iron transport modules,

found in the genomes of several Yersinia spp., including three virulent strains of Y.
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ruckeri reported by Cascales et al. (2017). HCUIyvess and the related citrate/hexose-
phosphate/iron islands are all inserted at the same location in the genomic backbone,
which is associated with a tRNA-Asn locus. GIs are commonly associated with tRNAs
as well as tmRNAS, and together these represent two of the more common targets for
site-specific recombination by integrases encoded by GlIs, bacteriophages and ICEs
(Boyd, 2012; Boyd et al., 2009; Busby et al., 2013a; Lewis and Hatfull, 2001; Panis et al.,
2012).

More specifically, tRNA-Asn attachment sites have previously been shown to be
important in Yersinia because the iron-acquisition island, HPAI, also targets tRNA-Asn
(Buchrieser et al., 1998; Hare et al., 1999). In Y. pseudotuberculosis, HPAI was shown to
be transmittable and could integrate into any of three tRNA-Asn sites in the genome
(Buchrieser et al., 1998) and more broadly among various Enterobacteriaceae (Bach et
al., 2000; Karch et al., 1999; Schubert et al., 1998). The attachment site identified for
HPAI was found to share sequence homology to the target sequence for a
bacteriophage P4 integrase that normally targets leuX locus in E. coli (Buchrieser et al.,
1998; Pierson III and Kahn, 1987). The 138 bp long DRS associated with excision of
HCUlIyess is quite different than the 17 bp long DRS associated with HPAI The tRNA-
Asn seems to be a common target among E. coli too because HPAI was shown to be
able to integrate in the tRNA-Asn of different strains of E. coli and tRNA-Asn is also a
target for a colibactin synthesis island called pks also found among E. coli (Nougayrede
et al., 2006). The observation that tRNA-Asn represents a common target for island-
related integrases found among Yersinia spp. and E. coli strains, can be further
supported by phylogenetic analysis of island-related integrases that showed that tRNA

preference type was somewhat taxa specific (Boyd et al., 2009).

7.4.2 PAls and GIs are associated with tRNA sites among other
entomopathogenic bacteria

Considering what is known from the genomes of entomopathogens, insertion of
GIs/PAls at tRNA loci has been described before. A tRNA-Asn fimbrial island, FAIyeos,
in MH96 (Hurst et al. 2016) is located directly adjacent to HCUIvess, but this island is

not known to be mobile, despite sharing a very similar attachment site with HCUIvese.
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Since FAIvess and HCUIyes share an attachment site, these islands would be an example
of tandem accretion, which has been known to be a driver of genome diversity in
bacteria, such as Streptococcus (Sc.) thermophilus and Sc. agalactiae (Bellanger et al., 2011;
Pavlovic et al., 2004; Puymege et al., 2013). In Y. ruckeri, at totally different island with a
type VI secretion system (T6SS) occupies the flanking tRNA-Asn insertion site next to
the citrate/hexose phosphate/iron island, which really demonstrates how tandem

accretion can result in genome diversity among closely related pathogenic bacteria.

More generally, tRNA loci are also known to be important attachment sites for
insecticidal TC encoding PAls. The Yen-TC containing PAlvess of MH96 is inserted into
tRNA-Gly locus and in P. luminescens W14 the tcd containing PAI I is inserted at a
tRNA-Asp locus. In contrast, another TC island, tc-PAI¥¢, found among various strains
of Yersinia spp. (i.e., Y. enterocolitica, Y. pseudotuberculosis, Y. pestis and Y. mollaretii) is
located in a consistent location within the genomic backbone (Bresolin et al., 2006;
Fuchs et al., 2008; Tennant et al., 2005), but there was no evidence of tRNAs, integrases
or IS elements associated with these islands (Bresolin et al., 2006), with the exception of
a single transposon-related sequence within tc-PAIY¢ only in the genome of Y. pestis
Angola (Fuchs et al., 2008). Among the tc-PAI** encoding Yersinia strains, several
additional tccC duplications were identified externally from the primary TC island;
however, protein sequence alignments of island- and non-island encoded TccCs
formed separate clusters based on phylogenetic analysis (Fuchs et al., 2008). Since the
tc-PAIYe lacks a mobilization module or attachment sites, and frameshift mutations
have arisen within the genes for TC components in some strains (Fuchs et al., 2008), the
island represents a relatively older acquisition since it has lost the ability to mobilize
and is in the process of inactivated gene decay in some lineages (Kaper and Hacker,
2000). Like tc-PAI*e, PAlvess has most likely lost its mobilization module too, but still
maintains tRNA-Gly attachment sites suggesting PAlvess was a more recent acquisition
among a non-tc-PAI'-encoding ancestral Yersinia lineage that would eventually give

rise to MH96.
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7.4.3 Comparison of HCUIyges and other mobile islands described among
pathogenic Yersinia

HCUIyess is like HPAI in that both islands carry integrase genes, are inserted at tRNA-
Asn and maintain the ability to excise from the genome. Mobilization of HPAI was
shown to require P4-like tyrosine integrase, int, that targets a 17 bp-long DRS present
at each end of the island for excision/incision (Buchrieser et al., 1998; Lesic et al., 2004;
Schubert et al.,, 1999). Within the Enterobacteriaceae, the mobilization module,
including int and the tRNA-Asn loci, of HPAI were found to be quite conserved among
various strains of E. coli, Citrobacter diversus and Klebsiella spp., except for K. oxytoca and
one strain of E. coli (4-85), which had an entire truncation of the int/tRNA-Asn region
and a 300 bp deletion within the tRNA-Asn region, respectively (Bach et al., 2000). The
mobilization module of HCUIvess is maintained and (at least) transcriptionally active
(i.e., intl and int2), while in contrast the Y. ruckeri citrate/hexose-phosphate/iron island
is altogether missing any type of recognizable mobilization module, as well as the
holin-endolysin module (including AraC- and PhoB-like regulators), but still maintains
matching recombination sites attL and attR. Much of the 5 end of HCUlvess has
decayed compared to the island in Y. ruckeri, lacking almost all of the original hexose
phosphate uptake and iron transporter related genes, leaving only the original citrate

fermentation cluster intact.

Based on this analysis the Y. ruckeri citrate/hexose phosphate/iron island may represent
the ancestral version of HCUIyes%, which has undergone subsequent modifications since
becoming acquired into the genome of ancestral MH96. It is tempting to speculate that
the holin-endolysin secretion system and associated PhoB-like regulator were acquired
from PAlyvess during a subsequent recombination or genome rearrangement event
during the evolutionary history of MH96, especially since insecticidal TC genes and
holin-endolysin secretion system are co-located on tc-PAIY¢ found among different

species of Yersinia (Fuchs et al., 2008).
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7.4.4 Mobilization module of HCUIyggs consists of phage-related integrase
genes, int1 and int2

Since HCUIvess was found to excise in MH96, intl and int2 are considered to be the
mobilization module for the island. Further classification of int1 and int2 into a specific
integrase family is hindered by their small sequences, so small that these genes are
currently considered pseudogenized in the current GenBank reference genome.
Despite this, transcriptional signal was clearly identified from int1 and int2 from RNA-
seq analysis, suggesting the genes are transcriptionally active (especially in vivo), and
likely contribute to excision of the island. Presently, it is unclear whether int1 and int2
belong to any of the most widely recognized PAI/Gl-associated recombinases (i.e.,
tyrosine integrases, serine integrases or DDE transposases) or perhaps represent novel
types of integrases. Thus, further classification of these very small, mobile island-
encoded integrases and characterization of their role in HCUIyess excision represent a
priority for future research in MH96. Also, two non-coding RNA were found to be
transcribed from the mobilization module and at least one showed increased
expression in vivo, which suggests a potential role for ncRNAs in virulence and/or

mobilization as well.

While int1 and int2 likely represent the mobilization module of HCUvess, there may be
other trans factors involved in excision process. For example, PAls encoding tyrosine
integrases have been shown to require additional (often island-encoded) RDFs, which
is the case for HPI, which requires hef (Lesic et al.,, 2004). Like island-encoded
integrases, RDFs are also considered to originate from integrated prophages (Panis et
al., 2012). Unlike, HPAI, HCUIyes does not encoded any known RDFs; however, lack of
an island-associated RDF does not necessarily rule out the possibility that int1 and int2
can excise the island independently. In Clostridium difficile for example, a transposon-
encoded serine integrase was shown to effectively integrate and excise the island
without the involvement of any helper RDFs (Lyras et al., 2004). Another possibility is
that int1 and int2 may be assisted by the putative phage transcriptional regulator AlpA
in trans (PL78_16240), which is a similar scenario shown found for PAIs found in both

St. aureus (Lindsay et al., 1998; Ruzin et al., 2001) and V. cholerae (O’Shea and Boyd,
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2002). As a next step, targeted deletion of int1/int2 and alpA in MH96 would allow

further characterization of the role these genes play in excision of HCUIves.

In Y. pseudotuberculosis, the excision rates of HPAI varied with strain but a circular
episomal form could be detected using PCR with primers targeting the attP site of the
circular form (Lesic et al., 2004). The episomal element was found to be highly transient
and rare, with less than one copy per cell, requiring two rounds of nested PCR to
achieve a detectable PCR produce (Lesic et al., 2004). An important next step in
characterizing the mobility of HCUIvess in MH96 is to determine the natural rate of
excision, and whether HCUIyess can form a circular episomal form when excised using
a similar targeted PCR approach as described in Lesic et al. (2004). Based on the
phenotype conveyed by the island, it would not be unexpected to find excision of the
island is highly regulated in MH96, especially when it was shown that excision
occurred during targeted mutagenesis of cspA123 or upon induction of yen7 from the

pBAD arabinose induction vector.

7.4.5 HCUIyEgs is a secretion/metabolism island with mobile properties

Type 3, 4 and 6 secretion systems (T3SS, T4SS and T6SS) are widely known to be
associated with MGEs, including PAIs/Gls among diverse bacteria. While not the focus
here, the presence of a T3SS carried on the pYV plasmid (i.e., Yop virulon) is the
hallmark of human-pathogenic Yersinia spp. and has been very widely studied
(Cornelis, 2002; Rohde et al., 1999), but other T3SS are known from PAIs within the
genomes of other significant human pathogens including, diarrheagenic E. coli,
Salmonella spp., Yersinia spp., Shigella spp., and Listeria spp. as well as the plant
pathogens Ps. syringae and Erwinia spp. (Kaper and Hacker, 2000). Furthermore, some
T4SS found on Gls are known to delivery DNA and effectors into host cells among a
variety of pathogenic and symbiotic bacteria, including Agrobacterium tumefaciens,
Sinorhizobium meliloti, Bradyrhizobium japonicum, Mesorhizobium loti, Photorhabdus spp.
and Wolinella succinogenes (Dobrindt et al., 2004). T6SS are also known to be associated
with PAIs, for example Photorhabdus spp. has four predicted T6SS clusters, which are
thought be located on pathogenicity islands (Rodou et al., 2010). Many T6SS-encoding

island are known to contain highly repetitive elements as well, which frequently
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consist of multiple orphan/toxin pairs arising from frequent recombination events

(Alcoforado Diniz and Coulthurst, 2015; Jackson et al., 2009).

Holin-endolysin secretion systems are phage-derived lysis cassettes that have recently
been recognized as essential for the secretion of insecticidal TC and chitinolytic
machinery in Y. enterocolitica W22703 (Springer et al., 2018a) and S. marcescens
(Hamilton et al., 2014; Owen et al,, 2018), respectively. Here, it was shown that the
AHCUlIyes mutant does not secrete at all, which directly implicates the holin-endolysin
secretion system in the secretion of Yen-TC and possibly other chitinolytic and
carbohydrate binding factors known to be co-secreted with Yen-TC. In light of these
findings, HCUIyes possibly represents a new type of excisable secretion island, one
that carries a holin-endolysin secretion system that is associated with insecticidal TC
secretion by MH96. Given that many GIs are thought to have arisen from phage origin,
perhaps holin-endolysin secretion systems represent a very accessible module for
incorporation into GIs due to the high likelihood of pre-existing phage-born regulators
or elements that may be able to interact with the lysis cassette in an advantageous

manner once acquired within an island.

7.4.6 A case for holin-endolysin secretion system acquisition from PAlygys by
HCUIygge resulting in duplication of yeny and PhoB-like regulator

Direct linkages between the endolysin-holin secretion system and Yen-TC have been
highlighted from transcriptome results reported in this thesis identifying co-regulation
of Yen-TC and TC-associated factors (Chapter 4, section 4.3.8, Table 4.13). On a genetic
level, both PAlvess and HCUIvess share paralogous putative regulators, containing
wHTH DNA-binding motifs, yen7 and PhoB-like, respectively. Evidence that yen7 is an
activator of downstream chil (first gene in Yen-TC operon) was previously shown
(Chapter 5, section 5.3.3.3, Figure 5.21 and section 5.3.3.6.5, Figure 5.30); however, a
Ayen7 mutant still produced and secreted as much Yen-TC as wild-type when cultured
at 25 °C (Chapter 5, 5.3.1.1, Figure 5.5) indicating, that like yen7, PhoB-like regulator
may play a functionally redundant role as activator of Yen-TC transcription and
secretion. The finding that AHCUIves does not produce nor secrete Yen-TC at 25 °C

(even with an intact yen7 gene) supports a slightly different hypothesis, where PhoB-

321



like and/or additional HCUIyes-encoded factors are the master transcriptional activator
for both Yen-TC transcription and the holin-endolysin secretion system. In order to
definitively show if PhoB-like regulator is the master activator of Yen-TC/secretion a
PhoB-like regulator deficient mutant could be assessed for toxin production and

secretion by SDS-PAGE.

Additional linkages between HCUIvess and PAlvess were identified from the expression
profiles of the HCUIyes-associated holin-endolysin secretion system and PhoB- and
AraC-like regulators, PAlvess-associated Yen-TC components and yen7 and several
other co-secreted chitinolytic and carbohydrate binding factors (Chapter 4, section
43.8, Table 4.13). One of the key findings of this transcriptome study was the
consistent expression profiles of these so-called ‘TC-associated” genes, which formed
an explicit group of known and putative VFs all having significant down-regulation
occurring at 37 °C under in vivo growth conditions. Clearly the many linkages between
the two islands in MH96, including transcriptomic and phenotypic evidence, supports
a recent acquisition of the holin-endolysin and important associated regulators by
HCUlIvess from PAlvess during a recombination event, also resulting in duplicated
wHTH regulatory genes become split on either island. With the currently available
information it is not possible to identify the source of the HCUIyess mobilization
module or whether the wHTH regulator gene duplication was a result of the
recombination event. Regardless, genomic evidence strongly suggests the current
placement of the holin-endolysin secretion system on HCUIvess arose from an
interaction between an insecticidal TC bearing PAI and a citrate fermentation GI

during the evolutionary history of MH96.

7.4.7 Similar citrate fermentation clusters are associated with other genomic
islands present in Yersinia and Vibrio species

In addition to the holin-endolysin secretion system, the other functional module found
on HCUIyess encodes a citrate fermentation cluster, which was also found to share high
conservation with a putative GI found among Y. ruckeri, but a similar GI was identified
as absent from avirulent strain ATCC29473, but present in three other virulent strains

(150, Big Creek 74, CSF007-82 and SC09) (Cascales et al., 2017). This region contains the
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entire citrate fermentation cluster and shares a few other homologous regions with
HCUlyvess providing evidence of lateral acquisition of a closely related island in Y.
ruckeri and MH96, and that the citrate fermentation genes may play a key role in
pathogenicity in both a fish and insect pathogen. It is interesting that the Y. ruckeri
island is lacking a mobilization module, indicating a more permanent integration of
this ancestral variant into the chromosome of Y. ruckeri compared to MH96. Since the
hexose phosphate acquisition and iron transport clusters remain intact, these modules
must be important to the survival of Y. ruckeri compared to MH96, which has since lost

these modules.

A citrate acquisition cluster has also been documented among variable metabolic
islands identified from a genome-wide analysis of V. parahaemolyticus strains (Regmi
and Boyd, 2019). The distribution of this metabolic island, was found to be limited to
39 different strains of V. parahaemolyticus (> 5 %), but a high proportion of isolates with
the metabolic island (~ 87 %) were pathogenic and encoded a T3SS (Regmi and Boyd,
2019). Since this island was found among all 20 isolates from a 2009 outbreak in Peru
(Gonzalez-Escalona et al., 2016), a causal linkage between citrate fermentation and
emergence of the epidemic strain of the ST 120 clonal group was proposed (Regmi and
Boyd, 2019). Other variants of this island were identified, including one associated
with a CRISPR-Cas system in strain CDC_K563 and strain 3259 contained an even
more expanded version also carrying genes for L-rhamnose and oligogalacturonide

metabolism (Regmi and Boyd, 2019).

The variable citrate fermentation cluster found in V. parahaemolyticus includes more
genes than the fermentation cluster found in MH96 on HCUIyes% and the related island
found in Y. ruckeri virulent strains; The citrate fermentation module on HCUIyeos
contains a single cit operon that encodes gene for the citrate lyase complex (CitD, CitE
and CitF) and auxiliary proteins CitG, CitC and CitX. The V. parahaemolyticus island
contains two diverging cit operons; one is like the citrate cluster on HCUIyes, encoding
the same citrate lyase complex and auxiliary proteins, while the diverging operon
encodes an extracellular citrate-sensing two-component regulatory system (TCRS)
CitA/CitB, the oxaloacetate decarboxylase OadA/OadB/OadC and the citrate carrier
CitS (Regmi and Boyd, 2019). The citrate cluster on HCUIvess encodes a different
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putative TCRS as well, consisting of a response regulator of citrate/malate metabolism
and a histidine kinase that may be important in citrate sensing. With respect to
transportation of citrate into the cell, the HCUIvess lacks a CitS homolog, but does
encode a putative anion permease and phosphopantetheinyl transferase (PPT) that
may be involved in citrate acquisition. Previously, MH96 was shown to be able to
utilize citric acid as a carbon source (Hurst et al., 2011b). Additional work investigating
temperature-dependent effects on MH96 sole-carbon source utilization at 25 and 37 °C
confirmed MH96 can grow on citrate at both temperatures (Chapter 4, section 4.3.9,

data not shown).

7.4.8 Involvement of citrate uptake systems in virulence

Although, citrate uptake systems have been shown to contribute to virulence in plant
pathogens, Pectobacterium atrosepticum (Urbany and Neuhaus, 2008) and Xanthomonas
campestris (Tamir-Ariel et al., 2007, 2011) it is not exactly clear why acquisition of citrate
and/or citrate metabolism may be important in pathogenesis. One suggestion is that
citrate plays an important role in citrate-dependent iron acquisition, for example the
plant pathogen Erwinia chrysanthemi produces a citrate-dependent siderophore called
achromobactin (Miinzinger et al., 2000) and the synthesis of achromobactin by closely

related Dickeya dadantii was shown to be critical for plant infection (Franza et al., 2005).

Recently, intermediates of the tricarboxylic acid (TCA) cycle, including itaconate,
succinate and acetyl-CoA have been implicated in macrophage signal transduction
related to inflammatory responses (Infantino et al., 2014; Noe and Mitchell, 2019;
Tannahill et al., 2013; Williams and O’Neill, 2018). Therefore citrate metabolism has
been suggested as a pathogenic strategy for intracellular bacterial pathogen survival,
for example, an itaconate degradation gene cluster found on HPAI, called ripA, in Y.
pestis was shown to be essential for survival in macrophages (Pujol et al.,, 2005;
Sasikaran et al., 2014). Similarly, a different itaconate degradation gene cluster was also
found to be crucial for the survival of Ps. aeruginosa (Sasikaran et al., 2014). While
Cascales et al. (2017) identified a citrate fermentation cluster on GI associated with
virulent strains of Y. ruckeri, an actual pathogenic or metabolic function for this cluster

has yet to be defined and remains a critical area for future research into the role of the
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same cluster in entomopathogenic MH96. An unrelated citrate uptake operon, yctCBA
in Y. ruckeri was found to be induced in vivo by Ferndndez et al. (2004) but was later
found to be involved in citrate metabolism but not to be critical for virulence in the

rainbow trout model (Navais et al., 2011).

In order to determine if the citrate fermentation cluster encoded on HCUIyes in MH96
contributes to pathogenesis targeted deletion of the cluster would be required,
followed by phenotyping by bioassay. Previous bioassay of the AcspA123/AHCUIyes%
mutant by intrahemocoelic injection of Galleria mellonella found a 3-fold reduction of
virulence in the mutant compared to wild-type MH96 at 37 °C, but not 25 °C, based on
the estimated 5-day median lethal dose (Chapter 5, section 5.3.1.2, Table 5.2); however,
the reduced virulence may also be attributed to the cspA123 deletion and/or the
excision of the entire HCUIyes in this strain. Another important next step in defining
the role of the citrate fermentation cluster in MH96 biology is to determine if the cluster
contributes to MH96 ability to grow on citrate as a sole carbon source. Simmons citrate
agar could be used to assess whether MH96 can grow aerobically (or possibly under
microaerobic conditions) on citrate as a sole carbon source and whether the AHCUIvess
mutant suffers growth defects due to the loss of the citrate fermentation cluster when
grown on the same media. Previous assessment of temperature effects on sole carbon
source utilization found that MH96 can grow on citric acid at both 25 and 37 °C
(Chapter 4, section 4.3.9, Table 4.14). Over the evolutionary history of HCUIyess, the
mobilization, holin-endolysin secretion system and citrate fermentation modules have
remained intact, but the hexose-phosphate acquisition and iron transport modules
have been essentially lost. This pattern suggests that the citrate fermentation module is
important in the biology of MH96, but whether it plays a direct role in virulence

remains to be shown.

7.5 Summary

By investigating the transcriptome of mutant deficient for three tandem cold-shock
proteins, excision of a holin-endolysin secretion system/citrate fermentation island was

uncovered. When the island is excised, MH96 is no longer able to produce or secrete
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Yen-TC, appears to have reduced motility, and the cells change from rods of variable
length to small round cells. The lack of toxin secretion is attributed to the holin-
endolysin secretion system, which has been identified as the secretion system for
insecticidal toxin and chitinolytic machinery secretion in other pathogenic bacteria. The
excisable region also shares a citrate fermentation cluster with pathogenic strains of the
causative agent of red mouth disease in fish, Y. ruckeri, but whether the citrate cluster
contributes to in-host metabolic adaptation or functions more directly in pathogenesis

remains to be elucidated.

Based on the similarities and differences among modules on HCUIvess and the
suspected PAI found among pathogenic Y. ruckeri, it is thought that HCUIvess acquired
the holin-endolysin secretion system from PAlvess and the demonstrated mobility of
HCUlyess from the genome is evidence of recent horizontal transfer of the unstable
island to the MH96 genome. Further work is required to characterize the motility of
HCUlves, especially whether it is transmittable and to determine if a coordinated
excision processes has evolved that may support the complex and highly-regulated

process of toxin secretion by holin-endolysin secretion system in MH96.
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Chapter 8. Final discussion

8.1 Key findings

8.1.1  MHog6 secretes a highly effective insecticidal machinery that is co-
regulated in a temperature- and host-dependent manner

The highly virulent nature of MH96 against a broad range of insect hosts has been
attributed to effective midgut dissociation during per os challenge by Yen-TC (Hurst et
al., 2011a; Marshall et al., 2012), an insecticidal toxin complex (TC) that is secreted by
MHO96 at temperatures of 25 °C or lower along with four other exoenzymes, two
chitinolytic factors — a chitinase and a lytic chitin monooxygenase/chitin binding
protein (LCMO/CBP) as well as mucinase-like M66 peptidase and putative intimin-
domain containing protein. In this research, it was shown that these co-secreted toxins
and exoenzymes are also co-regulated at the transcriptional level in response to host-
dependent signals and thermally regulated at the post-transcriptional level. Along with
Yen-TC and co-secreted exoenzymes, in vivo transcriptome also implicated several
other putative virulence factors (VFs) as consortium of co-regulated insecticidal
machinery, including holin-endolysin secretion system, type 2 secretion system (T2SS),
a novel hydrolase/lyase cluster, a gene for heat shock protein, IbpA, and a number of

putative transcriptional regulators (Chapter 4, section 4.3.8, Table 4.13).

8.1.2 Extreme pathogenicity of MHg6 is due to a multifaceted secrete and
destroy mode deployed during intrahemocoelic infection of G. mellonella
at 25 °C.

In addition to the core repertoire co-regulated insecticidal machinery, in wvivo
transcriptomics also provided an unbiased view of the pathobiology of MH96 during
intrahemocoelic infection of G. mellonella. These results found that MH96 deploys a
multifaceted attack against the host during intrahemocoelic infection, which involves
secretion of Yen-TC and co-secreted exoenzymes plus numerous accessory toxins. In
addition, in vivo transcriptome combined with function virulence enrichment identified
VFs that responded to the host environment, suggested MH96 virulence against insects

also involves translocation of effectors by type 6 secretion system (T6SS) and type 3
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secretion system(T3SS), T3SSYE2 directly into host cells, with concurrent expression of
adhesion by usher chaperone fimbriae plus other host-induced transcriptional
adaptations involving metabolism, motility, outer membrane, stress response, iron

acquisition and horizontal gene transfer (HGT).

8.1.3 Transcriptional responses to in vivo conditions by MHg6 at 37 °C provided
insights pathogenic response to oxidative stress

MH96 was found to respond to in vivo conditions at 37 °C by upregulating multiple
sulfur uptake gene clusters, cold-shock proteins, non-ribosomal protein synthetase
(NRPS), genes for an YhlA-like filamentous hemagglutinin N-terminal containing
protein and YhlIB-like two-partner secretion (TPS) system as well as iron and nickel
uptake genes. The secretion of the YhlA-like protein visualized by sodium dodecyl
sulfate polyacrylamide electrophoresis (SDS-PAGE) of a large ~175 kDa secreted
protein, one of the few proteins secreted by MH96 during in vitro conditions at 37 °C

and validated by liquid chromatography-mass spectrometry.

8.1.4 Yenb6 is a virulence regulator that can activate ribose uptake/utilization
genes and repress genes for fructose uptake/utilization and an RNA-
binding protein, YhbY

Using transcriptomics and electrophoretic mobility shift assays (EMSA), the PAlvese-
encoded yen6 was shown to produce a small DNA-binding transcriptional regulator
that is involved in virulence of MH96 during intrahemocoelic infection of G. mellonella
at 37 °C. The findings of this work identify yen6 as playing an important role in
response to oxidative stress by regulating carbon fluctuations that drive nicotinamide
dinucleotide phosphate oxidase (NADPH) production by the pentose phosphate

pathway (PPP) through a process known as reserve carbon flux.

This work also provided evidence that Yen6 does not seem to directly interact with
yen7 or have significant influence on Yen-TC component genes because these genes did
not have significant DE in the Ayen6 in vivo transcriptome at 37 °C compared to wild-
type and recombinant Yen6 protein did not show specific binding activities against the

promoter region of yen7 during in vitro binding assays. Furthermore, limited evidence
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to support transcriptional interaction between Yen6 and yen7 or Yen-TC component
genes was provided from phenotypic assessment of Ayen6, which secreted the same
amount of protein as wild-type. The deletion of Ayen6 was shown to have an effect of
increasing 3-gal production by the chil::lacZ reporter strain compared to wild-type but
this phenotype was not easily complemented, and the positive effect on cell growth
and plasmid stability by over-expression of yen6 from the pBAD arabinose induction
vector also suggest Yen6 plays a different role than regulating yen7 and/or Yen-TC

component expression in MH96.

8.1.5 An unstable region of the genome was identified in MHg6 and excision
was found to result in conspicuous phenotypic effects on secretion, Yen-
TC production, motility and cell shape.

An unexpected, albeit important outcome of this work was the identification of a 17.5
kb unstable region, HCUIvess that was found to actively excise from the genome at the
tRNA-Asn site. Preliminary findings show that the region is easily mobilized through
targeted mutagenesis of cspA123 or induction of yen7 from arabinose induction vector
pBAD (Chapter 7, section 7.3.2). Previous in vivo transcriptomics work implicated
many genes located on HCUlvess as part of the Yen-TC/TC-associated factors co-
regulated insecticidal machinery (Chapter 4, section 4.3.8, Table 4.13). Additional
exploration of HCUIvess and a similar pathogenicity island identified in Y. ruckeri
informed a potential evolutionary history of HCUIvess by acquisition of holin-endolysin

cassette from PAlyess during the genomic evolution of MH96.

8.2 Updated model of intrahemocoelic infection of G. mellonella by MHg6 at 25

and 37 °C

In light of new evidence presented in this thesis, considering both in vivo transcriptome
of MH96 and Ayen6 and presence of secreted proteins in cell supernatant at 25 and 37
°C under in vitro conditions, updated virulence models for MH96 during infection at 25
and 37 °C were conceptualized These models represent the most current working
model of MH96 pathogenesis but some aspects remain speculative and further

molecular investigations are required to validate the models.
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8.2.1 Insect infection model at 25 °C - secrete and destroy

The findings presented in this thesis support MH96 as one of the most
entomopathogenic bacteria known to humanity. The minimum lethal dose of MH96
during intrahemocoelic infection of G. mellonella were shown to be ~ 1 cell at both 25
and 37 °C and in vivo transcriptomics revealed a plethora of diverse VFs are deployed
by MH96 throughout infection. Both findings corroborate observations of extreme
pathogenic capabilities of MH96 against insects. The in vivo transcriptome supports
Yen-TC holotoxin, chitinolytic exoenzymes — ChiA and CbpA and auxiliary
exoenzymes — a mucinase-like M66 peptidase and hypothetical VF containing intimin
and carbohydrate-binding domains, as the co-secreted insecticidal machinery, ensuring
MH9%6 is well-equipped to breach mid-gut epithelia during per os challenge. These co-
secreted VFs (including Yen-TC components) are easily visualized by SDS-PAGE as
dominant protein bands from cell supernatant of MH96 grown under in vitro
conditions at 25 °C (Hurst et al., 2011a) (Chapter 5, section 5.3.1.1 Figure 5.5 and Figure
5.6) and filter-sterilized culture supernatant was also previously shown to have
cytotoxic effects against diamond back moth Plutella xylostella and New Zealand grass
grub Costelytra giveni (Hurst et al., 2011a). Further development of this secreted
insecticidal machinery, including Yen-TC and co-secreted exoenzymes, represents a

promising area for biopesticide development.

In addition to the co-secreted insecticidal machinery, MH96 was found to encode a
number of other genes for putative toxins and effectors that showed significant
response during infection of G. mellonella at 25 °C compared to in vitro conditions
(Chapter 4, section 4.3.7.3, Figure 4.17). These findings support a more detailed view of
MH96 offensive ‘secrete and destroy’ mode, which involves coordinated multifaceted
attack using secretion of core insecticidal machinery plus other hemocoelically active
toxins (i.e., CdtAB, VIP2, YenT, YenU and AidA) as well as other insecticidal secreted
VEFs (i.e., CbpB and YhIA-like) and translocation of numerous T3SS and T6SS effectors
(Figure 8.1). In this model the co-secreted insecticidal machinery works synergistically
to degrade the chitin-rich peritrophic membrane and mucin layer, enhancing
intoxication efficiencies of Yen-TC holotoxin against the columnar cells of the mid-gut

epithelia. The outcome of this concerted effort is degradation of the insect midgut,

330



providing access to the main body cavity of the insect host, which represents the

primary focus of in vivo transcriptome investigations reported in this thesis.
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Figure 8.1: Conceptual model of Yersinia entomophaga MH96 secrete and destroy mode
within insect host.Bacterial cells are blue rods. L = lumen, PM = peritrophic membrane,
MYV = microvilli, CC = columnar cells, BM = basement membrane. Fibrils associated PM
are represented as black barbed-wire, chitin is represented as grey hexagons and mid-
gut cell surface mucins are represented as yellow circles. Yen-TC/Co-secreted factors
are secreted by MH96 and co-regulated by shared host-dependent and
thermoregulatory mechanisms. Genes for toxins were found to have significantly
higher expression during intrahemocoelic infection compared to in vitro conditions.
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Once inside the hemocoel of the insect host, the expression of numerous genes for
toxins and secreted effectors, as well as genes for the T3SSYE2 and T6SS are
upregulated in MH96 and therefore considered hemocoelically-active. Within the
hemocoel, the secrete and destroy mode involves coordinated activities of multiple
toxins and effectors in order to effectively neutralize the host immune system allowing
for growth, dissemination of bacterial cells throughout the body of the host and
bioconversion of insect host tissues by MH9. Numerous other genes encoded by
MH96 were shown to significantly respond to in vivo conditions and also shared
sequence similarity to known VFs from other pathogens. These findings support
pathogenesis of MH96 against insect hosts as a coordinated attack, not only involving
toxins and translocated effectors, but also motility, host-cell attachment, metabolic

adaptation, detoxification against host defense and outer membrane modifications.

Despite these findings, the T6SS, usher chaperone fimbriae and CbpA were not found
to have major contributions to MH96 virulence against G. mellonella during
intrahemocoelic infection as deficient mutants did not have attenuated virulence
compared to wild-type; however, the ability to detect phenotypic differences using this
approach is severely limited due to the extremely low LDso of MH96 in this model
combined with the prevalence of numerous toxins and effectors that likely share (at

least) some degree of functionally redundancy.

8.2.2 Infection at 37 °C - redox and kill

While temperature is known to be a major regulatory cue for pathogenic bacteria, and
much work has described thermoregulation of various VFs produced by pathogenic
Yersinia spp., in vivo transcriptome of MH96 found that the interaction between
temperature and host-dependent environmental conditions was critical for MH96 to
undergo major transcriptional shifts. During intrahemocoelic infection at 37 °C, genes
involved in production and secretion of the Yen-TC and TC-associated factors,
including co-secreted insecticidal machinery became strongly repressed (Chapter 4,
section 4.3.8, Table 4.13); however a totally different group of genes related to iron,
nickel and sulfur acquisition, NRPS, YenV and filamentous hemagglutinin N-terminal

containing hemolysin (YhlA-like) were found to respond to in vivo conditions at 37 °C,
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and represent putative VFs involved in a different virulence strategy used by MH96 to

survive within mammalian hosts (Chapter 4, section 4.3.8, Figure 4.20).

In vivo transcriptomics also identified yen6 as the most differentially expressed gene in
the MH96 genome at 37 compared to 25 °C and based on the proximity of yen6 to the
Yen-TC component genes within the pathogenicity island PAlves, further
characterization of yen6 became a major focus of this thesis. Using a strain containing
lacZ translational reporter fusion to the promoter region of yen6, significantly greater 3-
galactosidase ((3-gal) production was determined at 37 °C in vivo compared to 25 °C,
indicating host-dependent regulation of yen6 translation have evolved in MH96
(Chapter 5, section 5.3.3.6.7, Figure 5.31). The opposite effect of temperature on [3-gal
production in the Pyes:lacZ reporter strain was observed under in vitro conditions
(Chapter 5, section 5.3.3.6.2, Figure 5.25) confirming the expression and translation of
yen6 is under complex regulation involving both temperature- and host-dependent

factors.

Later assessment of the Ayen6 in vivo transcriptome identified that Yen6 acts as a
transcriptional regulator to activate ribose uptake/utilization genes (rbsD-xylG-rbsC-
xylF-rbsK-ccpA) and repress genes for fructose uptake/utilization (IIA/Hpr-fruK-IIBC)
and RNA-binding protein, yhbY (Chapter 6, section 6.3.1.4, Table 6.5). The specific
binding activity of recombinant Yen6 for conserved 10 bp palindromic repeat motif
located among the promoter regions of rbsD, IIA/Hpr and yhbY using EMSA,
confirming Yen6 is a DNA-binding protein (Chapter 6, section 6.3.2.3 Figure 6.8, Figure
6.9 and Figure 6.10). Despite Yen6 involvement with sugar uptake and central carbon
metabolism, limited effects on utilization of sole-carbon sources at 37 °C could be
attributed to deletion of yen6 compared to wild-type (Chapter 6,section 6.4.5, Table
6.10), implying that the regulatory activities of Yen6 may contribute to increased

NADPH production by shifting carbon flux into PPP.

Considering at 37 °C under in vivo conditions, genes for multiple sulfur acquisitions
(uptake sulfate, thiosulfate, methionine and taurine) are highly expressed compared to
25 °C and that one of the most highly expressed regulators at 37 °C, yen6, has likely
evolved to increase intracellular reducing power by regulating core metabolic

pathways during in vivo conditions, these results can be taken together as evidence that
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MHO96 employs a completely different strategy during intrahemocoelic infection of G.
mellonella at 37 °C (Figure 8.2) compared to the secrete and destroy approach known
from 25 °C. Under these conditions, the entire secreted insecticidal machinery,
including Yen-TC and co-secreted exoenzymes, as well as many other putative VFs
(i.e., T6SS, flagella, etc.) are repressed and it is expected MH96 will not be able to
launch an effective multifaceted attack to prevent immune response by the host as
observed for intrahemocoelic infections at 25 °C. Since the host immune system
remains intact, MH96 would be exposed to far greater amounts of oxidative stress
under these conditions and in response increases uptake of sulfur and production of
NADPH in order to produce antioxidants including reactive thiols, such as
glutathione, which would help MH96 to survive under such conditions. In line with
this hypothesis, MH96 was found to have a minimum lethal dose of a single cell at
both 25 and 37 °C (Chapter 5, section 5.3.1.2, Table 5.2), confirming MH96's alternative
virulence strategy (including Yen6-induced increased redox potential) is equally as
effective as the Yen-TC/co-secreted insecticidal machinery/T3SSYE2/T6SS/multiple

toxin attack strategy, for killing G. mellonella by intrahemocoelic injection at 37 °C.
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PN D-ribose

Figure 8.2: Conceptual model of Yersinia entomophaga MH96 cell undergoing redox and
kill mode of pathogenesis during intrahemocoelic infection at 37 °C.The lightning bolts
represent oxidative stress experienced by MH96 during infection at 37 °C. Fe-S = iron-
sulfur cluster; Cys, Glu and Gly = cysteine, glutamic acid and glycine, respectively; PPP
= pentose phosphate pathway; GSH = glutathione, NRPS = non-ribosomal protein
synthetase, NADPH = nicotinamide dinucleotide phosphate oxidase and SOD =
superoxide dismutase.

Redox stress is encountered by bacterial pathogens during assaults from the host
immune system during infection, which include production of various reactive oxygen
and nitrogen species (ROS and RNS) as well as other reactive chlorine and electrophilic
species (Van Loi et al., 2015; Reniere, 2018). In order to survive within host
environment, pathogenic bacteria have evolved a number of oxidative stress resistance
strategies including the production of potent antioxidants, such as superoxide
dismutase (SOD) (Broxton and Culotta, 2016), glutathione (GSH) (Song et al., 2013) and
iron-sulfur (Fe-S) clusters (Amich et al., 2013; Miller and Auerbuch, 2015), for example.

Since the operon for the nickel uptake system, nikABCDE was found to be highly
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expressed in vivo at 37 °C, this suggests MH96 may harbor a SOD that utilizes nickel, in
this instance SOD from other pathogens have been shown to use different metals such
as zing, coppet, iron, manganese and nickel (Garcia et al., 2017; Pratt et al., 2015; Ryan

et al., 2015).

Also, similar to eukaryotic cells, bacteria are also thought to post-transcriptionally
modify proteins by the addition of reducing thiols under oxidative stress conditions in
a process known as S-glutathionylation (Van Loi et al., 2015; Zhang et al., 2018a).
Recently, S-glutathionylation was shown to be involved in virulence of Y. pestis
because the tip protein, LcrV, of the T3SS that translocate Yop effectors is post-
transcriptionally modified at Cys-273 by addition of glutathione when Y. pestis is inside
the macrophage and this modification affected virulence by modulation of Yop
secretion, macrophage killing and increased virulence in murine infection models
(Mitchell et al., 2017). Taken together, it is tempting to speculate that RNA-binding
protein YhbY, which was identified as part of the Yen6 regulon, may actually be
involved in post-transcriptional modifications required to resist oxidative stress by
MH96 during in vivo conditions at 37 °C. The primary toxin secreted by MH96 at 37 °C
was shown to be a large molecular weight filamentous hemagglutinin N-terminal
containing protein (Chapter 5, section 5.3.1.1, supplementary Figure S16 and Table S12)
secreted by two-partner secretion (type 5b secretion system), but the PAlves-encoded
gene for YenV (putative calcium/calmodulin dependent protein kinase) was also found
to significantly respond to 37 °C in vivo conditions (Chapter 4, section 4.3.8,
supplemental Table S10) and may also be produced by MH96 during infection at 37 °C
as well. Further discussions related to the potential role of Yen6 for oxidative stress

response are provided in section 8.5.2 below.

8.3 Updated model of host- and temperature-dependent regulation of Yen-TC

and TC-associated factors

A large proportion of work that was undertaken in this thesis involved dissecting the
molecular mechanisms of temperature- and host-dependent regulation of Yen-TC

component genes by two transcriptional regulators Yen6 and Yen7 (see Chapter 5).
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Ultimately, phenotyping by protein visualization (Chapter 5, section 5.3.1.1, Figure 5.4
and Figure 5.5), transcriptome analysis of the Ayen6 strain (Chapter 6,section 6.3.1.4,
Table 6.6) and EMSA (Chapter 6, section 6.3.2.3, Figure 6.11), as well as additional
experimental involving yen6 over-expression (Chapter 5, section 5.3.3.2, Figure 5.19)
and Peii::lacZ translational reporter strain (Chapter 5, section 5.3.3.6.3, Table 5.10 and
section 5.3.3.6.4, Figure 5.28), but all failed to provide evidence of direct transcriptional

linkages between Yen6 and yen7 and/or Yen-TC component genes.

While yen6 (and possibly its 3"UTR-encoded asRNA yen7as) was originally
hypothesized to act as a master transcriptional repressor of yen7 and possibly Yen-TC
component genes, in light of these investigations, yen6 is no longer considered to be
directly involved in transcriptional repression of yen7 or Yen-TC components. Other
well-known global virulence regulators such as heat-labile YmoA or H-NS counter-
silencer RovA both represent potential candidates that may contribute the
thermoregulation of virulence in MH96. Additional work to phenotype ArovA
identified a phenotype at the protein-level, where the YenA2 component was not
observed by SDS-PAGE at 25 °C (Chapter 5, section 5.3.1.1, Figure 5.6). The ArovA
mutant was not found to have attenuated virulence during intrahemocoelic infection of
G. mellonella at 25 °C. Additional work focusing on post-transcriptional regulation of
virulence in MH96 is also warranted, especially since this work identified possible
temperature-dependent post-transcriptional regulation of Yen-TC. In this sense,
targeted deletion of the RNA-chaperone hfg would allow for further characterization of
the role of ncRNA networks regulating virulence of MH96 (previously noted that work

in Hurst lab identified a mutation in hfg abolishes secretion by MH96 at 25 °C).

While investigation to define the exact regulon of Yen7 was not the primary focus of
this thesis, molecular experimental work did provide evidence that Yen7 can activate
Yen-TC secretion at 37 °C (Chapter 5, section 5.3.3.2, Figure 5.21). Since the Ayen7 strain
was still able to secrete Yen-TC components into the culture supernatant as wild-type
(Chapter 5, section 5.3.1.1 and Figure 5.5), these results suggested other regulators, in
addition to Yen7, also contribute to the transcriptional regulation of the Yen-TC
components. The in vivo transcriptome helped to identify another potential regulator

of Yen-TC that shares similarities with yen7; the PhoB-like regulator was identified
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among the TC-associated factors and is co-expressed with Yen-TC components, yen7
and all of the other co-secreted insecticidal machinery. The PhoB-like regulator also

shares significant sequence homology to the amino acid sequence of Yen7 as well.

Later discovery of an unstable region, HCUIyes, which contains PhoB-like regulator,
holin-endolysin secretion system and citrate fermentation cluster also support a
functional redundancy between Yen7 and PhoB-like in the activation of Yen-TC
component gene expression and holin-endolysin secretion system genes because
AHCUIvess strain was found to lack production of Yen-TC and secretion at 25 °C. This
thesis explored even further into the evolutionary history of HCUIvess by comparison to
a similar suspected PAI found only among pathogenic strains of Y. ruckeri, which
suggested that HCUIvess may have acquired the holin-endolysin secretion system from
PAlvess during a historic recombination event. This theory could provide an
explanation the duplication of the phage-holin transcriptional activator PhoB-like and
a functionally redundant yen7 paralogs located on different HGT-acquired elements
within the genome of MH96 (Chapter 6, section 6.3.1.4 - Table 6.7, Chapter 7, section
7.4.1 - Figure 7.1). Additional work to generate a MH96 deficient for both yen7 and
PhoB-like regulator would help to determine if these putative paralogs are the primary

activators of virulence in MH96.

8.4 Challenges and limitations of this work

Working with in vivo system presents a number of challenges as well as opportunities,
so efforts were taken during in vivo experimentation with MH96 to improve
consistency, reduce variability and improve statistical robustness whenever possible.
Furthermore, due to the temperature-dependent characteristics of MH96, particularly
increased clumping and flocking of cells when cultured at 37 °C, additional mitigation
measures were required to improve consistencies and improve comparability between
cultures grown at different temperatures. A summary of the major challenges,
associated mitigation measures and remaining limitations are provided below in Table

8.1.
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Table 8.1: Summary table of challenges encountered during this thesis, mitigations
measures taken and outstanding limitations.

1.Highly variable mortality rates of G. mellonella by intrahemocoelic infection by
MHO96 due to extremely low median lethal dose of less than a single cell.

Mitigations

e Increased sample size (n = 10);

e repeated bioassay in triplicate;

e enumerated inoculum from micro-injector;

e inoculated with a range of five dilutions; and

e used consistently sized G. mellonella within one week upon receipt

maintained on standard artificial diet.

Outstanding
limitations

- Highly variable phenotypes are a result of the interaction of host and
pathogen genotype, therefore high levels of variability observed at the
single-cell level making robust statistical analysis challenging using

this model system.

Next steps

Alternative models of virulence testing should be identified for infection
of MH96 at 25 °C, such as S2 hemocyte-like Drosophila or freshly

harvested hemocytes from G. mellonella.

Unlike 25 °C, the intrahemocoelic model of G. mellonella at 37 °C was
found to be adequate for virulence testing as both Ayen6 and
AcspA123/AHCUIvess strains. This model would be recommended for
future virulence testing for putative regulators or VFs involved in
oxidative stress response, including components of the Yen6 regulon or

the new AcspA123 strain.
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2.Expression data from the transcriptome were not validated by qPCR/Nanostring

Mitigations/
Alternative
validation

e Increased replicate samples for in vivo samples (n = 4);

e confirmed high-degree of consistency among replicate RNA-seq
libraries by regression analysis, with exception of in vitro stationary
samples (see 1 above);

e protein visualization at 25 and 37 °C confirmed co-expression of
Yen-TC/TC-associated factors;

e lacZ reporter fusions for chil and yen6 validated temperature-
dependent regulation of these two genes (except Pyens::lacZ under in
vitro conditions, where temperature was found to have an opposite
effect on translation);

e complete lack of raw reads from AcspA123/AHCUlyess aligning to
excised region in the genome; and

e transcriptome-derived Yen6 regulon was validated by EMSA.

Outstanding
limitation

—Increased variation related to in vitro stationary stage sample likely
contributed increased noise affecting prediction of in vivo putative
VFs from late infection stages and further validation would be
recommended for these specific results; and

— Expression of ncRNAs and asRNAs were found to have increased
variability compared to protein coding transcripts, so further

validation of ncRNA/asRNA would also be recommended.

Next steps

Temperature- and host-dependent changes in transcription of Yen-TC
component genes and TC-associated factors could be further validated
by including each of these genes in a Nanostring custom gene
expression panel, possibly combined with other select putative VFs,
such as the filamentous hemagglutinin N-terminal containing protein

that is secreted at 37 °C for example.
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3.Difficult to collect consistent cell densities of MH96 between 25 and 37 °C.

Mitigations

¢ Bacterial enumeration by plate count was carried out when feasible
(i.e., plasmid stabilities, culture samples used for protein
visualization or in vivo cell density enumerations from G. mellonella
homogenate);

e Plate enumerations were not carried out for 3-galactosidase ([3-gal)
assays; however, (3-gal activity was reported in Miller Unit (MU), a
relative enzymatic rate normalized by optical density at 600 nm
(ODs) to control for differences in cell density samples;

e Inherent challenges with increased cell clumping/flocking of MH96
when cultured at 37 °C compared to 25 °C were mitigated by
collection of larger volume samples, adequate mixing by vortex and
all dilutions made into 5ml total volumes using consistent pipetting
methods across all experiments; and

e All experiments included adequate biological replicates and were

repeated a minimum of two or three times to ensure consistency.

Outstanding
limitation

— The calibration curve of MH96 grown at 25 and 37 °C as measured by
ODsw from the plate reader identified inherent differences exist when
MHO96 is grown at 25 compared to 37 °C and this limitation must be
considering when extrapolating (-gal assays results that compare
MH96 lacZ-reporter strains grown at 25 and 37 °C as the rate of (3-gal
production is relative to total number of cells in the sample.

Next steps

Temperature-induced phenotypic dimorphism is a common property of
pathogenic bacteria, including MH96. In this thesis, increasing sample
collection and dilution volume, adequate mixing by vortex and
consistent practices were key to producing consistent enumeration

plates and (3-gal assays results.

In addition to continuing these practices for future experiments, a
mathematical method for calculating MU equivalencies based on
calibration curve data would possibly provide a more robust analysis

assessing temperature-dependent effects using gene reporters in MH96.
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4.Reduced arabinose-induction plasmid stability may have confounded molecular
results

Mitigations e Selected carbenicillin over ampicillin for arabinose-induction
experiments to improve plasmid stabilities and determined
estimated plasmid stability following induction/complementation
experiments;

e determined pBAD-yen6 and pBAD-yen7 plasmid stabilities under a
range of inducing conditions at 25 and 37 °C; and

e Optimized arabinose induction conditions for pBAD-yen6 and
PBAD-yen7 to achieve the highest possibly plasmid stabilities and
most consistent cell numbers for protein visualization and (-gal

assays.

Outstanding | - While optimized conditions greatly improved cell growth and
limitation plasmid stability for pBAD and pBAD-yen6, this could not be achieved
for pBAD-yen7. Therefore, experiments involving pBAD-yen7 (i.e.,
protein visualization or (3-gal assays results) must consider potential
confounding effects due to inconsistent cell densities or plasmid

stabilities among treatments.

Next steps | Plasmid stability was a major issue encountered during this thesis, and
to avoid confounding effects a method of complementation or
constitutive gene expression by chromosomal insertion would be
advised. Along these lines, similar suicide plasmids, such as pVIK107
that was used to make the lacZ-reporter strains, which undergo single-
recombination to form a cis-merodiploid strains are considered
preferable for integrating genetic fragments into the genome of MH96

rather than plasmid-based systems.

8.5 Conclusions

8.5.1 Final outcomes

This thesis aimed to characterize the host- and temperature-dependent transcriptional

responses of MH96 as a means to:

1. Provide a formative in vivo transcriptome of an entomopathogenic bacteria

within model host G. mellonella, which fills a major gap in the literature.
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a. The methodologies described in Chapter 4 of this thesis represent a guide
on how to identify potential novel biopesticide agents from
entomopathogenic bacteria as well as a means to reveal insights into host-
and temperature-dependent virulence regulatory networks among

pathogenic bacteria in general;

2. Provide a formative investigation into the molecular mechanisms controlling
regulation of MH96’s main insecticidal weapon: Yen-TC, a toxin delivery
system found among diverse entomopathogenic and non-entomopathogenic

bacteria;

a. This thesis presents the first transcriptional investigation into
thermoregulation of Yen-TC component genes, and as a result of this thesis
an interaction between in vivo conditions and temperature was shown to
result in significant downregulation of (not only) Yen-TC component
genes, but a core consortia of putative VFs including co-secreted

exoenzymes, and

b. This thesis also determined the DNA-binding regulator Yen6 does not
directly regulate putative regulator yen7 or Yen-TC; however, yen7 can
activate Yen-TC production/secretion (even at 37 °C) but is not the only

regulator involved.

3. Characterization of novel LytTR-containing DNA-binding protein Yen6 by
combining mutant RNA-seq, mutant phenotype by microarray for sole-carbon

utilization and specific DNA-binding EMSA;

a. Characterization of Yen6 and its regulon revealed novel insights into a
possible oxidative stress response strategy used by MH96 during
intrahemocoelic infection of G. mellonella at 37 °C and these findings

contribute to a greater functional understanding of Yené6 as a new type of
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LytTR-containing regulator, which was previously known as a hypothetical

protein.

4. First report of an unstable element that can actively excise from the genome of
MH96, including preliminary phenotype investigations linking the region to

Yen-TC production, secretion, cell shape and motility;

a. An important, yet unanticipated, result of this thesis was discovery of
unstable HCUIyes in the genome of MH96, especially the linkages between
the co-located PhoB-like regulator and holin-endolysin secretion system
from HCUIyvess and yen7 and the Yen-TC component genes from PAlvese.
These finding also correlated with previous in vivo transcriptome results
that also linked TC-associated factors (including genes for phage-related
holin-endolysin secretion system, PhoB-like and AraC-like) as co-expressed

with Yen-TC.

8.5.2 Future perspectives

Major efforts were undertaken as part of this thesis to determine whether Yen6 acts as
a direct transcriptional regulator of yen7 or Yen-TC component genes but ultimately
several lines of inquiry converged to determine there were limited experimental
evidence supporting a direct role of Yen6 as transcriptional repression of yen7 or Yen-
TC. These results suggest there must be other host- and temperature regulatory
mechanisms controlling repression of Yen-TC component and TC-associated factor
genes observed under in vivo conditions at 37 °C, yet these remain to be elucidated.
Therefore, important future work should continue trying to identify these yet
unknown regulatory mechanisms, including targeted mutagenesis and phenotyping of
MHO96-derivative strains deficient for putative global regulators YmoA and RovA.
Along these lines, ArovA was found to have phenotypic differences in (at least) YenA2
production at the protein level (Chapter 5, section 5.3.1.1 and Figure 5.6) and mutant
RNA-seq of ArovA may provide more clues into the role of this putative H-NS counter

silencer in the virulence of MH96. Unfortunately, it is unlikely a H-NS deficient mutant
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can be generated within the Yersinia spp. genetic background as it is considered an
essential gene among the group.

Aside to the in vivo RNA-seq data, the most important finding of this thesis is the
discovery of novel LytTR-containing regulator Yen6 and its unique regulon, which
appears to play a role in response to oxidative stress by modulation of carbon flux
through the PPP. These findings warrant more research, as this mechanism has not yet
been proposed for pathogenic bacteria despite several previous reports of upregulation
of ribose uptake/acquisition genes among pathogenic Yersinia spp. upon temperature
shift to 37 °C (Motin et al., 2004; Rosso et al., 2008), exposure to blood plasma in Y.
pseudotuberculosis (Rosso et al., 2008) or during occupation of the flea gut in Y. pestis
(Vadyvaloo et al., 2010). Furthermore, genes for ribose uptake have been identified as
induced under in wvivo conditions using promoter traps for several mammalian
pathogens including Klebsiella pneumoniae during mouse infection (Lai et al., 2001),
Haemophilus influenzae infecting chinchilla (Mason et al., 2003) and Salmonella enterica
serovar Typhi during infection of macrophage (Daigle et al., 2001). For the most part,
when ribose uptake acquisition systems were recognized as responsive to temperature
shifts or in vivo conditions it was assumed that this response must supported metabolic
adaptation for uptake of host-derived sugars and not necessarily associated with
oxidative stress resistance. Therefore, testing resistance of Ayen6 to oxidative stress
represents the next critical experiment to prove that yen6 functions to provide
resistance to oxidative stress during infection at 37 °C, especially since the mutation

was found to have limited effects on sole-carbon utilization by MH96.

Increased NADPH generation via the PPP by pathogenic bacteria in response to host-
induced oxidative stress is a relatively novel idea (Christodoulou et al., 2018), but a
similar strategy has already been recognized from blood-borne pathogenic
trypanosomatids, such as medically important Trypanosoma brucei, T. cruzi and
(Kovarova and Barrett, 2016). In T. brucei and T. cruzi glucose-6-phophate
dehydrogenase (G6PDH, the rate limiting enzyme of PPP) was shown to be important
for defense against oxidative stress (Gupta et al., 2011; Igoillo-Esteve and Cazzulo,
2006). Interestingly, a recently-acquired nonsense mutation in G6PDH of epidemic Y.
pestis strains has also been recognized as a potentially key mutation supporting
divergence of plague bacillus from ancestral Y. pseudotuberculosis as a specialized
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zoonosis vectored by flea (Bearden and Brubaker, 2010; Bearden et al., 2009). The gene
for G6PDH was still shown to be induced upon temperature shift to 37 °C despite the
mutation (Motin et al., 2004). In humans, G6PDH deficiency is the most common
enzymopathy, which gives the carrier resistance against severe malaria (Luzzatto, 2012;
Mbanefo et al., 2017, Ruwende and Hill, 1998; Santana et al., 2013), but also makes the
carrier susceptible to erythrocyte lysis if the antimalarial agent, primaquine, is taken

(Recht et al., 2018).

The ability of cells to respond to oxidative stress by ‘reserve flux capacity’ involving
shifting metabolism within the oxidative branch of PPP to generate NADPH was
recently recognized as conserved across all kingdoms (Christodoulou et al., 2019),
including E. coli (Christodoulou et al., 2018). Most organisms have evolved means to
regulate either G6PDH, or in the case of yeast, glyceraldehyde 3-phosphate
dehydrogenase (GADPH) (Ralser et al., 2007), which is another critical enzymatic step
linking PPP and glycolysis. Based on the results of Chapter 6 of this thesis, including
metabolic testing of the yen6 strain, it is strongly believed that MH96 has evolved a
novel mechanism to modify reserve flux capacity by using Yen6 to simultaneously

activate and repress ribose and fructose uptake/utilization systems, respectively.

While outside the scope of this thesis, more broadly G6PDH and PPP represent novel
targets under investigation in both anti-malarial (Alencar et al., 2015; Allen et al., 2015)
and cancer drug research (Gorrini et al.,, 2013). Based on the emerging interest in
oxidative stress response, reserve flux capacity and development of pharmaceutical
agents, assessment of Yen6 ability to modulate carbon fluctuation/resistance to
oxidative stress following heterologous expression in laboratory E. coli is warranted to
determine if Yen6’s regulatory function is conserved among Gram negative bacteria.
The ability to readily produce recombinant soluble Yen6 and its tendency to
oligomerize under native conditions also makes it an attractive target for protein
structural analysis by x-ray crystallography or electron microscopy. The exact binding
motif of Yen6 could also be further resolved by conducting additional EMSA analysis

using smaller probes, a selection of mutated probes or nuclease protection assay.

One of the remaining key area of future research includes determining whether

HCUlves is transmissible and excision is important for MH96 virulence against insects
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as well as, determining the role of HCUIves%-encoded AraC- and PhoB-like regulators in
host- and temperature-dependent transcriptional responses of MH96. While, the
unexpected discovery of the excision from the genome of the AcspA123/AHCUIvess
inspired preliminary work reported in this thesis, this work is really a baseline to

support future investigations into unusual quirk of the MH96 genome.
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Table S1: Yersinia entomophaga MH96 and targeted mutagenesis strains used in this

Escherichia coli

and yen7 (including intergenic region); Spec®

study*
Strain Description Reference
Yersinia entomophaga
MH96(T) Yersinia entomophaga type strain isolated from  (Hurst et al., 2011a)
diseased grass grub
AcbpA Deletion mutant derivative MH96 lacking cpbA  This study.
(chitin-binding protein, PL78_05310); Kan~®
AcspA123 / Deletion mutant derivative MH96 lacking This study.
AHCUIvess cspA123 (tandem cold-shock proteins A1, A2
and A3; PL78_18365, PL78_17450 and
PL78_18370, including intergenic regions) and
containing a naturally occurring excision
HCUIye% at tRNA-Asn of 17.5 kb length ; Kan®
Afim1 Deletion mutant derivative MH96 lacking fim1  This study.
(usher chaperone fimbria component protein,
PL78_12480); Kan®
ArovA Deletion mutant derivative MH96 lacking rovA  This study.
(putative transcriptional regulator
PL78_05820); Spec®
AvipB Deletion mutant derivative MH96 lacking vipB  This study.
(T6SS contractile sheath component vipB,
PL78_00910); Spec®
Ayené Deletion mutant derivative MH96 lacking yen6  This study.
(putative regulator, PL78_03730); Kan®
Ayen7 Deletion mutant derivative MH96 lacking yen7  This study.
(putative regulator, PL78_03735); Spec®
Ayen67 Deletion mutant derivative MH96 lacking yen6  This study.

DH10B F-mcrA Amrr-hsdRMS-mcrBCA80d lacZAM15  (Lorow and Jessee,
AlacX74 endA1 recAl deoR A(ara,leu)7697 1990)
araD139 galU galK nupG rpsL A -

EC100D F- mcrA A(mrr-hsdRMS-mcrBC)p80d (Metcalf et al.,
lacZAM15 AlacX74 recAl endAl araD139 1994)
A(ara,leu)7697 galU galK A -rpsL nupG pir*
(DHFR)

ST18 pro thi hsdR* Tpr Sm*; chromosome::RP4-2 (Thoma and
Tc:Mu-Kan::Tn7/Apir AhemA Schobert, 2009)

* This table excludes reporter strains, which are listed in supplementary Table S2.
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Table S2: LacZ-reporter fusion strains used in this study.

Bacterial strain or plasmid Description Reference
Yersinia entomophaga
MHO96 Pyens::lacZ MH96 cis-merodiploid yen6-lacZ
translational reporter strain; Kan® This study
MHO96 Pyenz::lacZ MHO96 cis-merodiploid yen7-lacZ
translational reporter strain; Kan® This study
MHO96 Penir::lacZ MHO96 cis-merodiploid chil-lacZ
translational reporter strain; Kan® This study
Ayené Penir::lacZ Ayen6 cis-merodiploid chil-lacZ
translational reporter strain; Kan® Chlor®  This study
Ayen7 Panir::lacZ Ayen7 cis-merodiploid chil-lacZ
translational reporter strain; Speck Kan® This study
Ayen67 Penir::lacZ Ayen67 cis-merodiploid chil-lacZ
translational reporter strain; Spec® Kan® This study
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Table S3: Cloning and suicided plasmids used for targeted mutagenesis

Plasmid Description Source
pGEM pGEM-T Vector, AmpR, lacZ multicloning site Promega
(MCS) Ltd.
pGEM-cbpA_KO Homologous recombination construct This study.
targeting cbpA in MCS of pGEM, AmpR, Kan®
pGEM-cspA123_KO  Homologous recombination construct This study.
targeting cspA123 in MCS of pGEM, AmpX,
Kan®
pGEM-fim1_KO Homologous recombination construct This study.
targeting fim1 in MCS of pGEM, AmprR, Kan®
pGEM-vipB Chromosomal region from MH96 containing  This study.
vipB in MCS of pGEM, AmpR, Spec®
pGEM-vipB_KO Homologous recombination construct This study.
targeting vipB in MCS of pGEM, AmpR, Spec®
pGEM-rovA Chromosomal region from MH96 containing  This study.
rovA in MCS of pGEM, AmpR, SpecR
pGEM-rovA_KO Homologous recombination construct This study.
targeting rovA in MCS of pGEM, AmpR, Spec®
pGEM-yen6_KO Homologous recombination construct This study.
targeting yen6 in MCS of pGEM, AmpR, KanRk
pGEM-yen7_KO Homologous recombination construct This study.
targeting yen7 in MCS of pGEM, AmpR, Spec®
pGEM-yen67_KO Homologous recombination construct This study.
targeting yen67 in MCS of pGEM, Amp~,
Specr
pJP5608 Suicide plasmid; mob(RP4), lacZ MCS, Tet® (Penfold and
Pemberton,
1992)
pIP5603 Suicide plasmid; mob(RP4), lacZ MCS, Kan® (Penfold and
Pemberton,
1992)
pJP5608-cbpA_KO Homologous recombination construct This study.
targeting cbpA in MCS of pJP5608, Kan®, Tet®
pJIP5608-cspA123- Homologous recombination construct This study.
_KO targeting cspA123 in MCS of pJP5608, Kan¥,
TetR
pIP5608-fim1_KO Homologous recombination construct This study.
targeting fim1 in MCS of pJP5608, Kan®, Tet?
pIP5608-vipB_KO Homologous recombination construct This study.
targeting vipB in MCS of pJP5603, Speck, Kan®
pIP5608-rovA_KO Homologous recombination construct This study.
targeting rovA in MCS of pJP5603, Speck,
Kan®
pIP5608-yen6_KO Homologous recombination construct This study.

targeting yen6 in MCS of pJP5608, KanR, Tet®
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Plasmid Description Source

pJP5608-yen7_KO Homologous recombination construct This study.
targeting yen7 in MCS of pJP5603, Speck,
Kan®

pIP5608-yen67_KO  Homologous recombination construct This study.

targeting yen67 pJP5603, Spec?, Kan®
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Table S4: Arabinose/IPGT induction, lacZ-reporter fusion and complementation
plasmids used in this study*

Plasmid Description Source
pAY2-4; a pBADI18 derivative ; arabinose  (Shaw et al.,
inducible expression vector with 2003)

pBAD modified poly-linker, AmpR
Expression vector for arabinose This study.
induction of yen6 (protein-coding region

pBAD-yen6 and 32 bp 3'UTR region). Amp~
Expression vector for arabinose This study.

induction of yen6, including a 478 bp
3’'UTR containing putative terminator

pBAD-yen67as and cis-acting anti-sense RNA. Ampr
Expression vector for arabinose This study.
induction of yen6, including a 67 bp

pBAD-Amb2 3'UTR. AmpR
Expression vector for arabinose This study.

induction of yen6, including a 148 bp
3’UTR containing putative terminator.

pBAD-Amb3 AmpR
Expression vector for arabinose This study.
induction of yen7 (protein-coding region
pBAD-yen7 only). AmpR
Mid-copy cloning vector; Chlor®, TetR. (Chang and
pACYC184 Cohen, 1978)
Mid-copy cloning vector containing This study.

entire yen6 and yen7 promoter and
coding regions interrupting the
PACYC184-Pyens-Pyen7  tetracycline cassette; Chlor®.

Integrative vector for cis-merodiploid (Kalogeraki and
pVIK107kn mutants; Kank Winans, 1997)
pVIK107kn derivative with Kan® This study.
interrupted with ChlorR at the Agel site;
pVIK107cm Chlor®

yen6 promoter region (1,006 bp) cloned This study.

into MCS of pVIK107kn for

chromosomal integration of yen6-lacZ
pVIK107kn-Pyens::lacZ  translational reporter; Kan®

Yen7 promoter region cloned into MCS This study.

of pVIK107kn for chromosomal

integration of yen7-lacZ translational
pVIK107kn-Pyen::lacZ  reporter; Kan®k

Chil promoter region cloned into MCS of ~ This study.

pVIK107kn for chromosomal integration
pVIK107kn-Peir::lacZ  of chil-lacZ translational reporter; Kan®
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Plasmid

Description

Source

pVIK107cm-Paiz::lacZ

pOPINF

pOPINF-yeTl66x-His

Chil promoter region cloned into MCS of
pVIK107cm, for chromosomal
integration of chil-lacZ translational
reporter; ChlorR

In-Fusion™ PCR cloning vector for 6X-
His tagged constructs.

pOPINF with coding region of yen6
cloned into kpnl and hindIIl, 3’ and 5
infusion sites, respectively. AmpR

This study.

(Berrow, Nick et
al., 2009)
Marion Schoof
(Callaghan
Innovation)
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Table S5: Primers used for targeted mutagenesis

Target Primer name Sequence (5' — 3')’ Cut site
(Selectable marker)
pACYC177  KanF TCTGCTGACGCACCGGTGCAG
pACYC177  KanR CCGTCCCGTCAAGTCAGCGT
pHP45 SpecF ACCCTCACTGATCCGCATGCC Clal &
Bglll
pHP45 SpecR GTGCTTAGTGCATCTAACGCT
(Mutagenesis target — restriction)
rovA rovAF GCCATACTTTTATCTATACCCGAAAT Clal
rovAR ATTTCATCTCAATTTACCAACTGACT
rovA_valFt GCTATCGCTGCGGTTACTCT
rovA_valR* AACAAGCCATGAAAACCGCC
vipB Bglll
vipB_F GTGCGTCGCATTGACTCATC
vipB_R TACCGAACTCTGGCAACCAC
vipB_valF* TCATGTGGAAATAACCTGCCTGA
vipB_valR* TTGAACTCCACCAGATCGCC
(Mutagenesis target — overlap-extension)
cbpA CBP_P1t CCAAGCTGACTACTGCCGAA
CBP_P3_kan CATCAACCGTGGCTCCCTCACCGGC
CATGTCTCAGTTGTGA
CBP_P4_kan ACTGGCAGAGCATTACGCTGACCCA
TGGGTGATGCITGACT
CBP_Pét CGTCATCTTATTTGCCGGCG
CBP_P2 TCCGAGGATTTITGAGCGCAA EcoR1#
CBP_P5 GGGTTTTTCGACTTCTGCCG
cspA123
CSP_P1* TGGACAAAACCAGTCACCGA
CSP_P3_kan CATCAACCGCGTGGCTCCCTCACAAAC
CAAAGCCTTTACCCGC
CSP_P4_kan ACTGGCAGAGCATTACGCTGACGGC
CAATGTTGTTGTCCTG
CSP_P6 CTCAGATAGCGCCGTCTGTT
CSP_P2 AAGAAGTAACCTGGCACCGC EcoR1%
CSP_P5 TGCCCTGGAAAAACGCCITA
CSP_valR* TTGCCGGATGTTCAAGCTCT
fim1
UCF_P1* TCTTCAGTGCCGATGATGCA
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Target Primer name Sequence (5' — 3') Cut site
UCF_P3_kan CATCAACCGTGGCTCCCTCACAATA
ACGACACTGGGCCACA
UCF_P4_kan ACTGGCAGAGCATTACGCTGATTAA
GGGCGCAATAGCAGCA
UCF_Peét CGACTATTTGCCTTTCCGCG
UCF_P2 AAAGAGCTCGACGTTAGCTGGCTAT  Sacl
CGCT
UCEF_P5 AAAGAGCTCTTGCTTAAACGCGTCT
TGGC
yen6
Yen6_P1* CATCCAAGAGTCATCCCGCA
Yen6_P3_kan CATCAACCGTGGCTCCCTCACACCT
CCTTATCAAATTTGCCGA
Yen6_P4_kan ACTGGCAGAGCATTACGCTGATGAG
CAAGGTGGGGTAAAGC
Yen6_P6* CGTCATCTTATTTGCCGGCG
Yen6_P2 CGTCGTTTCACATCGGATGC EcoR1*
Yen6_P5 ATCAAACTGCTCACTACTGATACT
yen7
Yen7_P1* CCGGCAGTGGATTAGGCTTA
Yen7_P3_spec CGGTTTTCTGGAAGGCGAGCACCCT
CCTCCAGCGCTTATTT
Yen7_P4_spec TCAAGCCGACGCCGCTTCGCGCCAC
TTTGTCGTCAATTGCCA
Yen7_P6* GCGCTTCTCCCACCAGTATC
Yen7_P2 TGACCACGAGTTTTAGCGCT EcoR1*
Yen7_P5 TCCTTGTTGATTATTCTGGGGTCA
yen67
Yen6_P1* CATCCAAGAGTCATCCCGCA
Yen6_P3_spec CGGTTTTCTGGAAGGCGAGCAACCT
CCTTATCAAATTTGCCGA

Yen7_P4_spec
Yen7_P6f

Yen6_ P2
Yen7_ P5

TCAAGCCGACGCCGCTTCGCGCCAC
TTTGTCGTCAATTGCCA
GCGCTTCTCCCACCAGTATC

CGTCGTTTCACATCGGATGC
TCCTTGTTGATTATTCTGGGGTCA

EcoR1%
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* underscore denotes the overlap sequence for the selectable marker. Double-

underscore represents restriction site. fused for validation sequencing. tEcoR1 site from
pGEM-T multiple cloning site.
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Figure S1. Normalized count data from Yersinia entomophaga MH96 in vivo

transcriptome with transcript-wise mean-variance relationship modelled using voom .

Red line represents lowess fit.
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Figure S2. Regression of in vivo RNA-seq libraries from Yersinia entomophaga MH96

during intrahemocoelic infection of Galleria mellonella at 25 °C during lag phase (~1 x
107 CFU/g).
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Figure S3. Regression of in vivo RNA-seq libraries from Yersinia entomophaga MH96

during intrahemocoelic infection of Galleria mellonella at 25 °C during exponential
phase (~1 x 10® CFU/g).
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Figure S4. Regression of in vivo RNA-seq libraries from Yersinia entomophaga MH96

during intrahemocoelic infection of Galleria mellonella at 25 °C during stationary phase
(~1x10° CFU/g).
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Figure S5. Regression of in vivo RNA-seq libraries from Yersinia entomophaga MH96
during intrahemocoelic infection of Galleria mellonella at 37 °C during exponential
phase (~1 x 10® CFU/g).
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Figure S6. Regression of in vitro RNA-seq libraries from Yersinia entomophaga MH96
during culture in 50 ml LB broth at 25 or 37 °C during lag, exponential and stationary
phases (i.e., 1 x 107, 108, 10° CFU/ml, respectively). Early = lag, Mid = exponential, Late =
stationary and 37 = exponential at 37 °C.
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Figure S7: Host-specific transcripts from Yersinia entomophaga MH96 in vivo RNA-seq identified using c-means fuzzy clustering algorithm
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Table S6: Adapter and barcode sequences used to trim all in vivo samples and in vitro
samples “F22-1” and “F22-2” (exponential growth phase 25 °C).

A

Adapters_1.fasta

Table S7: Adapter and barcode sequences used to trim all in vitro samples, except “F22-
17 and “F22-2” (exponential growth phase 25 °C).

=

Adapters_2.fasta

Table S8. In-host putative virulence factors identified in Yersinia entomophaga MH96
using fuzzy clustering and virulence annotations from VFDB.

Supplementary_tabl
e_VFDB_annotation

Table S9. Top one-hundred most highly expressed genes by Yersinia entomophaga MH96
at 37 °C compared to 25 C in vivo.

Supplementary_tabl
_DE_37v25invivo.xls»

Table S10. Top one-hundred most highly expressed genes by Yersinia entomophaga
MHO96 at 37 °C in vivo compared to in vitro

Supplementary_tabl
es_DE_invivo_vs_invi
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Figure S8: Functional enrichment of Host_All1 cluster of putative virulence factors. (A)
Proportion of genes organized by functional enrichment categories. LPS =
Lipopolysaccharide, OMP = outer-membrane protein, RP = ribosomal protein, TCRS =
two-component regulatory system, T2SS = type II secretion system, T3SSYE2 = type 3
secretion system YE2 from MH96. Numbers in brackets indicate the number of VFs
within each sub-category. (B) Log: fold-change of normalized counts-per-million
expression between in vivo and in vitro samples for the functionally annotated genes in
this cluster. Black line = median log. CPM fold-change.
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Figure S9: Functional enrichment of Host_AlI2 cluster of putative virulence factors. (A)
Proportion of genes organized by functional enrichment categories. ABC = ATP-
binding cassette, EPS = extracellular polysaccharide, OMP = outer-membrane protein,
LPS = lipopolysaccharide, TCRS = two-component regulatory system, T3SS = type III
secretion system, T2SS = type II secretion system, T3SSYE2 = type III secretion systems
encoded by MH96, T5SS = type V secretion system. Numbers in brackets indicate the
number of VFs within each sub-category. (B) Log: fold-change of normalized counts-
per-million expression between in vivo and in vitro samples for the functionally
annotated genes in this cluster. Black line = median log> CPM fold-change.
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Figure S10: Functional enrichment of Host_All3 cluster of putative virulence factors.
(A) Proportion of genes organized by functional enrichment categories. T3SSYE2 = type
III secretion system encoded by MH96. Numbers in brackets indicate the number of
VFs within each sub-category. (B) Log: fold-change of normalized counts-per-million
expression between in vivo and in vitro samples for the functionally annotated genes in
this cluster. Black line = median log: CPM fold-change.
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Figure S11: Functional enrichment of Host_Early1 cluster of putative virulence factors.
(A) Proportion of genes organized by functional enrichment categories. LPS
lipopolysaccharide, T3SSYE2 = type III secretion system encoding by MH96, T6SS
Type VI secretion system. Numbers in brackets indicate the number of VFs within each
sub-category. (B) Log: fold-change of normalized counts-per-million expression
between in vivo and in vitro samples for the functionally annotated genes in this cluster.
Black line = median log. CPM fold-change.
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Figure S12: Functional enrichment of Host_Early2 cluster of putative virulence factors.
(A) Proportion of genes organized by functional enrichment categories. TCRS = two-
component regulatory system, T3SSYE1 = type III secretion system encoded by MH96,
T3SS = Type III secretion system. Numbers in brackets indicate the number of VFs
within each sub-category. (B) Log: fold-change of normalized counts-per-million
expression between in vivo and in vitro samples for the functionally annotated genes in
this cluster. Black line = median log. CPM fold-change.
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Figure S13: Functional enrichment of Host_Latel cluster of putative virulence factors.
(A) Proportion of genes organized by functional enrichment categories. T6SS = type VI
secretion system. Numbers in brackets indicate the number of VFs within each sub-
category. (B) Log: fold-change of normalized counts-per-million expression between in
vivo and in vitro samples for the functionally annotated genes in this cluster. Black line
= median log: CPM fold-change.
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Figure S14: Functional enrichment of Host_Late2 putative virulence factors. (A)
Proportion of genes organized by functional enrichment categories. ABC = ATP-
binding cassette, LPS = lipopolysaccharide, T2SS = type II secretion system, T6SS = type
VI secretion system. Numbers in brackets indicate the number of VFs within each sub-
category. (B) Log: fold-change of normalized counts-per-million expression between in
vivo and in vitro samples for the functionally annotated genes in this cluster. Black line
= median log2 CPM fold-change.
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Figure S15: Functional enrichment of Host_Late3 putative virulence factors. (A)
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normalized counts-per-million expression between in vivo and in vitro samples for the
functionally annotated genes in this cluster. Black line = median log. CPM fold-change.
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Table S11. Top one-hundred transcripts with longest predicted 5" and 3" UTRs in the
transcriptome of Yersinia entomophaga MHO96.

Supplementary
Table _long 5'_3'_U1

439



440



Source Code 1 — R source code for in vivo RNA-seq analysis

##load libraries
library("GenomicFeatures")
library("stringi")
library("EDASeq")
library("RUVSeq")
library("lattice")
library("edgeR")
library("limma")
library("statmod")
library("EDASeq")

##assign color from RColorBrewer
library(RColorBrewer)
colors <- brewer.pal(12, "Paired")

##read in raw count data, row names are locus tags
seqdata <- read.delim("'count_data.txt", header=TRUE, row.names=1)

##filter non-expressed genes (requires at least 5 reads in at least two samples to be included)
filter <- apply(seqdata, 1, function(x) length(x[x>5])>=2)
seqdata_filtered <- seqdatalfilter, ]

##select all filtered rows
sel.rows <- row.names(seqdata_filtered)

##assign treatment/collection batch as factors

myx <- as.factor(c("10"7 LB","10"7 LB","10"8 LB","1078 LB","10"9 LB","10"9 LB","37 LB","37
LB","10"7 Galleria.A","10"7 Galleria.A","10"7 Galleria.A","10"7 Galleria.B","10"8 Galleria","10"8
Galleria","10"8 Galleria","10"8 Galleria","10"9 Galleria.A","10"9 Galleria.A","10"9
Galleria.A","10"9 Galleria.B","37 Galleria","37 Galleria","37 Galleria","37 Galleria"))

myset <-
newSeqExpressionSet(as.matrix(seqdata_filtered), phenoData=data.frame(myx,row.names=coln
ames(seqdata_filtered)))

##apply upper quartile normalization
UQmyset <-betweenLaneNormalization(myset, which="upper")

##explore RLE plots of unnormalized and normalized data
plotRLE(myset, outline=FALSE,ylim=c(4,-4),col=colors[myx])
plotRLE(UQmyset, outline=FALSE,ylim=c(4,-4),col=colors[myx])

##explore PCA plots to look for outliers
plotPCA(myset, k=2, labels=FALSE, col=colors[myx])
plotPCA(UQmyset, k=2, labels=FALSE, col=colors[myx])

##subset to remove Late.3 outlier sample
myfilteredx <- seqdata_filtered[ , -which(names(seqdata_filtered) %in% c("Late_Galleria3"))]

##read in gene annotation information, locus tag is row names
genes <- read.delim("annotations.txt",header=TRUE, row.names=1)
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genes <- genes[which(row.names(genes) %in% sel.rows), ] ##Selects the filtered row names
only

##assign treatment groups as factors

groups <-
factor(c("early_LB","early_LB","mid_LB","mid_LB","late_LB","late_LB","X37_LB","X37_LB","early
_host","early_host","early_host","early_host","mid_host","mid_host","mid_host","mid_host","late
_host","late_host","late_host","X37_host","X37_host","X37_host","X37_host"),levels=c("early_host
","mid_host","late_host","early_LB","mid_LB","late_LB","X37_host","X37_LB"))

##generate DGEList object and set design matrix based on treatment groups
dge <- DGEList(counts=myfilteredx, group=groups,genes=genes)

dge <- calcNormFactors(dge, method="upperquartile")

groups <- dge$samples$group

design <- model.matrix(~0+groups)

##check the BCV dispersion using EdgeR package
dispersion_check <- estimateDisp(dge,design,robust=TRUE)
plotBCV (dispersion_check)
dispersion_check$common.dispersion

##square root of common dispersion is the coefficient of biological variation, see:
https://academic.oup.com/nar/article/40/10/4288/2411520 - paragraph 4
sqrt(dispersion_check$common.dispersion)

##apply voom mean-variance model
myvm <- voom(dge, design=design, plot=TRUE)

##print voom transformed LogCPM count data
write.table(myvm$E, file="LogCPM_count_data.txt")

#convert matrix to dataframe
myvm.df <- as.data.frame(myvm$E)

#function to pull the data out of a linear regression and return important values from
https://susanejohnston.wordpress.com/2012/08/09/a-quick-and-easy-function-to-plot-Im-results-
in-r/

ggplotRegression <- function (fit) {
require(ggplot2)

ggplot(fitfmodel, aes_string(x = names(fitfmodel)[2], y = names(fit$modeD)[1])) +
geom_point() +
stat_smooth(method ="Im", col = "red") +
labs(title = paste("Adj R2 = ",signif(summary(fit)$adj.r.squared, 5),
"\nIntercept =",signif(fit$coef[[11],5),
"\nSlope =",signif(fit$coef[[2]], 5),
"\nP =",signif(summary(fit)$coefl2,4], 5)))
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plot <-Im(Early.2 ~ Early.1, data =log2Exprnorm.df)
regression_plot = ggplotRegression(plot)

##fit linear models
fit <- ImFit(myvm,design)

##smooth standard errors with Empirical Bayes
fit.eBayes <- eBayes(fit)

##specify host-specific contrast matrix
host_specific.contrast.matrix=makeContrasts(groupsearly_host-
groupsearly_LB,groupsmid_host-groupsmid_LB, groupslate_host-groupslate_LB,levels=design)
colnames(host_specific.contrast.matrix)=c('Early_hostvsLB","Middle_hostvsLB","Late_hostvsLB

‘)

##fit the host-specific contrast matrix
fit_host <- contrasts.fit(fit,host_specific.contrast.matrix)
fit_host <- eBayes(fit_host)

##identify DE genes
results_host <- decideTests(fit_host,adjust. method = "BY",p.value=0.05)

##print results
write.fit(fit_host, results_host, results.txt")
vennDiagram(results_host)

##print all DE genes
AlIDE.table <- topTable(fit_host, sort="non", n=Inf)
write.table(AllDE.table, "allDE_table.txt")

##fit contrasts for temperature/host factorial analysis (see section 9.5 of limma manual:
http://www.bioconductor.org/packages/devel/bioc/vignettes/limma/inst/doc/usersguide.pdf)
factorial.matrix <- makeContrasts(X37vs25inLB=groupsX37_LB-groupsmid_LB,
X37vs25inhost=groupsX37_host-groupsmid_host, Diff=(groupsX37_host-groupsmid_host)-
(groupsX37_LB-groupsmid_LB),levels=design)

fit <- ImFit(vm, design=design)

fit.factorial <- contrasts.fit(fit, factorial.matrix)

fit.factorial <- eBayes(fit.factorial)

##determine DE genes and print results

results <-decideTests(fit.factorial, adjust.method = "fdr",p.value=0.05)
summary(results)

write.fit(fit.factorial, results, "factorial.matrix.results.txt")
vennDiagram(results)

##order significant results by F value
modFpvalue=fit_host$F.p.value

indx = p.adjust(modFpvalue, method="BY")
sig = modFpvalue[indx]

nsiggenes = length(sig)

modF = fit_host$F
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modFordered = order(modF, decreasing = TRUE)

##order the genes in the dge object based on F value

ranked_genes = dge$genes$GenelD[modFordered[1:nsiggenes]]
clust.table <- topTable(fit_host, sort="non",n=Inf)

ranked <- clust.table[which(row.names(clust.table) %in% ranked_genes), ]

##select only Log2CPM value columns and re-name

keeps.clust <- c("Early_hostvsLB","Middle_hostvsL.B","Late_hostvsLB")
clust.log2FC <- clust[ , keeps.clust, drop=FALSE]
colnames(clust.log2FC) = c("Early","Middle","Late")

##convert object to matrix
clust.log2FC <- data.matrix(clust.log2FC, rownames.force=NA)

##convert matrix to data frame
clust.log2FC.df <- as.data.frame(clust.log2FC, rownames.force=NA)
clust.log2FC.df.ordered <- clust.log2FC.df[order(row.names(clust.log2FC.df)),]

##combine annotation information

sel.rows.b <- row.names(clust.log2FC)

genes.b <- genes[which(row.names(genes) %in% sel.rows.b), ]

genes.b <- genes.b[order(row.names(genes.b)),]

genes_annotated_df <- new("Annotated DataFrame",data=genes.b)
clust.log2FC.matrix.ordered <- data.matrix(clust.log2FC.df.ordered,rownames.force = NA)

##generate an ExpressionSet using Biobase

library(Biobase)

DEGesetlog2FC<-
ExpressionSet(assayData=clust.log2FC.matrix.ordered,featureData=genes_annotated_df)

##cluster the data using fuzzy clustering
library(Mfuzz)

fuzz <- mfuzz(DEGesetlog2FC, c =20, m = 1.5)
mfuzz.plot2(DEGesetlog2FC,centre=TRUE, cl=fuzz)
overlap <- overlap(fuzz)

overlap.plot(fuzz, over=overlap,thres=0.3)
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Table S12: LCMS-ESI-MS/MS results

Coverage
genelD protein name accession -101gP p-value (%) #Peptides  #Unique
PL78_04365 Hemolysin tr |AOA3S6EX96 | AOA3S6EX96_YERET ~ 390.66  8.59E-40 48 51 51

rplF, 50S ribosomal
PL78_11255  protein L6 tr |AOA210TK651 A0A210TK65_9GAMM  78.67 1.36E-08 31 5 5
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Figure S16: Peaks DB peptide coverage of PL78_04365, filamentous hemagglutinin N-terminal containing protein from ~175 kDa protein LCMS-ESI-
MS/MS. Blue bars represent covered regions of the 51 peptides identified from the protein.
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Figure S17: Peaks DB peptide coverage of PL78_11255, rplF 50S ribosomal protein L6
identified from ~8 kDa protein LCMS-ESI-MS/MS . Blue bars represent covered
regions, red “d” represents deamidation, purple “c” represents carbamidomethylation.
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Figure S18: Size-exclusion chromatography fragment pools from cell supernatant of Y.
entomophaga MH96 visualized on 12 % polyacrylamide gel by SDS-PAGE and stained
with Coomassie brilliant blue. Excised bands are indicated by black arrow heads and
identity determined by LC-ESI-MS/MS are given. This work was completed by Sandra

Jones (AgResearch Ltd.).
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Figure S19: Fitted relationship using binomial logistic regression between dose (cells)
of Yersinia entomophaga MH96 and AcbpA, AcspA123/AHCUIyes, Afim1, ArovA and AvipB
and day five mortality rates of Galleria mellonella following intrahemocoelic injection
and incubation at 25 °C. Each experiment included 10 larvae/dilution and five dilutions
were tested each experiment as well as 10 larvae injected with PBS as a control. Each
experiment was repeated three times and data were combined. Median lethal dose and
standard error were estimated with the R package MASS.
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Figure S20: Fitted relationship using binomial logistic regression between dose (cells)
of Yersinia entomophaga MH96 and AcspA123/AHCUIvess, and Ayen6 and day five
mortality rates of Galleria mellonella following intrahemocoelic injection and incubation
at 37 °C. Each experiment included 10 larvae/dilution and five dilutions were tested
each experiment as well as 10 larvae injected with PBS as a control. Each experiment
was repeated three times and data were combined. Median lethal dose and standard
error were estimated with the R package MASS.
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Figure S21: Portion of PAlves containing yenb, yen6, yen7 and chil of Yersinia
entomophaga MH96 showing primer locations used for arabinose induction and
complementation experiments. Orange T box = predicted terminator, grey arrow =
predicted 3'UTR of yené in including yen7as and blue arrows are protein coding
regions.
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Figure 522: Portion of PAlvess containing yen5, yen6, yen7 and chil of Yersinia
entomophaga MH96 showing primer locations used to generate Pyens::lacZ, Pyen::lacZ and
Peir::lacZ cis-merodiploid MH96-derivative strains.Blue arrows are protein coding
regions.
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Table S13: Primers used for yen6, yen67as, yen7 arabinose induction, complementation
and lacZ reporter cloning used in this study

Cut

Target Primer name Sequence (5' — 3')' site

Arabinose induction vector cloning

Yeno6 yen6_expF AAACATATGTCTGGATTTGTGGATTTCAAA Ndel

Yené yen6_expR AAAGAATTCGCTTTACCCCACCTTGCTCA EcoRI
AAAGAATTCGTTATTAACCAAGATAAGTTCA

Yen6 Amb2_expR GGG
AAAGAATTCGCCAGGCTACCTATGAGGTAT

Yen6 Amb3_expR  CATT

yen67as_exp

Yen67as R AAAGAATTCACGTCTTACTTTCCTCAATC EcoRI

Yen7 yen7_expF AAACATATGATATATTTTGTGGCAATTGACG  Ndel

Yen7 yen7_expR AAAGAATTCTTACTCGTTAAACTAAGGGC EcoRI

PAY2-4/pBAD validation primers

pAY2-4/ araF* CATGGGGTCAGGTGGGAC

pBAD

pAY2-4/ araR* TCCATAAGATTAGCGGATCCTAC

pBAD

lacZ-reporter fusion cloning

Pyens yen6_lacZF AAAGAATTCCGTCGTTTCACATCGGATGC EcoRI

Pyens yen6_lacZR AAAGTCGACCATAATAACCTCCITATCAAAT  Sall
TTGCCG

Pyens yen6_valF* CTACGGTCATGGTGCCAGTT

Pyen7 yen7_lacZF AAAGAATTCAGGTCTCTTCTGCTGCTCCT EcoRI

Pyen7 yen7_lacZR AAAGTCCGACCATCGTCGCTCCATAATGAAA  Sall
A

Pyen7 yen7_valF* ATCGGGATCAGTTGCTACGC

Pani1 chil_lacZF AAAGAATTCCCACACTACCTTTCCAGCTGT EcoRI

Penin chil_lacZR AAAGTCGACCATTTCAGACTCCATTTTTTAA  Sall
ATTAATGG

Peni1 chil_valF* ATCGGGATCAGTTGCTACGC

pVIK107 lacZ_valR* GGGCCTCTTCGCTATTAC

pACYC184  chlorF AAAATCGATCCGCTAGCGCTGATGTCCGGC  Clal

pACYC184 chlorR AAAATCGATAAACCAGCAATAGACA Clal

Complementation

Pyen6-Pyen7 184 _Y67F AAAGGATCCTCTTCTITTTTCCATTTCAGACTC  Bam
CA HI

Pyen6-Pyen7 184_Y67R AAAGCATGCCGTCGTTTCACATCGGATGC Sphl

pACYC184 TetF_valt TTTCTATGCGCACCCGTTCT

pACYC184 TetR_val' ACCAGTGACGAAGGCTTGAG

* Double-underscore represents restriction site. findicates primer used for validation
sequencing.
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Table S14: RT-PCR primers used to explore the transcriptional organization of yen6,
yen7 and chil

Target Primer Sequence (5' — 3') size
name (bp)
yenb —yené YenTC_1_F TGGATATTCGTCAGCCACCG
yen5 —yen6 YenTC_1_R AACTGGCGCTCCTGAATGAA 753
yené YenTC_2F TTCATTCAGGAGCGCCAGTT
yené YenTC_2R AGTACCGCTGCTGCTTTTCT 248
yen6-3'UTR-yen6 YenTC_3F ACTCGCGAGGCTAATGTCAC
yen6-3'UTR-yen6 YenTC_3R GGGTTAGTGGGGGCTTTACC 320
yen6-yen7as YenTC_4F AGTGTTCCTGTAGCAGAGCC
yenb6-yen7as YenTC_4R ACGATTTCCTCCCTCCTCCA 320
yen7as-yen7 YenTC_5F AGTGGCATTACACGACTGGA
yen7as-yen7 YenTC_5R GAGCCAGGCTACCTATGAGG 262
yen7 YenTC_6F AAACTAAGGGCAGCGAAGGC
yen7 YenTC_6R AGTAACAATAACATCCACCAGCT 331
yen7-5"UTR-chil YenTC_7F ACAGCTGGAAAGGTAGTGTGG
yen7-5"UTR-chil YenTC_7R TGGAGGAGGGAGGAAATCGT 679
5"UTR-chil-chil YenTC_8F TCAGGAACCAAGAAAATTGACACA
5"UTR-chil-chil YenTC_8R CCACACTACCTTTCCAGCTGT 399
chil YenTC_9F GCGCCGGCAAATAAGATGAC
chil YenTC_9R GTTGGGGTCCAGGTGAGTTT 872
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CS CP

MW
pBAD- ] pBAD-
yen67as kDa PBAD PBAD-yené yen67as

pBAD pBAD-yen6

CFU/ml: 4.3E8 3.2E9 4.5E9 4.3E8 3.2E9 4.5E9

Figure 523: Silver-stained SDS-polyacrylamide gel of proteins produced and secreted
by Yersinia entomophaga MH96 strains carrying arabinose-inducible expression vector
pBAD, pBAD-yen6 and pBAD-yen67as under arabinose 0.2 % at 25 °C and grown for 16
h (early stationary). CS = filtered cell supernatant and CP = cell pellet. The Marker (M)
lane contains Bio-Rad Precision Plus Protein™ unstained protein standard, with
respective ladder sizes given. Arrows correspond to Yen-TC components, YenB (167
kDa), YenA2 (156 kDa), YenA1 (130 kDa), YenC1 (109 kDa), YenC2 (107 kDa), Chi2 (70
kDa) and Chil (60 kDa). Cell density is reported as CFU/ml as determined by
enumeration plates. In this example the over-production of Yen-TC components in the
pBAD-yen67as strain is difficult to observe based on band intensity.
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Figure S24: Silver-stained SDS-polyacrylamide gel of filtered cell supernatant from
Yersinia entomophaga MH96 strains carrying arabinose-inducible expression vector
pBAD, pBAD-yen6 and pBAD-yen67as under arabinose 0.2 % at 25 °C and grown for 16
h 40 min (early stationary). The Marker (M) lane contains Bio-Rad Precision Plus
Protein™ unstained protein standard, with respective ladder sizes given. In this
example the over-production of Yen-TC components in the pBAD-yen67as strain is
difficult to observe based on band intensity.
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Figure S525: Silver-stained SDS-polyacrylamide gel of cell pellet from Yersinia
entomophaga MH96 strains carrying arabinose-inducible expression vector pBAD,
pBAD-yen6 and pBAD-yen67as under arabinose 0.2 % at 25 °C and grown for 16 h 40
min (early stationary). The Marker (M) lane contains Bio-Rad Precision Plus Protein™
unstained protein standard, with respective ladder sizes given. In this example the
over-production of Chi2 (~70 kDa) can be observed in the cell pellet of pARA-yen67as
strain compared to pPBAD and pBAD-yen6 strain.
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Plasmid stability: - - 103% 140% 31% 92% Plasmid stability: 103% 140% 31%  929%

Figure S26: Replicate, silver-stained SDS-polyacrylamide gel of proteins produced and
secreted by Yersinia entomophaga MHO96 strains carrying arabinose-inducible expression
vector pPBAD and pBAD-yen7 under arabinose 0.002 % at 25 or 37 °C for 16 h. A) CS =
cell supernatant and B) CP = cell pellet. MW = molecular weight over marker lane
containing Bio-Rad Precision Plus Protein™ unstained protein standard, with
respective ladder sizes given. Arrows correspond to Yen-TC components, YenB (167
kDa), YenA2 (156 kDa), YenA1 (130 kDa), YenC1 (109 kDa), YenC2 (107 kDa), Chi2 (70
kDa) and Chil (60 kDa). Other marked proteins include Peptidase M66 (PL78_05495),
Hypothetical virulence factor (PL78_18785) and Chitinase (PL78_11910) corresponding
to approximate sizes of 81, 44 and 33 kDa, respectively. Cell density is reported as
CFU/ml as determined by enumeration plates and plasmid stability is reported as the
proportion of CFUs enumerated from ampicillin 400 pg/ml compared to CFUs
enumerated from media without antibiotic.
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Table S15: Preliminary 3 galactosidase assay for Yersinia entomophaga MH96 wild-type
and cis-merodiploid strains Pyens::lacZ, Pyen7::lacZ and Penirz:lacZ at 25 and 37 °C.

Temperature Miller

Strain ODsoo (°O) Unit
MH9%6 0.3 25 -8
MH96 0.6 25 -8
MH9%6 0.9 25 -2
Pyens::lacZ 0.3 25 95
Pyene::lacZ 0.6 25 167
Pyene::lacZ 0.9 25 233
Pyen7::lacZ 0.3 25 -5
Pyen7::lacZ 0.6 25 -8
Pyen7::1lacZ 0.9 25 -4
Penirz:lacZ 0.3 25 28
Penir::lacZ 0.6 25 79
Penirz:lacZ 0.9 25 106
MH9%6 0.3 37 -2
MH96 0.6 37 -4
MH9%6 0.9 37 -5
Pyens::lacZ 0.3 37 74
Pyens::lacZ 0.6 37 171
Pyens::lacZ 0.9 37 196
Pyenz::1lacZ 0.3 37 -3
Pyen7::lacZ 0.6 37 -2
Pyen7::lacZ 0.9 37 -3
Peniz::lacZ 0.3 37 52
Peniz::lacZ 0.6 37 81
Penir::lacZ 0.9 37 145
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Table S16: Results of in vivo 3 galactosidase assay during Galleria mellonella infection at
25 and 37 °C using cis-merodiploid Yersinia entomophaga MH96 with Pyens::lacZ (3
replicate experiments, 1 is independent, 2 and 3 used same hosts from the same
cohort). HPI = hours-post infection, CFU = colony forming unit and MU = Miller Unit.

Mean

Temp- cell Optical
erature Replicate Batch  HPI . density at MU Note
(°C) density (50 nm
(CFU/g)

MH96 with Pyens::lacZ translational reporter
1 0.083 125,904

2 0.022 123,337
3 0.029 104,405
37 4 1 16-17 1.4E10 0.081 132,302
5 0.044 124,837
6 0.158 119,916
1 0.734 1,346
2 0.577 1,754
3 0.542 2,951
25 4 1 20-22 9.0E8 0.568 2282
5 1.121 2,235
6 0.886 1,840
1 0.031 30,590
2 0.156 157,633
3 0.022 20,757
37 4 2 17 299 0.016 25,628
5 0.001 -28,411 omitted
6 0.111 142,243
1 0.084 2,529
2 0.298 1,521
3 0.067 4,856
25 4 2 19 1.6E9 0.289 3775
5 0.160 2,912
6 0.128 2,646
1 0.008 170,751 omitted
2 0.015 18,446 omitted
3 . 0.106 248,055 omitted
37 4 3 17 1.6E8 0.023 96,065 omitted
5 -0.003 -3,518 omitted
6 0.016 -2,181 omitted
1 0.089 1,463 omitted
2 -0.008 1,452 omitted
3 . 0.002 52,788 omitted
25 4 3 19 11E9 -0.003 6,419 omitted
5 0.001 6,028 omitted
6 0.022 -2,239 omitted
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Temp- Optical

erature Replicate Batch density at MU Note
©C) densi 600 nm

(CFU/
Negative control samples (wild-type MH96)

37 NC 1 0.029 -2,752
37 NC 2 0.470 290
37 NC 3 0.067 -723 omitted
25 NC 1 0.290 -744
25 NC 2 0.071 -337
25 NC 3 0.020 2,929 omitted

*enumeration plate counts highly variable, with individuals very near or clearing

infection
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Supplementary section for Chapter 6
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Table S17: Adapter and barcode fasta sequence used to trim raw RNA-seq libraries
from Yersinia entomophaga MH96, AcspA123/AHCUIvess and Ayen6.

>CSP_2

AGTACAAGCGTACTAG

>CSP_2_reversed

AGTACAAGCGTACTAG

>CSP_3

AACAACCAAACGTGAT

>CSP_3 reversed

ATCACGTTTGGTTGTT

>K37 1

ACAAGCTACGCTCATT

>K37_1_reversed

AATGAGCGTAGCTTGT

>K37 2

CTGTAGCCTCTCGCGC

>K37_2_reversed

GCGCGAGAGGCTACAG

>Y6_1

AACCGAGAAAACATCG

>Y6_1_reversed

CGATGTTTTCTCGGTT

>Y6_2

AACGCTTACATCAAGT

>Y6_2_reversed

ACTTGATGTAAGCGTIT

>pP7
GATCGGAAGAGCACACGTCTGAACTCCAGTCACTGAAGAGAATCTCGTATGCC
GTCTTCTGCTTG

>P7 reverse
CAAGCAGAAGACGGCATACGAGATTCTCTTCAGTGACTGGAGTTCAGACGTGT
GCTCTTCCGATC

>P5
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTA
TCATT

>P5 reverse
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTA
TC
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Figure 527: Regression of Yersinia entomophaga MH96, AcspA123/AHCUIyes and Ayen6 in vivo count data comparing biological replicate
samples among strains. A) Wild-type (WT) sample 1 vs. sample 2, B) AcspA123/AHCU]Ivess (CSP) sample 1 vs. sample 2 and C) Ayené (Y6)
sample 1 vs. sample 2. Black = CDS, Red = non-coding RNA, Grey = anti-sense RNA.



1.5

1.0

0.5

Sqrt (standard deviation)

T T T
5 10 15

Log,(count size + 0.5)

Figure 528: Transcript-wise mean-variance relationship of MH96, AcspA123/AHCUIvess
and Ayen6 in vivo libraries modelled using voom. Red line represents lowess fit.
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Figure 529: Visualization of DNA-probes used for EMSA assessment of recombinant
Yen6 by agarose gel electrophoresis. This gel was provided by Dr. Naren at Massey
University. Py7 = yen7 promoter region, Privo = rbsD promoter region, Pt = IIA/hpr
promoter region and Pyny = yhbY promoter region.
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