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ABSTRACT

Acinetobacter baumannii is a prolific pathogen and a leading cause in
nosocomial infections worldwide. This particular bacterium causes a number of
infections including pneumonia which is commonly ventilator-associated, urinary
tract and meningitis. Described as multidrug-resistant (MDR) and presenting a high
threshold for a number of antibiotics as well as antiseptics, it is now commonplace to
hear reports of pandrug-resistant strains. These strains are resistant to all clinically
used classes of antibiotics. Epidemiological studies show a rapid global emergence
and dissemination of this pathogen, demonstrating the remarkable successfulness and
adaptation ability of A. baumannii in the hospital environment. This thesis provides
insight into the regulation of a variety of genes and their impact on a number of
virulence factors. These factors include pellicle formation, antibiotic resistance,
adherence to eukaryotic cells and the ability of A. baumannii to cause disease in a

murine infection model.

The ability to form a biofilm at the air-liquid interface, known as a pellicle, is a
factor that is involved in the persistence of A. baumannii in various environments
and is described in detail in chapter two (Giles et al. 2015). To investigate the
pellicle forming ability of this bacterium a transposon bank was generated in a pre-
existing hypermotile derivative of A. baumannii ATCC 17978 called 17978hm.
Evaluation of the transposon mutant strains identified 11 mutants that were unable to
form a pellicle. Sequencing of the pLOFmini::Tn10:gfp:kan (Tn10) insertion site
identified three genes essential in pellicle formation. Of significant interest, was the
identification of cpdA. The cpdA gene degrades cyclic adenosine monophosphate
(cAMP), a secondary signalling molecule, maintaining the amount of CAMP within a
cell. Measurement of cAMP levels within the A. baumannii 17978hmcpdA::Tn
(cpdA::Tn) mutant strain confirmed the abundance of CAMP and its role in the ability

to form a pellicle.

Two-component signal transduction systems (TCSTS) are known to regulate
virulence factors in numerous bacteria, and as these systems are not found within
humans they are of interest as potential drug targets therefore warranting
investigation. The highly virulent clinical A. baumannii 04117201 strain was selected

from in a collection of 54 clinical isolates as an appropriate candidate to assess

XM



virulence and antibiotic resistance as described in chapters three and four.
Examination of A. baumannii 04117201 identified a novel TCSTS designated herein
as StkRS. The StkRS system is not present in the avirulent strain SDF and is
therefore postulated to regulate virulence factors. Deletion of the stkR response
regulator (RR) gene in the A. baumannii 04117201 parent strain was achieved
generating the mutant strain 04117201AstkR (AstkR). Assessment of the resulting
AstkR mutant strain identified a number of alterations in the virulence potential of
this strain compared to the 04117201 parent strain as described in chapters three and
four. Importantly, an increase in resistance to colistin (CST) of the AstkR mutant
strain compared to the 04117201 WT was identified. CST being a polymyxin E
antibiotic which has re-emerged as a viable treatment due to the severity of infections
caused by A. baumannii. Additional differences were identified including an increase
in; adherence capabilities to A549 pneumocytes, macrophage survival and resistance
to human serum. A murine infection model of the 04117201 WT and AstkR mutant
strains identified an increased bacterial load in the blood, lungs and spleen of mice
infected with the AstkR mutant compared to the 04117201 WT strain. The above
alterations plus further discussion in chapters three and four, reveal that the stkR RR
gene is significant in regulating virulence factors in A. baumannii 04117201. Further
investigation into this system is necessary to deepen the understanding of this

invasive and problematic pathogen.
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OUTLINE

This thesis is compromised of three result chapters, an introductory chapter, and
a final discussion and conclusion chapter. The three results chapters are linked
through subject matter as they each focus on the virulence and persistence capacity
of the A. baumannii bacterium. This thesis contains approximately 38,000 words
excluding appendices. The results chapters only contain information that is relevant
to the publication. Extensive optimisations and investigations of non publishable
research were not included in this thesis. The result chapters are written as individual
papers with a preface, abstract, introduction, materials and methods, results and
discussion. For ease of interpretation and reference within the thesis, the chapters
have been modified to reference previous chapters. Additionally, to reduce repetition
within the thesis, the introduction to chapter four is written in context of the thesis
referring to the previous chapter rather than repeating information already stated. The
preface at the beginning of each chapter describes the contributions of the authors for
the articles, excluding paid contributions which are stated in the contributions section
(see page XVII).

The chapter two focuses on the formation of pellicle, which is a type of biofilm
formed at the air-liquid interface; this virulence trait is postulated to cause numerous
issues within the hospital environment, as well as the host, as discussed. Chapter two
is titled ‘Identification of genes essential for pellicle formation in A. baumannii’; and
is published as Giles, S. K., Stroeher, U. H., Eijkelkamp, B. A. and Brown, M. H.
(2015) Identification of genes essential for pellicle formation in Acinetobacter
baumannii. BMC Microbiology 15:116. This article is presented in paper format in
Appendix F. The investigation undertaken in chapter two also led to the development
of a new method for measuring CAMP molecules in bacteria using an enzymatic kit
as described. As this investigation did not follow the format chosen for this thesis the
optimisation and development of this method was not described herein however, it is
published as Giles, S. K., Stroeher, U H. and Brown, M. H. (2016). Measurement
of intracellular cAMP levels using the Cyclic Nucleotide XP Enzymatic

Immunoassay kit in Bacteria. Bio-protocol 6: e1792. http://www.bio-

protocol.org/e1792. This article is presented in paper format in Appendix G.
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Chapters three and four focused on virulence traits related to the StkRS two
component signal transduction system which was investigated using a variety of in
vitro and in vivo experiments. Both chapters are written in paper format, to be
submitted for publication upon completion of this thesis as the following. Chapter
three to be submitted as Giles. S. K., Stroeher. U. H. and Brown. M. H. (2018) The
StkRS two-component system influences colistin resistance in Acinetobacter
baumannii, to Antimicrobial Agents and Chemotherapy; and chapter four to be
submitted as Giles, S. K, Stroeher, U. H, Marri, S., and Brown, M. H (2018)
Acinetobacter baumannii virulence factors and the host immune response influences

bacterial morbidity and mortality in a murine pneumonia infection model to mBio.
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Chapter 1

1.1 Acinetobacter baumannii: new and improved

Acinetobacter baumannii is a Gram-negative coccobacilli bacterium that
belongs to the gamma-proteobacterial family (Bergogne-Berezin et al. 1996). A.
baumannii is one of the ESKAPE pathogens, a group of organisms that also includes
Enterococcus  faecium,  Staphylococcus aureus, Klebsiella  pneumoniae,
Pseudomonas aeruginosa and Enterobacter sp. (Elhosseiny et al. 2018). Two-thirds
of the antibiotic-resistant hospital-acquired infections seen today originate from the
ESKAPE group. The A. baumannii hospital-acquired pathogen is commonly
multidrug resistant (MDR), indicating simultaneous resistance to two or more classes
of antibiotics, such as aminoglycoside and fluoroquinolones. Significantly, some
clinical A. baumannii strains are classified as pandrug-resistant, which means they
are resistant to all clinically or medically used classes of antibiotics (Hsueh et al.
2002, Fernandez-Cuenca et al. 2011).

The past 30 years have seen MDR and pandrug-resistant A. baumannii
infections escalate in frequency and voraciousness. Infections caused by this
bacterium include; pneumonia (commonly ventilator-associated), bacteraemia,
urinary tract infections, septicaemia, device-associated infections caused by medical
implants, open wounds and meningitis (Karageorgopoulos et al. 2008, Garnacho-
Montero et al. 2010). There are several difficulties in treating patients who present
with these bacterial infections. Due to the MDR and pandrug-resistant nature of A.
baumannii, mortality rates have increased in infected patients (Sunenshine et al.
2007). Hospitals in the United States are estimated to spend approximately $8,246 to
$29,019 per case of infection with A. baumannii (Lee et al. 2010). These costs are
largely due to extended ventilation, extended patient hospital stays (which can be
months), endemic contamination and infection, epidemic outbreaks, decontamination
of wards, ongoing (sometimes lifelong) treatment for chronic conditions and
repetition of surgery to remove infected prosthetics (Fournier et al. 2006). As this
bacterium evolves, there is a great need to continually investigate and monitor its
virulence and genetic capabilities to develop means to better combat this destructive

pathogen.
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1.2 A historical overview of A. baumannii infection

Historically, A. baumannii was considered a contaminant that was found in
diagnostic laboratories, but as stated previously, through the past 30 years it has
presented itself as a significant bacterium. The A. baumannii species are part of the
Acinetobacter family. Originally, more than 15 taxonomic groups were named for
what is now known as the Acinetobacter genus (Bergogne-Berezin et al. 1996). In
1911, Beijerinck first described Acinetobacter as Micrococcus calco-aceticus, and
since then the species had been issued several names until 1968 when the name
Acinetobacter sp. was allocated. The genus Acinetobacter has expanded to contain
32 taxonomically distinct species (Dijkshoorn et al. 2007, Gordon et al. 2010,
Nemec et al. 2011), with several being environmental organisms not associated with

human disease.

A. baumannii is the most medically relevant of the species. It is pleomorphic,
moving between coccoidal and rod shapes when grown under different conditions
(Adams et al. 2008, Peleg et al. 2008). This bacterium does not have fastidious
growth requirements; it can grow in a wide range of temperatures, pH levels and can
use a variety of carbon sources (Abbo et al. 2005). Recorded as naturally
transformable, A. baumannii can take up foreign DNA from the environment and
incorporate this DNA into its own genome. The genetic material, including plasmids,
transposons and genomic islands, frequently harbour functional resistance genes
contributing to MDR and pandrug-resistance. Technological advances have
highlighted the degree to which A. baumannii strains can rearrange externally

acquired DNA to extend their virulence portfolios.

1.3 Hospital-acquired A. baumannii infections

A. baumannii is predominately a hospital-acquired pathogen infecting immune-
compromised patients in intensive care units (ICU). One of the more severe A.
baumannii infections is ventilator-associated pneumonia (Aydemir et al. 2012, Celik
et al. 2012). Surveillance at several hospitals has shown that ventilator-associated
pneumonia mortality rates are as high as 73 % for A. baumannii infections (Seifert et
al. 1995, Fagon et al. 1996, Makris et al. 2018). As such, much is being done to
understand the infection pathways of A. baumannii as well as develop antibiotic

treatment initiatives (e.g. combination therapy and using polypeptides to help reduce
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the development of infections) (Parchem et al. 2016). Importantly, the
implementation of polymyxins like polymyxin B (PMB) and/or colistin (CST) in
decontamination regimens has been reported to reduce ventilator-associated
pneumonia by up to 50 % (Hurley 2018). However due to the widespread use of
PMB and/or CST antibiotic topical applications, hospitals have seen the emergence
of Gram-negative bacteria and in particular A. baumannii strains, resistant to these
antibiotics (Hurley 2018).

A. baumannii is also commonly found on surfaces within hospitals, such as bed
railings, walls, medical equipment, computers and bed sheets (Higgins et al. 2010,
Pakharukova et al. 2018). The persistent nature of this pathogen contributes to its
endemic spread within hospitals and accounts for some of the increased risks of
contracting MDR A. baumannii strains. Other risk factors include, but are not limited
to, exposure in ICU (especially prolonged stays), receiving mechanical ventilation,
exposure to antimicrobial agents, recent surgery and underlying medical issues that
contribute to a reduced immunity (Fournier et al. 2006, Maragakis et al. 2008,
Chuang et al. 2009). To control hospital outbreaks, strict decontamination and ward

closures have been used (Higgins et al. 2010).

Compared with the other pathogenic bacteria in the ESKAPE group, A.
baumannii has been reported to be the most prevalent infective organism associated
with invasive operations contributing up to 20 % of infections in ICU (Lee et al.
2017, Yue et al. 2017). A study conducted in Delhi from 2010 to 2014 assessed 818
samples from patients with open wound infections in isolated burn units. This study
found that A. baumannii accounted for 12 % of the infections with an increase in
resistance to aminoglycosides and ceftazidime (Singh et al. 2017). Carbapenem-
resistant A. baumannii has been identified as contributing to the increased persistence
of A. baumannii infections (Zarrilli et al. 2013). Recently, the World Health
Organisation (WHO) released a statement describing the top priority pathogens to
investigate on their ‘Global priority list of antibiotic-resistant bacteria to guide
researcher, discovery, and development of new antibiotics’ (WHO 2017). The most
critical are A. baumannii carbapenem-resistant strains, then P. aeruginosa
carbapenem-resistant, Entrobacteriaceae carbapenem-resistant and 3rd generation
cephalosporin-resistant strains. The release of this priority list confirmed the
importance of investigating A. baumannii.

4
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1.4 A. baumannii carriage capacity, persistence and spread to a community-

acquired pathogen

While the particulars of the reservoir harbouring Acinetobacter are unknown,
although hospitals have been suggested as a source, interactions between animals, the
environment and humans could be contributing to the emergence and re-emergence
of this infectious pathogen exacerbating the situation (Zeana et al. 2003, Eveillard et
al. 2013). Acinetobacter sp. are found extensively in the environment; a study of 66
soil samples taken in Hong Kong discovered that more than a third contained
Acinetobacter sp. with 23 % being A. baumannii (Houang et al. 2001). Additionally,
A. baumannii is commonly found in supermarkets and greengrocers as well as other
public places (Berlau et al. 1999, Choi et al. 2012). Other areas identified where A.
baumannii species persist include manured agricultural soil, pig slurry and fish farms
(Huys et al. 2007, Byrne-Bailey et al. 2009).

As stated above, the hospital has been suggested as a possible reservoir for A.
baumannii; the surfaces of medical equipment, such as ventilators or catheters are the
common places identified with this bacterium (Raad et al. 2008, Jang et al. 2009, Ju
et al. 2018, Qin et al. 2018). Colonisation of these items, the added exposure to
antimicrobial agents in patient treatment and inadequate decontamination practices is
suggested to contribute to the MDR, persistence and therefore spread of this
pathogen (Hurley 2018). In addition to the cross-contamination between infected and
non-infected patients discussed above, inadequate hand hygiene practices by medical
staff also plays a role (Dijkshoorn et al. 2007, Markogiannakis et al. 2008,
Garlantezec et al. 2011). Therefore, as well as adequate ward decontamination,
implementation of stringent hygiene regimes is required for successful control and
eradication of A. baumannii outbreaks (Chan et al. 2007, Hurley 2018).

Recently, community-acquired A. baumannii infections have been identified in
several countries including North America (Falagas et al. 2007, Eveillard et al. 2013,
Serota et al. 2018). Additionally, community-acquired infections in Australasia have
been contained to sub-tropical regions of Australia as well as Thailand, the
Philippines and the Indonesian island of Bali (Seifert 1999, Anstey et al. 2002, Ong
et al. 2009, Telang et al. 2011, Chanchaithong et al. 2018, Kim et al. 2018). Within
Australia, community-acquired infections appear to be related to the physiological
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conditions of the patient. Patients who have contracted this bacterium frequently
have alcoholism or asthma (Anstey et al. 1992, Ong et al. 2009). These infections
range from pneumonia to open wound and bacteraemia. Climate has been proposed
as a possible cofactor in the ability of A. baumannii to cause disease within a patient.
The likelihood of a patient contracting community-acquired A. baumannii
pneumonia is highest directly after a change from a temperate to a humid climate
(Anstey et al. 2002, Eveillard et al. 2013). As such, after large natural disasters there
Is a dramatic increase of A. baumannii wound infections in the population within the
affected area (Y. Wang et al. 2010, Eveillard et al. 2013, Suleyman et al. 2018).

Disturbingly, several military personnel have contracted this bacterium at army
bases in Irag and Afghanistan (Davis et al. 2005, Hujer et al. 2006, Arivett et al.
2016), with A. baumannii causing soft tissue infections in open skin wounds (Griffith
et al. 2007, Denys et al. 2011). The army personnel who contract this bacterium
overseas, upon returning to their countries of origin have the potential to transmit the
infection to other patients as well as into the wider community, thereby exacerbating
the spread of the pathogen (Peleg et al. 2008).

Overall, the emergence of community-acquired A. baumannii infections could
be associated with its general persistence in the environment as suggested above, and
therefore the environment could be considered to be involved in the emergence and
re-emergence of this infectious disease. As this pathogen becomes more frequently
reported in the community, greater measures need to be taken to help prevent its
spread; this can be done by reducing patient-to-patient contamination as stated
previously, as well as ensuring that hygiene practices are followed by hospital staff
and that outbreaks are dealt with quickly.

1.5 Mechanisms of pathogenesis

Pathogenesis is the virulence potential of an organism, and is categorised as the
degree to which it can cause disease. A. baumannii has multiple virulence factors that
contribute to its survival and ability to cause disease. Some of these factors are
structures protruding from, or embedded in, the membrane (Harding et al. 2018).
These include a variety of: adhesion pili; outer membrane proteins such as membrane
receptor proteins (Catel-Ferreira et al. 2016, Elhosseiny et al. 2018); capsular
polysaccharide and other surface polysaccharides and oligosaccharides (Russo et al.
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2010); biofilm-associated protein (Bap) (Brossard et al. 2012); type I and type 1V pili
(Harding et al. 2013); and type 1V and type VI secretion systems (Cerqueira et al.
2011, Fitzsimons et al. 2018) (Figure 1.1). Virulence factors that can sequester or
expel elements, metals or molecules like iron (Fe?*) include the cation up-take
systems (Eijkelkamp et al. 2011a) (Section 1.9) and efflux pumps from diverse
families including the major facilitator superfamily (MFS), the resistance nodulation
division (RND) and the ATP-binding cassette transporter (ABC) families (Yoon et
al. 2013, Machado et al. 2018). Nevertheless, however significant these factors are,
the ability to control their expression is ever more important, and as such, these
systems are commonly tightly regulated by signal transduction systems (Robinson et
al. 2000, Adams et al. 2009, Dorr et al. 2016, Richmond et al. 2016, Russo et al.
2016, Chen et al. 2017, De Silva et al. 2018, Liu et al. 2018). This regulation enables
bacterial cells to respond to environmental pressures by activating these systems
(Chen et al. 2017, De Silva et al. 2018). Finally, several resistance genes and
transferable genetic material (such as plasmids) can carry the above mentioned
virulence factors to other bacterial cells and strains, allowing them to spread globally
(Figure 1.1).

1.5.1 Transfers of plasmid and other mobile genetic elements

Bacteria can adapt and evolve in hostile conditions. One way that they can
achieve this is to alter their ability to withstand pressures is acquiring new DNA.
Numerous species have been shown to take up DNA from the environment and
integrate it into their genome, thereby acquiring new phenotypes (Cameranesi et al.
2018). It is thought that A. baumannii can not only incorporate foreign DNA but can
use mechanisms such as horizontal gene transfer to transfer DNA from one bacterial
cell to another (Fournier et al. 2006, Vila et al. 2007, Rumbo et al. 2011). This new
genetic material can code for different virulence factors including antibiotic
resistance. For example the AmpC B-lactamase genetic element (blaapc) provides
resistance to B-lactams, while the (blaoxa-143) and the (blapxa-235) genetic elements
have been shown to contribute to carbapenem resistance in various areas in Brazil
(Pagano et al. 2016). This insertion of new genetic material can also cause mutations

affecting the expression of proteins and
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Figure 1.1: A schematic diagram of the virulence factors used by A. baumannii strains

Represented are several important virulence factors of A. baumannii; type IV pili, iron uptake and biosynthesis systems, surface
polysaccharides, efflux pumps, outer membrane proteins, signal transduction pathways, membrane receptor proteins, resistance genes, plasmids,
adhesion pili and type 1V secretion systems. Figure adapted from (Moatamed 2012).
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could alter the expression of outer membrane proteins, efflux pumps and signal

transduction pathways effecting virulence (Vila et al. 2007).
1.5.2 Adherence to biotic surfaces and biofilm formation

A. baumannii has an intrinsic ability to arrive at a biotic surface and attach to
form a biofilm (Draughn et al. 2018). A biofilm is described as a collection of
bacterial cells surrounded by a polymeric matrix of exopolysaccharides, DNA and
other proteins that develops into a multicellular heterogeneous community (Tiwari et
al. 2018). The developmental changes from planktonic bacteria to a mature biofilm
proceeds in the stages shown in Figure 1.2. In stage one, free floating planktonic
bacteria arrive at a surface and divide. The bacteria use pili or fimbriae to adhere and
this produces a bacterial monolayer. The initial adherence by planktonic bacteria is
reversible until the bacteria begin to produce exopolymers. Stage two proceeds with
bacterial cell division and exopolysaccharides and proteins being produced (Donlan
et al. 2002, Hammond et al. 2011). Stage three advances with cell division and the
production of further exopolysaccharides; this stage shows the beginning of quorum-
sensing, which is believed to be involved in advancing the development of a biofilm
(Piletska et al. 2011). Stage four is development of a mature biofilm exhibiting
multicellular characteristics, waste channels and quorum-sensing. Stage five is the
spread to the surrounding environment of a mature biofilm by a process called
seeding dispersal (Purevdorj-Gage et al. 2005).

1.5.2.1 Multiple mechanisms contribute to adherence and biofilm formation

Strain variation has compounded investigation of the molecular mechanisms
responsible for formation of A. baumannii biofilms because it is unknown whether
the molecular mechanisms described are conserved. Adherence is the initial step in
colonisation as stated previously and is most commonly mediated by pili and other
protein structures embedded on the bacterial cell surface like outer membrane protein
A (OmpA) (Pakharukova et al. 2018). For example, the CsuA/BABCDE chaperone-
usher pili assembly commonly regulated by the TCSTS BfmSR, is composed of six
genes important for the assembly of pili; mutations in the csu genes have been shown
to reduce adherence to abiotic surfaces (Cerqueira et al. 2011, Draughn et al. 2018).
There are many genes associated with adherence and/or biofilm formation, which are
not necessarily independent, for example an insertion disruption of either a type | pili
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Figure 1.2:  Biofilm formation stages one to five

Biofilm formation is established in five stages: stage one free floating bacteria arrive at a surface and divide; stage two, bacteria produce
exopolysaccharides and other proteins; stage three, bacteria continue to produce exopolysaccharides and proteins as well as divide and begin
excreting quorum-sensing molecules; stage four, a mature biofilm is formed with quorum-sensing and waste channels; and stage five, the biofilm

releases individual bacterial cells to infect other areas. Adapted from (Vogeleer et al. 2014)
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cluster or OmpA can result in altered biofilm levels (Tomaras et al. 2003, Gohl et al.
2006, Gaddy et al. 2009b). Several proteins play a role in the maturation of the A.
baumannii biofilm; these include Bap (Loehfelm et al. 2008, Rahbar et al. 2010,
Tiwari et al. 2018), production of the poly-B-(1-6)-N-acetylglucosamine (PNAG)
polysaccharide and expression of the pgaABCD gene cluster have all been described
as critical for A. baumannii biofilm formation (Loehfelm et al. 2008, Choi et al.
2009, Rahbar et al. 2010, Deveson Lucas et al. 2018, Tiwari et al. 2018). In clinical
Acinetobacter strains, major differences between strains have been identified in their
ability to form biofilms (Cevahir et al. 2008, Lee et al. 2008, de Breij et al. 2010,
Eijkelkamp et al. 2011b). In addition to the above, the control of biofilm formation
has been shown to be due to cell-to-cell signalling, which occurs by quorum-sensing
(Castillo-Juarez et al. 2017). Interestingly, the biofilm structure is of particular
interest within the hospital environment as it binds to hydrophobic materials like
plastics, as such suggestions to move the medical industry to hydrophilic materials
could result in reducing the ability of biofilm forming pathogens to spread
(Pakharukova et al. 2018).

1.5.2.2 Biofilm and increased antibiotic resistance

Bacteria within a biofilm are largely protected against attacks from antibiotics,
disinfectants, germicides and phagocytosis (Bartoszewicz et al. 2007). MDR A.
baumannii isolates commonly show higher levels of biofilm formation than their
susceptible counterparts, which confirms a correlation between biofilm formation
and increased drug resistance (King et al. 2009, Sato et al. 2018). The biofilm matrix
provides protection via the outer matrix structure against antimicrobial agents and
environmental stressors, leaving the bacteria within largely untouched (Stewart et al.
2001, Skindersoe et al. 2008, Hoiby et al. 2011, Draughn et al. 2018, Pakharukova et
al. 2018). Proteins associated with drug resistance, including p-lactamases and
aminoglycoside acetyltransferases, are found to be over-expressed in biofilms and
contribute to resistance by deactivating the agents entering the biofilm (Mah et al.
2001, Darouiche 2004, Shin et al. 2009). Interestingly, the production of biofilms can
be a result of exposure to sub-inhibitory concentrations of antimicrobial compounds,
suggesting that the formation of biofilms can be classified as a virulence mechanism
(Nucleo et al. 2009).
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The structure of a biofilm produce cause gradients of nutrients, oxygen, waste
and pH (Stewart et al. 2001). These variations can also create anaerobic conditions
that can be beneficial in resisting antibiotic attack (Xu et al. 2000). Some antibiotics
work well in aerobic conditions but lose their effectiveness in anaerobic conditions.
For example, aminoglycosides work well in inhibiting bacteria in aerobic
environments but they are not effectively taken up by bacteria cells in anaerobic
conditions (Bryant et al. 1992, Stewart et al. 2001).

Within a biofilm, there are many physical and chemical stresses (including
osmotic, endogenous oxidative stress and nutrient) (Sutherland 2001, Hoiby et al.
2011, Falghoush et al. 2017) that could lead to the bacteria entering a slowed growth
phase. This phase has been thought to limit division capacity and inhibit antibiotics
from reaching the interior of the bacteria cells (Prigent-Combaret et al. 1999, Hoiby
et al. 2010). This is seen as beneficial because bacteria in the middle of a biofilm are
largely protected against antibiotic therapy; dormant bacteria have been found to be
15 times more resistant compared with planktonic cells (Desai et al. 1998, Stewart et
al. 2001, Darouiche 2004, Behlau et al. 2008). Subsequently, the treatment of
biofilms requires not only an antibiotic but also an agent to break down the biofilm
itself (Alipour et al. 2009).

1.5.2.3 Pellicle formation is the biofilm at the air-liquid interface

There are two distinct forms of biofilms described in the literature. The best
known biofilm is formed at the solid-liquid interface, as described above, while the
other is the pellicle formed at the air-liquid interface (Kentache et al. 2017).
Interestingly, a study in A. baumannii assessing formed pellicle material, identified
52 differentially-expressed proteins with 32 up-regulated and 20 down-regulated
when compared to planktonic growth (Marti et al. 2011a). These findings are similar
to another investigation of the whole proteome of the pellicle which found that
sessile bacteria more are resistant to external pressures than the planktonic bacteria
(Kentache et al. 2017).

The formation of a pellicle in ventilator tubing has the potential to form a plug
where bacteria have access to oxygen as well as nutrients from a liquid media (Jos et
al. 2009). Interestingly, A. baumannii has been found to have an increased ability to
form a pellicle compared with other Acinetobacter sp. (Marti et al. 2011b).
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Additionally, the pellicle has been associated with various virulence factors including
phospholipases, adhesion factors, the GacSA TCSTS and Type VI secretion system
(Kentache et al. 2017). The siderophore iron up-take systems described in section
1.10 have also been correlated with pellicle formations (Marti et al. 2011a). It has
been suggested that the pellicle may not be important in a host niche, but instead its
core purpose could be associated with environmental pressures (Marti et al. 2011b).
Because pellicle formation is more pronounced at room temperature (approximately
25°C compared with incubation temperature of 37°C), it is important to note that
biofilm and pellicle formation are not directly correlated when investigating different
strains (McQueary et al. 2011).

1.6 Regulation of pathogenic factors

As the virulence mechanisms used by bacteria are being investigated so are the
regulating factors that control these mechanisms. A. baumannii uses an array of
virulence mechanisms that facilitate its persistence and resistance within the hospital
and host environments. As described above, these include surviving desiccation,
forming biofilms and pellicles, using a range of efflux pumps and modification of
antibiotic targets to withstand antibiotic therapy (Draughn et al. 2018). A number of
regulating factors have been identified including small non-coding RNA (sRNA),
plasmids and signal transduction pathways shown to regulate virulence factors
contributing to increased morbidity and mortality rates with A. baumannii infections.
A number of, SRNAs have been found to affect the AdeABC efflux pump altering
antibiotic resistance as well as influence biofilm formation in ATCC 17978, different
SRNA are found in sessile bacteria compared to planktonic (Gholamalipour et al.
2018, Hu et al. 2018). Other mechanisms are affected by plasmid mediated
regulation for example the TeR-like regulator harboured on plasmids pAB3 and
pAB04-1 in the ATCC 17978 and Ab04 strains play key roles in the ability of A.
baumannii to resist antibiotic pressures (Wood et al. 2018). As well as the above
regulatory mechanisms TCSTS enable bacteria to alter their state when under
selective environmental pressures through regulation of the histidine kinase (HK)
and RR proteins, discussed below. These systems can regulate a variety of virulence
mechanisms including antibiotic resistance by regulating efflux pumps and biofilm
formation (Adams et al. 2018).
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1.6.1 TCSTS

Bacteria can sense, adapt and respond to signals both inside and outside a host.
This ability has permitted them to survive adverse conditions as well as invade a
wide range of niches (Sheng et al. 2012, Adams et al. 2018). The TCSTS is one
mechanism in which a protein perceives an external stimulus and then activates a
regulator to modify gene expression (Calva et al. 2006), thereby aiding the bacteria
to actively respond to its environment. TCSTS are relatively simple signalling
pathways that are found predominantly in prokaryotes. First identified as a distinct
class of signalling pathway 25 years ago (Nixon et al. 1986), TCSTS are present in
bacteria, archaea and eukaryotic organisms (e.g. yeast and plants) but they are not
found in higher animals (Hoch 2000). Because of this, TCSTS have been identified
as potential drug targets (Gotoh et al. 2010, Milton et al. 2018). These systems
contribute to the pathogenicity of bacterial infections by regulating processes
including the surface adhesion, phosphate and iron uptake, antibiotic resistance, and
the formation of biofilms and pellicles (Casino et al. 2010, Russo et al. 2016). A
standard TCSTS consists of two proteins, a sensor HK and a cognate RR (Figure 1.3)
(Calva et al. 2006, Laub et al. 2007).

As shown in Figure 1.3, the HK is located in the cell membrane and acts as a
sensor protein. When the HK protein receives a stimulus, it undergoes dimerisation
and autophosphorylation at a conserved histidine (His) residue. The phosphoryl
group is transferred to a conserved aspartate (Asp) residue on the cognate RR in the
cytosol. This leads to conformational changes in the RR effector domain that enables
the protein to actively increase or decrease gene transcription (Robinson et al. 2000,
Stock et al. 2000). The average bacterial genome encodes 50-60 TCSTS (Ashby et
al. 2006, Whitworth et al. 2008, Wuichet et al. 2010). TCSTS regulate a wide range
of physiological processes in response to changing environmental parameters
(Comeau et al. 1985) including environmental pressures experienced during the

infection cycle (Ewann et al. 2002).

1.6.1.1 HK proteins

HK proteins phosphorylate a number of targets (Robinson et al. 2000), but in a
typical two-component system, there is a one-to-one relationship between the HK
and the RR with very little cross-talk between non-cognate RR proteins. The sensor
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Figure 1.3: Representation of a TCSTS

After receiving an external stimulus (yellow circle), the histidine kinase is
autophosphorylated at a conserved His residue (blue circle) in the H box. The
subsequent phosphoryl group is transferred to an Asp residue (red circle) in the N-
terminal of the response regulator protein. A conformational change in the C-
terminal or effector domain of the response regulator leads to an alteration in gene

expression in response to the stimulus.
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HK protein generally consists of two domains: a variable N-terminal sensing
domain and a highly conserved C-terminal kinase domain. The N-terminal sensing
domain consists of two trans-membrane (TM) regions, TM1 and TM2 (Figure 1.3),
which embeds the protein in the cytoplasmic membrane (Forst et al. 1987). The C-
terminal kinase domain consists of a dimerisation and a catalytic region. The
dimerisation region contains the H box and a conserved histidine (His) residue where
autophosphorylation takes place. The catalytic region is comprised of four or five
amino acid motifs known as the H, N, G1, F and G2 boxes (Parkinson et al. 1992,
Stock et al. 2000) (Figure 1.3) and is responsible for the adenosine triphosphate
(ATP) binding required for autophosphorylation.

The response process starts with a stimulus being detected from the environment
leading to a conformational change of the sensing domain. The autophosphorylation
of the Kkinase is a trans-autophosphorylation bimolecular reaction between
homodimers where one HK monomer catalyses the phosphorylation of the conserved
His residue in the other (Perraud et al. 1999, Stock et al. 2000, Cardona et al. 2018).
The phosphoryl group on the Asp residue is transferred to water in a hydrolysis
reaction where all autophosphorylation steps require divalent metal ions, with Mg**
assumed to be the relevant cation in vivo (Stock et al. 2000). Several HK proteins can
actively dephosphorylate the cognate RR due to the activity of the phosphate, which

limits the RR proteins time in the activated state (Robinson et al. 2000).

The HK proteins can be divided into two classes, orthodox and hybrid, which
range in size from less than 40 kDa to more than 200 kDa. An example of an
orthodox HK is the Escherichia coli EnvZ protein, which has two TM regions.
However, not all orthodox HKs have this structure. For example, the FixL protein
from Rhizobium meliloti, which is involved with nitrogen fixation (Stock et al.
2000) has four TM regions and UhpB, a part of the sugar transport system in E.
coli, has eight TM regions (Island et al. 1993). Furthermore, not all HK proteins are
membrane bound. CheA, which is implicated in chemotaxis, and the nitrogen
regulatory kinase NtrB are both soluble cytoplasmic HK proteins. They can be
regulated by interaction with intracellular stimuli or by interaction with the

cytoplasmic domains of other proteins (Stock et al. 2000).

16



Chapter 1

1.6.1.2 RR proteins

The RR protein of a TCSTS generally consist of two domains: the regulatory
conserved N-terminal region containing an Asp residue and the variable effector C-
terminal domain (See Figure 1.3) (Gross et al. 2012). The RR proteins commonly
found in the cytosol of a cell are responsible for altering gene transcription. The RR
protein has two conformational states; inactive and active. The inactive state is the
unphosphorylated RR protein and the active state is the result of phosphorylation of
the conserved Asp (Buckler et al. 2000). As stated previously, in a TCSTS the
phosphoryl group is catalysed from the phosphor-His of the cognate HK protein and
transferred to the conserved Asp residue in the RR N-terminal regulatory domain,
where a conformational change occurs facilitating transcriptional effects (Stephenson
et al. 2002). The response is a set of inter- or intra-molecular interactions that alter
the surface area of the effector domain to produce a response. This response can be

protein-to-protein or act directly on the RNA polymerase (Capra et al. 2012).

A RR protein can also activate without the assistance of a cognate HK through
interactions with several small molecules. For example, acetyl phosphate, carbamoyl
phosphate, imidazole phosphate and phosphoramidate can act as phosphodonors and
cause transcriptional effects independently of an external signal (Feng et al. 1992,
Lukat et al. 1992). This provides evidence that the system can be activated without
sensing an external stimulus, possibly as a reaction to internal metabolic states. To
return to an inactive state, most RR proteins can autodephosphorylate, which limits
the lifetime of the activated RR (Perraud et al. 1999).

1.6.1.3 Orphan HK and RR proteins

Although a vast majority of HK and RR proteins are identified in pairs with
their cognate partner, some are also present as orphan proteins (Capra et al. 2012).
Different species of bacteria have different orphan proteins. For example,
approximately 6.4 % of HK and RR proteins in E. coli are orphaned, whereas in
Caulobacter crescentus this percentage is increased to 57 % (Skerker et al. 2005).
The orphan proteins are suggested to work in the same manner as the cognate paired
TCSTS, but they are able to act on more than one protein, giving rise to an
abundance of cross-talk (Section 1.6.1.6) (Laub et al. 2007).
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1.6.1.4 Prevalence of TCSTS

The occurrence of TCSTS in prokaryotes can vary dramatically across species.
For example, in E. coli there are 30 HK (five of which have been identified as hybrid
kinases) and 32 RR proteins. The number of TCSTS proteins can be as high as 80 in
Synechocystis sp and 82 in Burkholderia pseudomallei (Cardona et al. 2018). In
contrast there are none in Mycoplasma genitalium. There is a large variability in the
number of TCSTS presence in different species including 70 in Bacillus subtilis, 9 in
Haemophilus influenzae, 11 in Helicobacter pylori, and 19 in Thermotoga maritime
(Stock et al. 2000, Galperin 2006). As more and more species of bacteria have their
complete genomes sequenced, TCSTS proteins will be identified and the prevalence

of these systems will be known.

1.6.1.5 Typical TCSTS

A typical TCSTS is the EnvZ-OmpR system from E. coli. This system responds
to changes in the osmolarity of the external environment and ethanol (Tipton et al.
2016, Zhang et al. 2018). The HK EnvZ and the RR OmpR protein act together to
regulate the expression of the outer membrane porin proteins OmpF and OmpC.
When activated, the OmpR RR binds to regions upstream of genes encoding these
proteins (Cai et al. 2002, Yoshida et al. 2002). This system has also been thought to
contribute to biofilm formation through the phosphorylated OmpR protein binding to
the csgD promoter that positively regulates the transcription of csgAB and adrA,
which are types of pili known to be involved in biofilm formation (Stanley et al.
2004).

1.6.1.5.1 GacSA TCSTS within A. baumannii

For the regulation of virulence factors across Gram-negative bacteria, the
TCSTS GacSA has been identified as important (Parkins et al. 2001, Stanley et al.
2004, Gauthier et al. 2010, Tahrioui et al. 2013, Yan et al. 2018). Interestingly, the
GacS protein in A. baumannii bacteria is an orphan hybrid HK that shares 43 %
homology to a protein in P. aeruginosa PAO1 (Peleg et al. 2008). The gacS gene
contributes to the virulence capacity of A. baumannii to kill unicellular eukaryotes,
commonly Candida albicans, and when this gene is disrupted, this ability is
attenuated (Peleg et al. 2008). In addition to the above, 674 genes are
transcriptionally altered when gacS is disrupted in A. baumannii ATCC 17978. The

affected genes include those involved in biofilm formation, motility and pili
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synthesis (Cerqueira et al. 2014). TEM studies have visualised significantly
shortened pili and a reduction in biofilm mass in the ATCC 17978 WT strain
compared with the AgacS mutant. Expression of two genes essential for pili synthesis
and biofilm formation as part of the csu operon were found to be significantly
reduced in expression in the AgacS mutant (a 4-fold reduction for csuB and a 4.5-fold
reduction for csuC) (Tomaras et al. 2008, Gaddy et al. 2009a). Of note, the csu
operon has been found to be regulated by two TCSTS, the GacSA and the BfImSR

systems, and is potentially a cross-talk system within A. baumannii.

1.6.1.5.2 BfmSR TCSTS within A. baumannii
The BfmSR, also known as the RstAB, TCSTS is involved in various

mechanisms correlated to in vivo survival, biofilm formation and antibiotic resistance
(Tomaras et al. 2008, Russo et al. 2016, Draughn et al. 2018). Regulating these
mechanisms involves the expression of several regulatory processes that alter the
physiology of the bacterial cell. This system has been associated with the expression
of the csuA/BABCDE chaperone operon pili system in ATCC 19606; when bfmR is
disrupted, the cell surface pili were reduced (Tomaras et al. 2008) leading to a
reduction in biofilm formation. Interestingly, in A. baumannii 19606, disruption of
bfmS was shown to also reduce the total amount of biofilm produced (Tomaras et al.
2008, Thompson et al. 2012). This finding has contributed to the belief that bfmR can
be activated by another HK to induce biofilm formation in this strain. Additionally,
when the BfmSR TCSTS is disrupted, the shape of the bacterial cell is affected
(Olson et al. 2012). The BfmSR system also confers resistance to carbapenems and
chloramphenicol (CHL) (Geisinger et al. 2015). In addition to the above, BfmSR is
responsible for increased resistance to complement-mediated bactericidal activity, as
well as scaffolding of the outer membrane protein OmpA, thereby increasing the

bacterium’s survival in vivo (Russo et al. 2016).

1.6.1.6 Cross-talk within signal transduction networks

Recent investigations into non-specific cross-talk between cognate and non-
cognate HK and RR proteins producing some interesting results as the
interconnectedness of these systems comes to light. For example, reports have shown
that in vitro non-cognate pairs interact via cross-talk as suggested above by the
BfmSR system (Gaddy et al. 2009a, Russo et al. 2016). However, the cross-talk

identified is at a low affinity compared with cognate pairs and possibly due to the
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high concentration of cells in vitro. Another example of this phenomenon is found
within B. subtilis where the PhoPR two-component system interacts with the YycFG
two-component system in response to phosphate limitations within the bacterial cell,
this reaction also occurs at a reduced level similar to what was identified of the
BfmSR system (Howell et al. 2006). Moreover a study assessing non-cognate pares
in vitro of E. coli identified 692 non-cognate parings of 27 truncated HK and 34 RR
(Yamamoto et al. 2005). Bacteria have multiple TCSTS the above described research
has demonstrated that these systems can be used in combination to form complex
regulatory networks, increasing cellular responses to different conditions (Howell et
al. 2006).

1.6.1.7 TCSTS are potential drug targets

The need to find an alternative to antibiotic treatment is paramount in the
clinical environment. Pathogenic bacteria continue to increase their resistance to
antibiotics and have become a considerable burden in hospitals. Because TCSTS are
not found in higher eukaryotic organisms, they are good candidates for therapeutic
targets without the risk of harming patients. As described, a number of TCSTS have
been associated with virulence traits; these systems are the new targets for anti-
microbial research (Gross et al. 2012). Thus, inhibitors of TCSTS that control
virulence factors could reduce virulence mechanisms without killing the bacteria,

allowing the host’s immune response to eradicate the infection.

Sites of TCSTS that share homology between systems are possible drug targets.
Developing an inhibitory compound to disable multiple strains is an important step
towards controlling MDR pathogenic bacteria (Gotoh et al. 2010). The sites of
potential inhibition include the autophosphorylation signal and the
autophosphorylation of the HK, which would inhibit interactions between the HK
and the cognate RR protein, disrupt the dephosphorylation of the HK and prevent
binding of the RR protein to the gene promoter or other downstream protein-to-
protein actions (Krueger et al. 2012, Draughn et al. 2018).

While traditional antibiotics commonly inhibit proteins that perform specific
functions (e.g. inhibiting cell wall synthesis, DNA gyrase, protein synthesis and
possibly RNA synthesis), TCSTS inhibitors would target the upstream regulatory
controls and not the downstream products (Gotoh et al. 2010). The BfmSR TCSTS is
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being investigated by in silico ligand binding analysis assessing potential drug targets
(Russo et al. 2016). This could enable the development of drugs that will work
against MDR pathogens such as S. aureus, P. aeruginosa and A. baumannii (Krueger
et al. 2012).

Several reports have identified the potential of these new drug targets, including
Roychoudhury et al (1993), who found an inhibitor that has the capacity to reduce
the production of the exopolysaccharide alginate from P. aeruginosa (Roychoudhury
et al. 1993). This finding could potentially benefit cystic fibrosis patients through
disruption of the phosphorylation or dephosphorylation of AlgR2 and the DNA-
binding activity of AlgR1. Gotoh et al (2010) identified several inhibitors for use
against TCSTS, three of which are described here. The first inhibitor is walkmycin B
(also known as walrycin), which acts on a separate function of the well-characterised
TCSTS WalKR that is found in a number of Gram-positive opportunistic pathogens
(Gotoh et al. 2010). Walkmycin B blocks the autophosphorylation of the HK and
interacts with the RR to inhibit the phosphor transfer from the HK. Specifically, the
cell wall metabolism of methicillin-resistant S. aureus is affected and reduces the
virulence of this pathogenic bacterium (Gotoh et al. 2010). The second inhibitor is
LED209 which can inhibit QseC, the HK of a system in enterohemorrhagic E. coli.
This inhibitor stops the HK from receiving external activation signals and therefore
inhibits autophosphorylation of the system and suppresses the pathogenicity of the
strain (Gotoh et al. 2010). The third inhibitor is apolipoprotein B, a large protein
found in serum of the host that is used by the innate immune defence system.
Apolipoprotein B works against the virulent TCSTS AgrCA by sequestering
autoinducing cyclic thiolactone peptides that activate the virulence traits via AgrCA
within methicillin-resistant S. aureus (Gotoh et al. 2010). These newly identified
compounds could be used in the clinical setting to reduce the effects of these

pathogenic bacteria without harming the host or increasing antibiotic resistance.

1.7 cAMP regulation

Signal transduction pathways are used to sense the external environment and react to
it; this reaction can be varied and may include the responses discussed above but
may also be in the form of chemotaxis, cell differentiation and apoptosis. TCSTS are

not the sole mechanisms whereby bacteria can respond; many environmental
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signalling pathways use secondary molecules to relay information from receptors to
effectors within the cell (Figure 1.4). Many molecules are used in these systems,
including cyclic nucleotides, guanosine pentaphosphate and Ca®* (McDonough et al.
2012). One of the major signalling molecules, and the best studied, is CAMP. cAMP
is synthesised by the enzyme adenylyl cyclase (AC) through biosynthesis of ATP to
CAMP (Figure 1.4). To maintain homeostasis within the cell, cAMP levels are
controlled by degradation and this occurs via phosphodiesterase (PDE). CpdA, which
hydrolyses cAMP leaving AMP (McDonough et al. 2012). Thus, regulation of the

concentration of CAMP is largely a result of controlling the CpdA enzyme.

The best-described cAMP signalling system is within E. coli and controls
metabolic responses (Fuchs et al. 2010b). The CRP complex regulates more than 100
genes and operons (Fuchs et al. 2010b, McDonough et al. 2012). Within
Pseudomonas, cCAMP and the virulence factor regulator (\Vfr) complex, which shares
homology to the CRP complex, have been described as being able to coordinate
intracellular processes, control virulence gene expression, relay extracellular signals
from the environment and manipulate the host’s immunity by increasing cAMP
levels during infection (McDonough et al. 2012). The regulatory cascade involved is
very complex and has not been fully elucidated. Gene expression altered via CAMP
can be varied and may include virulence genes such as those that affect biofilm
formation, Type Il secretion and carbon metabolism (McDonough et al. 2012).

1.8 Survival in various media

To cause a disease state, pathogenic bacteria have to persist in a variety of
different media, this can include blood, lung fluid and sputum; causing disease like
sepsis and pneumonia. A key factor to survival in these niches is the ability to
acquire iron from the surrounding environment. Iron is vital in many cellular
processes including metabolism, cell-to-cell signalling and biofilm formation (Hazan
et al. 2010). However, soluble iron (Fe?* and Fe®") has a limited presence in many
environments. Therefore, the ability to acquire Fe?* and Fe®" is a critical mechanism
for A. baumannii to persist within the host and on abiotic surfaces. Interestingly A.

baumannii has the ability to grow under iron-limiting conditions
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Figure 1.4: cAMP second signalling molecule pathway
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An extracellular or intracellular signalling molecule (red circle) is received by
the cAMP receptor protein (CRP complex) (purple circle). This activates synthesis of
cAMP (orange diamond) from ATP (yellow star) by AC (cyaB) (light blue circle).
The produced cAMP acts on protein kinases and other effector proteins altering
transcriptional expression. The cAMP is degraded by PDE cpdA (blue oval),

maintaining homeostasis of this molecule within the cell.
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(Dorsey et al. 2003a). Siderophore-mediated iron acquisition is utilised by the
bacterial cell, where siderophore molecules are synthesised and secreted into the
extracellular space acquiring iron. Once siderophores bind to iron they are taken up
by surface receptors. The TonB-ExbB-ExbD system mediates the up-take of iron-

bound siderophores (Braun 2003).

Three types of iron acquisition have been previously described in A. baumannii;
ferrous iron or heme receptor proteins, siderophore-mediated up-take via synthesis of
acinetobactin, and hemophore utilisation mechanisms (Antunes et al. 2011). A
previous study identified a variety of gene clusters in A. baumannii including two
siderophore clusters, the acinetobactin cluster, Fe-receptors, fumarase C and ExbB/D
to be significantly up-regulated in iron starvation conditions (Eijkelkamp et al.
2011a). Another important iron regulatory mechanism is the ferric up-take regulator
(FUR), which controls iron homeostasis. In the presence of iron the FUR protein
dimerises and binds to the FUR box. This leads to repression of iron acquisition
genes, however in the absence of iron FUR dissociates from the binding site which
allows gene expression (Stojiljkovic et al. 1994). In addition to the above, the BLUF-
type photoreceptor BIsSA protein has recently been identified as antagonising FUR
under temperature, no light and blue light conditions (Tuttobene et al. 2018). This
enabled growth under iron deficiency conditions in the dark.

1.9 Evading the immune system

Evading the immune system is an essential process for bacteria to cause an
infection. One such immune defence system is complement Kkilling, by which
complement proteins, found in the serum part of the blood, through an intricate step-
by-step process create a pore in invading bacterial cell membrane, releasing the
cellular contents and causing the cell to lyse (Kim et al. 2009, Li et al. 2015, Alves et
al. 2017). The ability to resist this active process is associated with a number of
factors including extracellular polysaccharides (Sarkar et al. 2014) and bacterial
lipopolysaccharides, namely the lipid A core and the repeat O antigen subunits with
alterations in the sugar subunits including the capsule proteins and outer membrane
proteins like OmpA (Kim et al. 2009, Shashkov et al. 2015, Wessels 2016, Harding
et al. 2018). The proteins help to circumvent complement activity by inhibiting

correct attachment to the bacterial cell.
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Another important immune defense system is phagocytosis, this is the
destruction of bacteria and other foreign particles that invade host systems (Baquir et
al. 2012, John et al. 2012, Weiss et al. 2015). Phagocytosis is accomplished by
neutrophil and macrophage cells that engulf the foreign bacteria and produce an
oxidative burst to kill bacteria within itself (Garcia-Patino et al. 2017). Neutrophils
and macrophages are recruited to the site of infection by chemoattractant proteins
including chemokines and cytokines, commonly triggered by the Toll-like receptor
(van Faassen et al. 2007, Garcia-Patino et al. 2017). The ability to withstand the
oxidative stresses produced within the phagocytotic cells enables bacteria to not only
survive with the immune cells but replicate as well, causing severe diseases.
Additionally, the ability of the bacteria to alter its cell surface protein structures, e.g.
capsule and/or lipid A, can reduce the activation of the Toll-like receptor and
therefore reduce the recruitment of phagocytosis cells leading to an increased
bacterial load (Dikshit et al. 2018).

1.10 Focus of the study

A. baumannii is an established human pathogen that colonises hospitals and
spreads endemically. A. baumannii can cause a range of infections with high
morbidity and mortality rates of up to 75 % in some cases. Due to the severity of this
pathogen, the focus of this study was to identify and investigate some of the
virulence-related mechanisms used by the A. baumannii bacterium in causing these

lethal disease states.

Biofilm formation is a known virulence trait. Biofilms can be formed in a range
of niches including medical device implants and other equipment. However, little is
known about pellicle formation which is a type of biofilm, or the specific molecules
used to signal its development in A. baumannii strains. The biofilm and pellicle states
are defined at different physiological phases: the biofilm is a collection of cells
grown at the surface-liquid interface, whereas the pellicle grows at the air-liquid
interface. As the pellicle enhances the persistence of A. baumannii in different
settings, investigation of the specific genes involved in its formation is essential in
furthering our understanding and to develop strategies to combat this pathogen. The
aim of chapter two was to identify the genes involved in the formation of the pellicle.
As such the pellicle forming A. baumannii strain 17978hm was mutated using a
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transposon insertion element, to identify derivatives that could no longer form a
pellicle at the air-liquid interface. Comparative HiSeq techniques were used to
identify the genes contributing to the regulation, and therefore production, of the
pellicle in the identified pellicle deficient cpdA::Tn mutant strain.

TCSTS are known to regulate a variety of virulence factors contributing to the
ability of A baumannii to cause a disease state. These factors contribute to increased
antibiotic resistance and the ability to withstand the host immune response. TCSTS
in A. baumannii represent a relatively new field of research with limited complete
pictures of TCSTS and the multiple regulation abilities correlated specifically to
virulence potential. Chapters three and four aimed to examine a novel TCSTS and
assess its relationship with virulence traits identified in the A. baumannii 04117201
strain. This investigation identified the novel TCSTS named here as StkRS in the
clinical A. baumannii strain 04117201. After deletion of the RR in the StkRS system,
the AstkR mutant strain was analysed together with its progenitor in several virulence
assays, including a mouse model assessing bacterial load in the lungs, blood and
spleen. Comprehensive genomic transcriptomic analysis of the 04117201 AstkR
mutant and WT strains aided in identifying a plethora of genes that play a role in A.
baumannii virulence. Investigation of the mouse immune response to the A.
baumannii infection using an RT? profiler array, highlighted the importance of the
StkRS system in virulence.

Overall, the wide range of molecular techniques and experimental approaches
used in this study generated a wealth of knowledge about A. baumannii in relation to
virulence capabilities. This project fills the gap of knowledge related to pellicle
formation ability in the A. baumannii population, substantially connecting three
phenotypes; the pellicle, cell surface hydrophobicity and motility through in vitro
and genetic investigation. Additionally, an assessment of A. baumannii 04117201
and the AstkR mutant strain grown in a wide selection of media generated data
indicating the influence of different growth conditions. These data also identified
many possible regulatory pathways that were affected by the previously undescribed
TCSTS StkRS. A significant increase in virulence potential of the AstkR mutant
compared to its A. baumannii 04117201 progenitor, highlighted the importance of
the StkRS system. Moreover the ability of A. baumannii 04117201 and the AstkR
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mutant to alter the innate immune response by decreasing the expression of a Toll-

like receptor, cytokine and chemokine production is a significant finding.
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Chapter 2

2.1 Preface

This chapter is heavily based on the article published in BMC Microbiology as
Giles, S. K., Stroeher, U. H., Eijkelkamp, B. A. and Brown, M. H. (2015)
Identification of genes essential for pellicle formation in Acinetobacter baumannii.
BMC Microbiology 15:116. The printed version of this article appears in Appendix
F. In addition to the above article this work also contributed to a protocol paper,
whereby a new method for analysing CAMP within bacterial cells was developed
using the Cyclic Nucleotide XP Enzymatic Immunoassay Kit. The specific
optimisation and development of this method is not described in this thesis; however
the article is published in Bio-protocol as Giles, S. K., Stroeher, U H. and Brown,
M. H. (2016) Measurement of intracellular cAMP levels using the cyclic nucleotide
XP enzymatic immunoassay kit in bacteria. Bio-protocol 6: e1792. http://www.bio-

protocol.org/e1792. The printed version of this article appears in Appendix G.

2.2 Abstract

A. baumannii is an opportunistic pathogen which has the ability to persist in the
clinical environment, causing acute and chronic infections. A possible mechanism
contributing to survival of A. baumannii is its ability to form a biofilm-like structure
at the air-liquid interface, known as a pellicle. This study aimed to identify and
characterise the molecular mechanisms required for pellicle formation in A.
baumannii and to assess a broad range of clinical A. baumannii strains for their

ability to form these multicellular structures.

Random transposon mutagenesis was undertaken on a previously identified
hyper-motile variant of A. baumannii, 17978hm. In total three genes critical for
pellicle formation were identified; cpdA, a PDE required for degradation of CAMP,
and A1S 0112 and A1S_0115 which are involved in the production of a secondary
metabolite. While motility of the 17978hmA1S 0112::Tn (A1S_0112::Tn) and
17978hmA1S_0115::Tn (A1S_0115::Tn) mutant strains was abolished, the cpdA::Tn
mutant strain displayed a minor alteration in its motility pattern. Determination of
CAMP levels in the cpdA::Tn strain revealed an approximate 24-fold increase in
cellular cAMP, confirming the role CpdA plays in catabolising this secondary
messenger molecule. Interestingly, transcriptional analysis of the cpdA::Tn strain
showed significant down-regulation of the operon harbouring the A1S 0112 and
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A1S 0115 genes, revealing a link between these three genes and pellicle formation.
Examination of our collection of 54 clinical A. baumannii strains revealed that eight

formed a measurable pellicle; all of these strains were motile.

This study shows that pellicle formation is a rare trait in A. baumannii and that a
limited number of genes are essential for expression of this phenotype. Additionally,
an association between pellicle formation and motility was identified. The level of
the signalling molecule cAMP was found to be controlled, in part, by the cpdA gene
product, in addition to playing a critical role in pellicle formation, cellular
hydrophobicity and motility. Furthermore, cCAMP was identified as a novel regulator
of the operon A1S 0112-0118.

2.3 Introduction

A. baumannii is an opportunistic Gram-negative human pathogen that causes
severe nosocomial infections primarily in immune-compromised patients; disease
states include pneumonia, meningitis and bacteraemia (Bergogne-Bérézin 1997,
Dijkshoorn et al. 2007, McQueary et al. 2011, Roca et al. 2012, Shin et al. 2012).
The bacterium can be found in ICU and is frequently isolated from medical devices
(Neely et al. 1999, Donlan et al. 2002, Peleg et al. 2008, Ramirez et al. 2010). The
capacity to survive in these environments is possibly due to the ability of this
organism to survive desiccation and resist a broad spectrum of antibiotics and
disinfectants. As a result, A. baumannii has entrenched itself in the clinical
environment (Karageorgopoulos et al. 2008, Strassle et al. 2012, Karaiskos et al.
2013).

Given the occurrence of A. baumannii in ICU and its high level of intrinsic and
adapted resistance, there is increased pressure to identify novel drug targets.
Therefore, understanding the molecular mechanisms contributing to virulence in A,
baumannii is essential. Similar to numerous other organisms, A. baumannii has the
ability to grow a multicellular structure known as a biofilm (Longo et al. 2014) of
which the pellicle is a specialised form. The pellicle is localised to the interface
between air and liquid, and is a structure of connected cells surrounded by a matrix
of extracellular polymeric substance (Moonmangmee et al. 2002, Yamamoto et al.
2012). The formation of a pellicle allows aerobic bacteria to have access in a
stagnant environment to high levels of oxygen and nutrients (Yuan et al. 2013). The
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pellicle can increase bacterial survival under antibiotic pressure as well as contribute
to longer than usual persistence in a hostile environment, such as under drying
conditions (Kanchanarach et al. 2010, Espinal et al. 2012, Sambandan et al. 2013).

There are numerous molecular mechanisms potentially involved in pellicle
formation by A. baumannii. One such mechanism is the csuA/BABCDE npilus
chaperone-usher assembly system which is responsible for the production of pili and
is essential in the formation of a biofilm on solid surfaces (Donlan et al. 2002,
Tomaras et al. 2003, McQueary et al. 2011). In a study on B. subtilis, 288 regulatory
and potential regulatory genes were associated with pellicle formation (Kobayashi
2007). Recent analyses of A. baumannii in the pellicle state have revealed alterations
in the expression of at least 52 membrane proteins (32 up-regulated and 20 down-
regulated) (Marti et al. 2011a, Nait Chabane et al. 2014). These 52 proteins were
found to be involved in; iron up-take systems, lipid and carbohydrate transport,

cellular metabolism, starvation, porins and pili.

As bacteria encounter a wide range of environmental conditions, there is a
requirement to respond to these changes, such as changing from a planktonic state to
living within a biofilm and/or pellicle; this can involve deployment of a number of
signalling molecules (de Kievit 2009, Lazar 2011). cAMP is a ubiquitous signalling
molecule used in conjunction with a variety of regulators for modulating gene
expression in both prokaryotes and eukaryotes (Shemarova 2009, Kalivoda et al.
2013). In bacteria, it has been found to alter multiple virulence characteristics. For
example, in Vibrio cholerae cAMP has been implicated in the regulation of the
cholera toxin, toxin co-regulated pilus and other pathogenic factors (Skorupski et al.
1997). In Serratia marcescens the importance of the CRP complex in the formation
of biofilm has been established (Kalivoda et al. 2013). In this case the type |
fimbriae-dependant biofilm is tightly regulated and a deletion in the PDE gene was
found to increase cAMP within the bacteria cell and consequently decrease biofilm
formation. Conversely, when increased copies of the PDE gene are introduced into
the bacterial cell, the bacteria enter into what is described as “hyper biofilm”
characteristic (Kalivoda et al. 2013). Similarly in P. aeruginosa, CAMP has been
identified as a key component in biofilm formation, where increased levels of cCAMP
can inhibit adherence capabilities (Ono et al. 2014).
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Furthermore, in this organism cAMP functions as a co-factor of the Vfr, where
the cCAMP-V{r complex regulates type Ill secretion systems involved in exporting
toxins and other compounds (Yahr et al. 1998, Wolfgang et al. 2003, Jimenez et al.
2012). This complex also regulates virulence factors such as type IV pili, the las
quorum-sensing system and exotoxin A (Fuchs et al. 2010a, Jimenez et al. 2012).
Although a vfr-like gene is present in the A. baumannii genome, its role in regulation

of virulence factors and interaction with cAMP has not been reported.

The proteomic analyses by Marti et al. (2011) and Nait Chabane et al. (2014)
suggested that pellicle formation in A. baumannii is not the result of a single gene or
gene products (Marti et al. 2011a, Nait Chabane et al. 2014). Instead, it is likely that
pellicle formation is multifactorial, requiring surface-exposed molecular structures
and an adequate level of transcriptional regulation. The aim of this study is to
provide insight into the genetic elements that contribute to the ability of A.
baumannii to migrate to a surface and form a pellicle as well as to assess the
prevalence of pellicle formation in a number of clinically-relevant A. baumannii

strains.

2.4 Materials and Methods
2.4.1 Bacterial strains

The 54 clinical A. baumannii bacterial strains used in this study and the hyper-
motile derivative of A. baumannii 17978hm have been described previously
(Eijkelkamp et al. 2011a, Eijkelkamp et al. 2011b). All A. baumannii strains were
cultured on Luria-Bertani (LB) media containing 1 % agar overnight at 37°C, and
single colonies transferred to LB broth for subsequent use in assays, unless otherwise
stated. For maintenance, conjugation, cloning and replicating plasmids, E. coli
DH5a, SM10 or JM109 cells were used (Hanahan 1983, Simon et al. 1983, Yanisch-
Perron et al. 1985).

A. baumannii ATCC 17978 was one of the first bacteria to be sequenced in 2007
(Smith et al. 2007); however, due to limitations in the sequencing technique and
annotation, the initial sequence contained several errors (Weber et al. 2015b). The
old accession number is CP000521 (Smith et al. 2007), the new accession number is
CP012004 and the plasmid number is CP012005 (Weber et al. 2015b).
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2.4.2 Assessment of pellicle formation

The pellicle formation assay was adapted from a previously described protocol
(Marti et al. 2011b). In brief, overnight bacterial cultures were diluted 1:100 in 5 mL
of LB broth and grown in polypropylene or glass tubes for 72 hours at 25°C without
shaking in the dark (Mussi et al. 2010, Golic et al. 2013). Quantitative measurement
of the pellicle material was assessed by the addition of 1 mL of ethanol into the tube
underneath the pellicle material. The floating pellicle was then removed and
resuspended in phosphate buffered saline (PBS) and the ODgy measured using a
spectrophotometer (Beckman DU 640). Quantitative data were collected from at least

three experiments on three different days.

2.4.3 Motility assays

Motility was assessed by migration on semi-solid surfaces using media
containing 0.25 % agar as described previously (Eijkelkamp et al. 2011b). Briefly, an
overnight colony was collected using a sterile loop and used to inoculate the centre
of LB media containing 0.25 % agar. The plate was then incubated overnight at
37°C. Strains were considered motile if any movement of growth from the original

inoculation site was observed.

2.4.4 Eukaryotic cell adherence assays

A. baumannii cell adherence to A549 (human type 2 pneumocytes) was
investigated as previously described (Eijkelkamp et al. 2011b). In brief, cell lines
were grown in Dulbecco’s Modified Eagle media (Invitrogen, Australia)
supplemented with 10 % foetal bovine serum (Bovogen, Australia). Washed A549
monolayers in 24-well tissue culture plates were infected with bacterial inoculums
containing ~1x10” colony forming units (CFU). After incubation at 37°C for 4 hours
the culture media was removed and the monolayers washed with PBS. The cell
monolayers were detached from the plate using a treatment of 100 pL of 0.25 %
trypsin in PBS. Eukaryotic cells were subsequently lysed by the addition of 400 uL
0.025 % Triton X-100 and serial 10-fold dilutions were spread plated on LB agar to
determine the number of CFU of adherent bacteria per well. The collated data for the
adherence assay were obtained from at least three independent experiments and

represent the data points from each experiment in quadruplicate wells.
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2.4.5 Cell surface hydrophobicity tests

Cell surface hydrophobicity was examined as described previously (Rosenberg
et al. 1983). In brief, overnight cultures were diluted in LB broth and incubated at
37°C for 2 hours. Potassium urea magnesium (PUM) buffer was used to wash the
cells twice, before incubation at 30°C for 20 minutes. The cell suspension was
adjusted to ODggo = 0.25 in the same buffer in glass vials before the addition of
xylene (3 mL). The sample was vortexed for 20 seconds and the aqueous phase
transferred to a 1.5 mL tube. The ODggo Of the cell suspension was determined before
(ODinitiar) and after (ODsing) the addition of xylene. The hydrophobicity index (HI),
expressed as a percentage, is calculated as (ODipits — ODfina/  ODinitiar) *100.
Quantitative data were collected from at least three experiments from three different

days.

2.4.6 Transposon mutagenesis

Transposon mutagenesis was undertaken using a modified mini Tn10 transposon
(mini::Tn10:gfp:kan) carried on the plasmid pLOF (Matthysse et al. 1996). The
pLOFmIini::Tn10:gfp:kan plasmid was transformed into the donor E. coli SM10
strain and mated with the A. baumannii 17978hm recipient at a 1:10 ratio for 4 hours
at 37°C on LB agar media. Exconjugates were resuspended in 5 mL of LB broth and
plated onto selective media containing 50 pug/mL kanamycin (KAN) and 25 pg/mL
CHL to select for transposition events and counter-select against the E. coli SM10
donor strain. Approximately, 4000 exconjugates were individually picked using
sterile toothpicks to inoculate 200 uL of LB broth in 96 well microtitre plates. The
cells were grown at 25°C in the dark for 72 hours and assessed visually for pellicle

loss.

2.4.7 ldentification of pLOFmIni::Tn10:gfp:kan insertion in the chromosome

Chromosomal DNA isolated from A. baumannii 17978hm containing the
pLOFmini::Tn10:gfp:kan was digested with restriction endonucleases Xbal and Sacll
for 4 hours at 37°C. Digested products were cloned into pBluescript SK 11 (Agilent
technologies, CA, USA) and clones were confirmed by sequencing (Australian
Genome Research Facility (AGRF), Adelaide, South Australia). The insertion site of
the transposons in the chromosome was determined by Sanger sequencing using an
oligonucleotide designed to read out of the end of the transposon (Table 2.1).
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2.4.8 Complementation of transposon insertions

For genetic complementation of the non-pellicle forming A. baumannii mutants,
the genes corresponding to A1S_0112, A1S 0115 and cpdA were amplified using
polymerase chain reaction (PCR) and cloned into the shuttle vector pWH1266,
transformed into E. coli DH5a cells, DNA extracted and sequenced. Purified
plasmids were transformed via electroporation using a MicroPulser (Bio-Rad, CA,
USA) at 2.5 kilovolts, 200 ohms and 25 microfarads into their respective A.
baumannii transposon insertion strains (Hunger et al. 1990). PCR was achieved with
VELOCITY™ DNA polymerase (Bioline, Vic, Australia) and the oligonucleotides
(Table 2.1) using the following PCR protocols. For amplification of cpdA, cycling
conditions were 2 minutes at 94°C, 30 cycles of 45 seconds at 94°C, 45 seconds at
55°C, and 90 seconds at 72°C, followed by a final extension of 4 minutes at 72°C.
Amplification of A1S 0112 used the same conditions with the exception of the
annealing temperature which was increased to 60°C. For amplification of A1S 0115,
the cycling conditions were 2 minutes at 94°C, 30 cycles of 90 seconds at 94°C, 90

seconds at 60°C, 4 minutes at 72°C and a final extension of 6 minutes at 72°C.

2.4.9 Measurement of intracellular cAMP levels

Assessment of CAMP levels within A. baumannii strains cpdA::Tn,
cpdA::Tn(0249), cpdA::Tn(1266) and 17978hm was performed with cells grown to
an ODggo of 0.7. Cells were pelleted by centrifugation at 4500 g for 15 minutes,
resuspended in PBS and disrupted at 30,000 psi using the One Shot Head from the
TS series bench top disruptor (Constant Systems, United Kingdom). The resulting
cellular material in the cell lysis solution was clarified by centrifugation at 4500 g for
30 minutes and the supernatant removed and stored at —80°C until required. The
concentration of CAMP was measured using the Cyclic Nucleotide XP Enzymatic
Immunoassay kit (Cell Signalling Technology, MA, USA) according to the

manufacturer’s instructions.
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Table 2.1:  Oligonucleotides used in chapter two

Name /Target  Forward 5'-3' Reverse 5'-3"

AlS 0112comp GAGAGAATTCGCAACTT GAGAGGATCCTTGCTCCA
TGGAATCCCGCGCA GACGAGCAGCAG

AlS 0115comp GAGAGAATTCTTCTGAG GAGAGGATCCAACCTGCA
TTGCAGCAGGGAG TCATTGGCTGGG

AlS 0249 GAGAGGATCCCTGTTCG GAGAGGATCCCTTTAGGG
ATGAAAATCACCC CTAATAACCTG

Tnl0- F2 CGGCCGCACGCGTATTC
AGG

AlS r01 CAGCTCGTGTCGTGAGA CGTAAGGGCCATGATGAC

(16SrRNA) TGT TT

Al1S 2501 CAACACTGGTAAATGGC ACAACGTTTTTCATTTCGC

(GapDH) GTG C

A1S 0109 TCTGGTGAGCAGGGATA TGTCGTGGCTCAAGACAG
GG AG

AlS 0112 ACGCCAGTCTGGTGGTA AGGTTCGAACAGCAATAC
TTC GG

AlS 0115 GCGGTCAAAATCATTAT GCTCTGCTGCTTATCGGC
GTG AT

A1S 0118 GGACTCTCTATTATCGG CAGATAAATCGCTCAAGC
ACG TGC
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In brief, 50 pL of horseradish peroxidase-linked cCAMP solution and 50 pL of sample
were added to the supplied 96-well tray, which was then covered and incubated at
room temperature for 3 hours on a horizontal orbital plate shaker. The contents of the
plate were discarded and the plate was washed 4 times with 200 pL/well of wash
buffer. Next, 100 pL of 3,3',5,5-tetramethylbenzidinesubstrate solution was added
and incubated for 30 minutes at room temperature, after which 100 pL of stop
solution was added and the absorbance measured at 450 nm. Using the inverse for
the standards derived from a standard curve and adjusted for the amount of total
protein added, the amount of cCAMP was calculated. Total protein concentrations
were quantified using the Lowry protein assay (Bio-Rad, CA, USA) following the

manufacturer’s instructions.

2.4.10 Isolation of total cellular RNA

To measure transcriptional levels for either RT-PCR or HiSeq RNA
transcriptome analysis conducted by SA Pathology (Central Adelaide local Health
Network via an lllumina platform), cells were isolated and RNA extracted as below.
Bacterial cells were harvested from either semi-solid media (0.25 % LB agar) for
RT-PCR using pre-chilled PBS or harvested from Mueller-Hinton (MH) broth at
ODgqo of 0.6 for HiSeq. Bacterial cells were pelleted by centrifugation at 4500 g for
15 minutes and lysed in 1 mL TRIzol reagent (Life Technologies, Australia) and 200
uL of chloroform. Following phase separation, the aqueous layer was collected and
RNA isolated using the Isolate RNA Mini Kit (Bioline, NSW, Australia) following
the manufacturer’s recommendations. Samples for RT-PCR were subsequently
treated with DNasel (Promega, WI, USA) for 30 minutes at 37°C and 1 pL of stop
solution was added before a final incubation for 10 minutes at 65°C. Triplicate
samples were pooled and sent to SA Pathology for Ribosomal RNA reduction using
Epicentre Ribo-Zero kit and RNA library bar-coding was undertaken on RNA for
HiSeq. Samples were run on the Illumina HiSeq platform (1X50 base pair (bp) single
reads). These data are accessible through GEO Series accession number: GSE64935

(http://www.nchi.nlm.nih.gov/geo/query/acc.cqi?acc=GSE64935).

2.4.11 Bioinformatic analysis

The quality of the cDNA reads obtained from the HiSeq procedure was checked

using ‘Fastqc’ (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads
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were subsequently mapped to the reference genome using ‘bowtie’ aligner

(http://bowtie-bio.sourceforge.net/index.shtml). For the reads obtained,

approximately 95 % were mapped to the ATCC 17978 genome of which 78 %
mapped to the coding regions. In order to determine changes in gene expression the
number of reads obtained for each ORF was normalised using reads per kilobase (kb)

of transcript per million reads mapped.

2.4.12 Quantitative reverse transcription PCR

M-MLYV reverse-transcriptase (Promega) and random hexamers (GeneWorks,
SA, Australia) were used to synthesise complementary deoxyribonucleic acid
(cDNA) following the manufacturer’s recommendations. Quantitative reverse
transcription-PCR (gRT-PCR) was performed on three biological replicates using
DyNAmo SYBR green gRT-PCR Kkits (ThermoScientific, Vic, Australia) in
conjunction with a Rotor-Gene RG-3000 (Corbett Life Science, Australia). A typical
gRT-PCR run was as follows: 1 minute at 95°C, 40 cycles of 10 seconds at 95°C, 15
seconds at 55°C and 20 seconds at 72°C (Brazma et al. 2001). Transcriptional
differences were calculated using the AACt method (Livak et al. 2001). The 16S
rRNA (A1S r01) and gapDH (A1S_2501) transcription levels were used as

references.

2.4.13 Measurement of intracellular cAMP levels using the Cyclic Nucleotide
XP Enzymatic Immunoassay Kit

Assessment of cAMP levels within a bacterial cell had not previously been
reported upon using this intracellular kit. As such, development and optimisation
using the cyclic nucleotide XP enzymatic immunoassay kit allowed for the adequate
and quantitative analysis of CAMP levels with bacteria cells. This method was then
published in Bio-protocols see (Appendix G) “Giles, S. K., Stroeher, U. H. and
Brown, M. H. (2016) Measurement of intracellular cAMP levels using the cyclic
nucleotide XP enzymatic immunoassay Kit in bacteria. Bio-protocol 6: e1792”.

http://www.bio-protocol.org/el1792.

39


http://bowtie-bio.sourceforge.net/index.shtml
http://www.bio-protocol.org/e1792

Chapter 2

2.5 Results and Discussion
2.5.1 Pellicle formation is a rare trait in clinical A. baumannii strains

In this study, the pellicle is defined as a robust layer of connected cells covering
the surface of a liquid. To assess the prevalence of pellicle formation, our collection
of clinical A. baumannii strains (Eijkelkamp et al. 2011b) was screened for this
phenotype. Pellicle formation was assessed using glass and polypropylene tubes, as
these materials are used for a number of implements within the hospital environment
and have different surface properties, which may influence the initial attachment and
formation of a pellicle. Preliminary assessment of pellicle biomass was conducted at
growth temperatures of 25°C and 37°C (data not shown), which revealed that pellicle
growth predominantly occurred at 25°C; these results coincided with Marti et al.
(2011), (Marti et al. 2011b)as such all subsequent analyses were performed at 25°C
(Marti et al. 2011b). Of the 54 clinical strains tested (see Appendix A) only eight
formed a robust pellicle, suggesting that this is not a ubiquitous phenotype (Table
2.2). These eight strains produced varying amounts of total pellicle biomass when
comparing glass and polypropylene strata (Table 2.2). Pellicle formation was
categorised into three groups dependent on the amount of pellicle material measured
at ODgop Where; “small pellicle” was considered >0.19, “moderate pellicle” was
considered >0.20 and <0.50 and a “well-developed pellicle” was >0.51. In glass
tubes, strains ATCC 17978, 17978hm, WM?98c, 04145027 and AYE produced a
well-developed pellicle, while, AB0057, 11986752 and 2320495 produced a
moderate to small pellicle. Analysis in polypropylene tubes showed that only two
strains, 17978hm and 04145027, produced a strong pellicle, while four strains,
ATCC 17978, 11986752, 2320495 and WM98c, produced a moderate to small
pellicle. Both AYE and AB0057 formed a pellicle in glass tubes, but failed to form a
measurable pellicle in polypropylene tubes. Hence, the ability to form a pellicle was

not conserved across glass and polypropylene surfaces.

These observed differences could be due to a number of factors related to the
specific adherence strategies of each strain, such as the production of pili and other
surface-exposed macromolecules. A number of strains, 6772166, 6856775, PW01c,
6877889 and 6870155, produced a weak surface film that could not be extracted
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Table 2.2:  Pellicle formation in glass and polypropylene, cell hydrophobicity, motility status and isolation site

Glass Polypropylene  Hydrophobicity Motility Isolation site
A. baumannii isolate  (ODggo)? (ODgoo)? (%)
Pellicle forming A. baumannii strains
ATCC 17978 0.65+0.16 0.44+0.08 32+0.25 + Meningitis
17978hm 1.03+0.01 0.94+0.02 42+0.19 + Meningitis
11986752 0.13+0.01 0.17+0.04 98+0.01 + Pus
2320495 0.35+0.08 0.28+0.06 98+0.03 + Pus
WM98c 1.01+0.02 0.37+0.08 94+0.10 + Unknown
04145027 0.62+0.00 0.79+0.04 100+0.00 + Vaginal
AYE 0.65+0.11 Not detected 92+0.07 + Urinary




Table 2.2: Continued

Glass Polypropylene  Hydrophobicity Motility Isolation site
A. baumannii isolate ~ (ODgg)? (ODggo)? (%)
ABO0057 0.47+0.06 Not detected 0 + Blood
Surface forming A. baumannii strains
6772166 BD BD 0 + Pus
685775 BD BD 0 + Sputum
PWO01c BD BD 0 + Unknown
6877889 BD BD 9+0.09 + Sputum
6870155 BD BD 5+0.07 + Sputum

2BD, below detection
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using our protocol, attempts to do so by other means such as draining the planktonic
growth resulted in destruction of this weak surface film. Structures such as pilin-like
proteins and exopolysaccharides have been shown to be present in pellicles (Nait
Chabane et al. 2014) and it is possible that these structures are expressed at a reduced
level in these strains resulting in only a weak surface film. Interestingly, all pellicle
forming strains and those that formed a weak surface film have been shown to be
motile (Eijkelkamp et al. 2011b). This finding highlights the possibility that the

molecular mechanisms involved in motility and pellicle formation are linked.

2.5.2 Hydrophobicity across the clinical A. baumannii strains is not directly

linked to pellicle formation ability

In a number of bacterial species, including A. baumannii, a positive association
between cell surface hydrophobicity, biofilm formation and adherence capabilities
has been reported (Costa et al. 2006, Furuhata et al. 2009, Pour et al. 2011).
Evaluation of our collection of 54 clinical A. baumannii strains for cell surface
hydrophobicity identified major differences (Figure 2.1). Using the divisions of the
HI as established by Pour et al. (2011) (Pour et al. 2011), 42 of the strains displayed
a hydrophilic character, nine were found to have a strong hydrophobic character and
three showed an intermediate level of cell surface hydrophobicity. Of the eight
strains that formed a pellicle (Table 2.2), five (11986752, 2320495, WM98c,
04145027 and AYE) were found to have a strong HI of >70 %, two (ATCC 17978
and 17978hm) showed an intermediate hydrophobic character and AB0057 was
found to be hydrophilic.

There are a number of proteins embedded within the outer membrane of Gram-
negative bacteria that have a variety of functions including pili for adherence and
possibly pellicle formation as well as other physical mechanisms. Surface proteins
can alter the surface chemistry of a cell and affect the surface hydrophobicity
(Kouidhi et al. 2010, Chiku et al. 2013). The aforementioned results suggest a high
level of correlation between the ability to form an extractable pellicle and an increase
in cell surface hydrophobicity. The level of hydrophobicity may have an influence on
what surface and how strongly bacteria interact due to a variety of proteins on the
cell surface (Delcour 2009, Raut et al. 2010). Interestingly, the strains identified as
producing a weak surface film all show a hydrophilic nature.
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Figure 2.1:  Hydrophobicity and pellicle-forming ability of A. baumannii clinical strains
Cell surface hydrophobicity was assessed by the affiliation of the bacterial cell to xylene. Strains with a hydrophobic index above 70 % are

shown in red, those above 30 % are in purple and those below 30 % are in blue. Those strains where no bar is visible are completely hydrophilic.
The ability of each strain to form a pellicle in glass or polypropylene is shown as (+ or -) below the hydrophobic index. Bars indicate the standard

deviation of three replicates.
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2.5.3 AI1S 0112, A1S 0115 and cpdA are essential genes for pellicle formation
in A. baumannii 17978hm

To further investigate the pellicle phenotype, the previously characterised A.
baumannii 17978hm strain was used (harbouring an insertion in hns) (Eijkelkamp et
al. 2013), which has the ability to produce increased amounts of pellicle material
compared to the ATCC 17978 parent strain. This strain was chosen as it allows good
discrimination between the pellicle and non-pellicle phenotype allowing ready
identification in large scale screen procedures. To identify genes associated with this
potential virulence factor a transposon bank of random mutants was constructed in
the 17978hm strain using the plasmid pLOFmini::Tn10:gfp:kan (Stretton et al.
1998). Approximately 4000 individual transposon insertion mutants were examined
in microtitre trays for their ability to form a pellicle. Initial screening identified nine
transposon insertion mutants that were incapable of pellicle formation. Subsequent
evaluation of these strains in polypropylene and glass tubes confirmed the complete
loss of the pellicle phenotype (data not shown). The exact insertion sites of the
transposon insertions were identified by cloning the kanamycin resistance gene (kan)
associated with the transposon (pLOFmini::Tn10:gfp:kan) and subsequent
sequencing. Insertions were found to be within three genes: A1S 0249 (cpdA), a
CAMP PDE; A1S 0112, acyl-CoA synthetase/adenosine monophosphate (AMP) acid
ligase Il; and A1S_0115, which is annotated to be involved in amino acid
adenylation. The precise insertion site of the transposon is given as the nucleotide
position relative to the A. baumannii ATCC 17978 genome sequence (GenBank
CP000521) (Table 2.3). Seven transposon insertions were identified to be within the
A1S 0115 gene. A single representative of each of the three mutants, transposon

individual mutants one, two and five, was taken for further investigation (Table 2.3).

Transposon mutant one was identified as containing an insertion within cpdA,
cpdA::Tn. Bacteria finely modulate intracellular cAMP levels through adenylate
cyclases (synthesis) and cAMP PDE, such as CpdA, which converts cCAMP to AMP
(degradation) (Fuchs et al. 2010b). Therefore, as the insertional inactivation of cpdA
led to a loss of pellicle, this insertion identified the requirement for CAMP regulation
in this process. To confirm that the observed phenotype can be attributed to
disruption of cpdA, the cpdA::Tn mutant strain was complemented by cloning a
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Table 2.3:  Position of the pLOFmini::Tn10:gfp:kan insertion within the A.
baumannii 17978hm non-pellicle forming mutants
Mutant  Position within  ORF Description given by KEGG"
f:?}eromosomea
1 275449 Al1S 0249 Cyclic 3°5’-AMP PDE
2 137827 AlS 0115 Amino acid adenylation
3 137821 AlS 0115 Amino acid adenylation
4 137827 AlS 0115 Amino acid adenylation
5 134323 AlS 0112 Acyl-CoA synthetise/ AMP-acid
ligase 1l
6 137819 AlS 0115 Amino acid adenylation
7 137827 AlS 0115 Amino acid adenylation
8 137827 AlS 0115 Amino acid adenylation
9 139814 AlS 0115 Amino acid adenylation

#Positions are relative to A. baumannii ATCC 17978 GenBank (CP000521)
" KEGG, Kyoto Encyclopaedia of genes and genomes; www.genome.jp/kegq
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WT copy of cpdA into the empty shuttle vector pWH1266 (Hunger et al. 1990),
producing pWHO0249. The pWHO0249 plasmid was subsequently electroporated into
the cpdA::Tn mutant strain generating the strain cpdA::Tn(0249) (Table 2.4). This
strain was found to successfully produce a pellicle in contrast to both the cpdA::Tn
mutant strain or the cpdA::Tn control strain harbouring the empty pWH1266 vector,
cpdA::Tn(1266) (Table 2.4; Figure 2.2).

Transposon mutant two (A1S _0112:Tn) and transposon mutant five
(A1S_0115::Tn) have insertions within the open reading frames (ORFs) A1S 0112
and A1S 0115, respectively, which are located in a large operon comprised of seven
genes, A1S 0112-0118 (Figure 2.3). This operon has previously been associated
with cell motility, potentially by production and secretion of a biosurfactant via a
Type-I secretion system or another mechanism (Stewart et al. 2009, Clemmer et al.
2011). A recent report has shown that the genes within this operon are significantly
up-regulated in biofilm cells in A. baumannii ATCC 17978 and a site-specific
knockout of A1lS 0114 abolished biofilm formation (Rumbo-Feal et al. 2013).
Efforts to complement the A1S 0112::Tn and A1S_0115::Tn transposon mutant
strains with copies of the WT genes cloned into pWH1266 (Table 2.4) were
unsuccessful, possibly due to polar effects of the transposon insertions. In order to
ensure that the lack of complementation was not due to a lack of transcription of
these complementing genes, gRT-PCR was undertaken. This procedure revealed
adequate transcription occurred for the WT A1S 0112 and A1S 0115 genes cloned
into the pWH1266 vector (Table 2.1 and Table 2.5). As mentioned, pellicle
formation was not restored in these mutants, possibly because these ORFs are part of
an operon which must be transcribed as a polycistronic message making
complementation of these mutants not possible. This is supported by the work of
Clemmer et al. (2011) who previously isolated transposon mutants in this region
which abolished motility and due to the nature of this operon were also unable to
complement the mutants (Clemmer et al. 2011).

2.5.4 Characterisation of pellicle-deficient mutant strains cpdA::Tn,
Al1S 0112::Tnand A1S 0115::Tn
The three transposon insertion mutant strains described above were examined

for potential growth perturbations in LB liquid cultures. All three A. baumannii
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Table 2.4:  A. baumannii 17978hm mutant derivatives constructed in chapter

two

Abbreviated name

Description®

cpdA::Tn

cpdA::Tn(0249)

cpdA::Tn(1266)

Al1S_0112::Tn

A1S_0112::Tn(0112)

A1S_0112::Tn(1266)

Al1S_0115:Tn

A1S_0115::Tn(0115)

A1S_0115::Tn(1266)

pLOFmini:: Tn10:gfp:kan insertion in cpdA, KANR®

pLOFmini::Tn10:gfp:kan insertion in cpdA containing
pWH0249, KANR, AMPR

pLOFmini::Tn10:gfp:kan insertion in cpdA containing
shuttle vector pWH1266, KAN®, AMPR, TETR

pLOFmini::Tn10:gfp:kan insertion in A1S_0112, KAN®

pLOFmini::Tn10:gfp:kan insertion in A1S 0112
containing pWHO0112, KANR, AMPR

pLOFmini::Tn10:gfp:kan insertion in A1S_0112
containing shuttle vector pWH1266, KAN®, AMP®,
TETR

pLOFmini:: Tn10:gfp:kan insertion in A1S_0115, KAN®

pLOFmini::Tn10:gfp:kan insertion in A1S_ 0115
containing pWHO0115, KAN®, AMP®

pLOFmini::Tn10:gfp:kan insertion in A1S_ 0115
containing shuttle vector pWH1266, KANR, AMP®,
TET®

2 KAN", kanamycin resistance at 50 ug/mL; AMP", ampicillin resistance at 100
ug/mL; TETR, tetracycline resistance at 12.5 pg/mL
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Figure 2.2:  Pellicle formation by A. baumannii 17978hm WT, cpdA::Tn(0249)
and cpdA::Tn(1266) strains

A. baumannii strains were grown in LB broth and analysed after a 72 hour
incubation at 25°C in the absence of light. Pellicle material was assessed visually.
(A) 17978hm WT strain and (B) cpdA::Tn(0249) complemented mutant strain
showing developed pellicles at the interface between the liquid and air; and (C)
cpdA::Tn(1266) mutant strain negative for pellicle formation. Arrows identify the

pellicle material.
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15,161 bp

Figure 2.3:  Operon with transposon insertion sites within A1S_0112 and
A1S 0115 identified

The genetic organisation of the A1S 0112-0118 operon is shown with the
arrows representing ORF and depict the direction of transcription. The location of the
transposon pLOFmini::Tn10:gfp:kan insertions in A1S_0112 (green triangle) and
A1S 0115 (blue triangle) are shown. Flanking genes illustrate the position of the
operon within the chromosome adjacent to the quorum-sensing gene abal, A1S 0110
hypothetical protein and A1S_0111 transcriptional regulator; the total size of the
region shown is 15,161 bp in length.
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Table 2.5: Fold change in gene expression of transposon mutant strains
compared to the A. baumannii 17978hm WT strain

Strain Al1S_0112% Al1S_0115%° A1S 0118
cpdA::Tn -2.8+0.21 ND ND
cpdA::Tn(0249) 1.5+0.44 ND ND
cpdA::Tn(1266) -5.6+0.032 ND ND

Al1S 0112::Tn NA -335.46 £1.42 -28.44+ 1.33
AlS 0112::Tn(0112) -0.49 +1.39 -669.37 £1.24 -51.63 £1.70
Al1S 0112::Tn(1266) -171.25+1.68 -325.53 £1.22 -85.43 +1.46
A1S 0115::Tn -1.14 £1.59 NA -83.29+ 1.20
Al1lS 0115::Tn(0115) -4.1+1.09 -1.16 £1.63 -28.97+ 1.54
Al1S 0115::Tn(1266) -0.99+1.32 -347.29+ 1.52 -72.50+1.14

% NA, not applicable
® ND, not done

¢ Data from three biological replicates
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transposon mutant strains showed comparable growth to the WT 17978hm strain
(Figure 2.4), indicating that the loss of the pellicle is not due to a general growth
defect. Since pellicle formation is only one type of biofilm, the ability to form a
biofilm at the liquid-surface interface was also examined. The three transposon
mutants were assessed for both their planktonic growth potential and their ability to
form a biofilm on polypropylene (Figure 2.5 A, B). All transposon mutants showed
an increase in planktonic growth compared to the 17978hm WT and the
cpdA::Tn(0249) complemented derivative (P < 0.001) (Figure 2.5A). The transposon
insertion mutants were able to form a significantly increased amount of biofilm in
polypropylene tubes compared to the 17978hm WT strain (cpdA::Tn, A1S 0115::Tn
and A1S 0112::Tn; P < 0.05, P < 0.05 and P < 0.01, respectively) (Figure 2.5B),
while, the complemented cpdA::Tn(0249) mutant strain returned the phenotype to
that of the 17978hm WT (Figure 2.6). Carriage of WT copies of A1S 0112 and
A1S 0115 in their respective Tnl0 insertion mutant derivatives did not result in
functional complementation (data not shown). The three pellicle deficient transposon
mutants all displayed a >80 % reduction in cell surface hydrophobicity compared to
the 17978hm WT strain, to essentially a hydrophilic nature (cpdA::Tn,
Al1S 0112::Tn and A1S 0115::Tn; P < 0.001, P < 0.01 and P < 0.01, respectively)
(Figure 2.6). This indicates that hydrophobicity is affected when cpdA, A1S 0112 or
A1S 0115 genes are insertionally inactivated. The presence of the WT cpdA gene in
the A. baumannii cpdA::Tn(0249) derivative not only complemented the
hydrophobicity character, but increased the HI to 60 % which is above the 17978hm
WT strain (P < 0.001) (Figure 2.6); this would indicate that cCAMP is involved in
modulating cell surface hydrophobicity. The increase in hydrophobicity above the
level seen with the 17978hm WT strain is likely due to a copy number effect of the
WT cpdA determinant residing on the pWH1266 plasmid.

Traditionally, A. baumannii has been considered non-motile due to its lack of
flagella; however, two forms of motility known as swarming and twitching have now
been described in this species (Henrichsen 1975, Eijkelkamp et al. 2011b, Skiebe et
al. 2012). While sliding motility in non-flagellated bacteria can occur by surfactant
production (Stewart et al. 2009), twitching motility within A. baumannii is mediated
by the extension and retraction of type IV pili as a form of
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Figure 2.4:  Bacterial cell growth of the A. baumannii 17978hm and cpdA::Tn,
AlS 0112::Tnand A1S_0115::Tn Tn10 insertion mutants

A. baumannii 17978hm transposon insertion mutants were assessed for growth
in LB broth. Strains were subcultured 1:100 dilution into fresh LB broth; 200 pL
samples were taken every hour and the ODggo determined spectroscopically. Bars

indicate the standard deviation of three replicates.
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Figure 2.5:  Planktonic growth and biofilm formation in polypropylene
tubes of the A. baumannii 17978hm WT and cpdA::Tn,
AlS 0112::Tnand A1S_0115::Tn Tn10 insertion mutants

Cells were cultured in LB media without shaking at 37°C in
polypropylene tubes for 72 hours. (A) Planktonic growth was assessed by
removal of 1 mL of media and the optical density measured at ODggo. All three
transposon insertion mutant strains showed a dramatic increase of planktonic
growth; 4-fold greater than the 17978hm WT strain. Complementation of the
cdpA mutation in the cpdA::Tn(0249) strain returned the phenotype to WT
levels. (B) The level of biofilm produced was assessed by crystal violet
staining. Transposon insertion mutant strains had an increased biomass of the
surface/liquid biofilm by approximalty 30 % compared to that of the 17978hm
WT. The cpdA::Tn(0249) mutant strain that contains a WT copy of the gene,
restored the biofilm phenotype to that of the 17978hm WT. Bars indicate the
standard deviation of three replicates. *** P < 0.001, ** P < 0.01 and * P <

0.05 as determined by a student t-test.
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Figure 2.6:  Hydrophobicity of A. baumannii 17978hm WT and cpdA::Tn,
Al1S 0112::Tnand A1S 0115::Tn Tn10 insertion mutants

Hydrophobicity results were obtained by assessing the bacterial cell affiliation
to xylene. The optical density of the cell suspension before (ODini) and after
(ODyina) the addition of xylene was measured at 600 nm. All the transposon insertion
mutant strains have reduced cell surface hydrophobicity compared to the 17978hm
WT strain. The cpdA::Tn(0249) mutant strain with a WT copy of cpdA has a
hydrophobicity greater than the 17978hm WT strain. Bars indicate the standard
deviation of three replicates. *** P < 0.001 and ** P < 0.01 as determined by a
student t-test.
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surface translocation (Roca et al. 2012). Previously, the A. baumannii strain
17978hm was shown to be motile on LB media containing 0.25 % agar (Eijkelkamp
et al. 2011b). Therefore, these conditions were applied to examine the motility
phenotypes of the three pellicle-deficient transposon mutant strains. The
Al1S 0112::Tn and A1S _0115::Tn mutant strains proved to be non-motile as they
only grew at the initial inoculum site on the agar plate (Figure 2.7). The
Al1S 0112::Tn and A1S_0115::Tn mutant strains harbouring either a WT copy of
Al1S 0112 or A1S_0115 or an empty vector pWH1266 also gave a negative result
(Figure 2.7). Our data corroborated the findings by Clemmer et al. (2011) that the
A1S 0112-0118 operon is required for motility, as insertions within this operon were
found to be non-motile (Figure 2.7). However, the loss of motility seen in the
transposon mutant strains is not universal because the cpdA::Tn variant remained
motile despite presenting a visually different motility pattern compared to the
17978hm WT strain (Figure 2.7). The cpdA::Tn and cpdA::Tn(1266) strains
presented a spoke like motility pattern, whereas the WT strain formed an even
surface film of motile cells. The cpdA::Tn(0249) mutant strain returned the motility
phenotype to that of the 17978hm WT covering the 0.25 % agar plate with motile
bacteria cells (Figure 2.7). As such, motility was not substantially affected; however
the manner by which the bacterial cells exercised their motility phenotype in the
cpdA::Tn strain was altered. This research demonstrate that all pellicle forming
strains including those that form a weak surface film are motile. Additionally, when
the pellicle is disrupted there is either an alteration in the motile phenotype as seen in

the cpdA::Tn mutant or complete abolishment of the motile phenotype.

Bacterial adherence is a critical virulence factor and aids in host and surface
colonisation. The adherence of the A. baumannii mutant strains to human lung
epithelial cells (A549) was assessed; all three transposon insertion strains had
adherence capabilities that were not significantly different to that of the 17978hm
WT strain (data not shown). This suggests that the mechanisms used by A.
baumannii for pellicle formation are not essential for adherence to A549 human

epithelial cells.
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Figure 2.7: Motility of A. baumannii ATCC 17978, 17978hm and
transposon insertion mutants cpdA::Tn, A1S 0112::Tn and
Al1S_0115::Tn

An overnight culture of bacterial cells were used to inoculate LB media
containing 0.25 % agar; plates were grown overnight at 37°C. The
AA1S 0115, A1S 0115:Tn(0115) and A1S 0115::Tn(1266) transposon
mutant strains and the A1S 0112::Tn, A1S 0112::Tn(0112) and
A1S 0112::Tn(1266) transposon mutant strains only show growth at the initial
inoculum site at the centre of the plate giving a non-motile phenotype.
However, the cpdA::Tn, cpdA::Tn(0249) and cpdA::Tn(1266) transposon
mutant strains retained motility. The complemented strain cpdA::Tn(0249)
displayed a motility pattern almost identical to the 17978hm WT, whereas
cpdA::Tn and cpdA::Tn(1266) displayed a “spoke-like” motility pattern. ATCC

17978 is included as a control displaying a non-motile phenotype
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The levels of cCAMP in the cpdA::Tn mutant strain are significantly increased
compared to the 17978hm WT strain

The maintenance of intracellular cAMP levels is largely a result of controlling
cpdA expression (McDonough et al. 2012). Therefore, if cpdA is inactivated, CAMP
levels are expected to increase in the bacterial cell. Quantification of CAMP levels
was achieved using a cyclic nucleotide XP enzymatic immunoassay Kit. The
cpdA::Tn mutant strain was found to have a level of CAMP approximately 24-fold
greater than in the 17978hm WT strain (0.5 nM and 12 nM, respectively) (P < 0.001)
(Figure 2.8). This confirmed that cpdA is involved in cAMP homeostasis within the
cell and that the disruption of this gene dramatically affects the accumulation of this
secondary signalling molecule. Examination of CcAMP levels in strains
cpdA::Tn(0249) and cpdA::Tn(1266) showed that the phenotype could be specifically
attributed to the inactivation of cpdA (Figure 2.8).

2.5.5 Transcriptional profiling of A. baumannii 17978hm compared to the

cpdA::Tn mutant strain under motility conditions

To assess the association between pellicle formation and motility, gRT-PCR was
undertaken on the A. baumannii 17978hm parent and cpdA::Tn transposon mutant
strain grown under previously identified motility conditions, i.e. on semi-solid LB
agar (Eijkelkamp et al. 2013). Analysis of the operon A1S 0112-0118 (Figure 2.3)
was undertaken by quantifying transcription of the A1S_ 0112 gene, the first gene in
the operon. In the cpdA::Tn strain, the level of transcription of A1S 0112 was 2.8-
fold down-regulated compared to the 17978hm WT (Table 2.5). This indicated that
CpdA via cAMP plays a role, either directly or indirectly, in regulation of the
A1S 0112-0118 operon. This potential regulatory role of CpdA and cAMP on the
A1S 0112-0118 operon could explain the altered motility phenotype seen in the
AcpdA mutant strain, possibly due to alteration in the production of a biosurfactant or
through another unknown mechanism(s). The A1S 0112-0118 operon described
above has previously been shown to be activated by quorum-sensing signals in the
form of homoserine lactone (abal, A1S_0109) (Clemmer et al. 2011). Furthermore,
Saroj and Rather (2013) have shown that down-regulation of abal led to a reduction
in motility in A. baumannii strain M2 (Carruthers et al. 2013a, Saroj et al. 2013).

Therefore, to examine whether insertional inactivation of cpdA in
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Figure 2.8:  Determination of intracellular cAMP levels in the A. baumannii
17978hm and cpdA::Tn mutant strains

Bacterial cells were grown to an ODggo of 0.7, disrupted and cAMP levels

determined using the Cyclic Nucleotide XP Enzymatic Immunoassay kit. The
amount of cAMP is given in nM representing a sample corresponding to 1 mg of
total cellular protein. Bars indicate the standard deviation of three replicates. The
cpdA::Tn transposon mutant had 12mM of cAMP compared to the 17978hm WT
strain which had 0.5mM of cAMP within the cell. The cpdA::Tn(0249)
complemented mutant strain returned the cAMP levels to that of the 17978hm WT
strain. The cpdA::Tn mutant strain harbouring the empty vector pWH1266 had no
effect on the cCAMP levels. *** P < 0.001 as determined by one-way ANOVA.
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the cpdA::Tn mutant had a regulatory effect on the quorum-sensing gene abal when
grown on motility media, the levels of transcription of abal using qRT-PCR were
assessed. The results revealed that, despite the altered motility phenotype of the
derivative, abal is expressed at a level comparable to the 17978hm WT strain (~1.2-
fold increase). This suggests that the A1S 0112-0118 operon is regulated
independently by two different factors; quorum-sensing (Abal) and cCAMP. Levels of
CAMP act as one of the major signalling molecules within the cell and have been
show to regulate numerous genes in other bacterial species such as P. aeruginosa and
E. coli, possibly through activation of Vfr (Fuchs et al. 2010a). In P. aeruginosa vfr
is auto-regulated and upon inactivation of cpdA, vfr expression increases by 12-fold
(Fuchs et al. 2010a, Fuchs et al. 2010b). This possibility was investigated in our
cpdA::Tn mutant strain by examining the transcript of the putative vfr gene
(A1S_1182). The qRT-PCR results showed a 1.7-fold decrease in vir expression in
the AcpdA mutant strain compared to the 17978hm WT strain, which, by a student t-
test, was determined to be statistically insignificant. Thus, although a 1.7-fold
reduction in vfr transcription was observed it is not known whether cAMP and Vfr

work in concert in A. baumannii.

2.5.6 Whole transcriptome analysis of the A. baumannii 17978hm WT strain

compared to the cpdA::Tn mutant strain

Alterations in the level of intracellular cAMP is known to affect a plethora of
phenotypes, including alterations in metabolic processes, biofilm formation and cell
surface hydrophobicity (McDonough et al. 2012). Therefore, RNA sequencing was
used to investigate the transcriptome of the cpdA::Tn mutant grown in MH broth, in
order to assess the impact that high levels of cCAMP have within the bacterial cell.
Transcriptome sequencing revealed that many genes were differentially expressed in
the cpdA::Tn mutant compared to the 17978hm parent (Figure 2.9). Of the
approximately 3400 annotated genes in ATCC 17978hm parent strain, 184 genes
were more than 2-fold up-regulated and 494 genes were more than 2-fold down-
regulated (Figure 2.9). The most highly up-regulated gene was identified as an
alcohol dehydrogenase (A1S 1274, showed a 34-fold increase in expression)
correlated with oxidation of carbon sources; which is important for metabolism,
inferring a connection between increased cAMP levels within the cell and increased

metabolism (Figure 2.9).
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Figure 2.9:  HiSeq analysis of the A. baumannii 17978hm strain compared to the cpdA::Tn mutant strain

Comparative whole transcriptome analysis was undertaken on the 17978hm and cpdA::Tn strains using the Illumina platform. Sequence
reads were mapped to the reference ATCC 17978 genome and the differential gene expression calculated. Diamond markers indicate the
differential expression levels of all predicted ORF of the ATCC 17978 genome and are sorted on the x axis according to the locus tag. Changes of
2-fold or more in gene expression were considered significant, up-regulated genes are identified in red and down-regulated genes in green.
Dashed lines indicate 4-fold (log,=2) of differences in expression. Genes of particular interest are circled, many of which are discussed in the
body of the text.
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Variations in the expression of multiple potential transcriptional regulators were
observed; this may be due to the significant alterations that cAMP levels have on the
general metabolism of the cell. The greatest down-regulated gene was a putative
transcriptional regulator (A1S_1256) showing a 29-fold decrease in expression. This
putative transcriptional regulator (A1S_1256) is upstream of a MFS membrane
transport protein facilitating movement across cell membranes. A number of the
genes down-regulated in the cpdA::Tn mutant include genes encoding phage-related
proteins (AlS_2021-2033), putative acyl carrier proteins, ferric enterobactin
receptors, porins, signal peptides, membrane proteins and numerous hypothetical
ORFs with no known function (Figure 2.9). Genes of particular interest in this study
that were down-regulated include the CsSUA/BABCDE system (A1S_2213-2218) (9
to 20-fold), the hms operon which consists of three genes designated A1S_ 2160 to
Al1S 2162) (10 tol2-fold), and a chaperone usher system (A1S_1507-1510) (2-fold).
Proteins encoded by the csu cluster and chaperone usher system have been identified
as playing a role in the formation of pellicles and biofilms (Vallet et al. 2001,
Tomaras et al. 2003, Eijkelkamp et al. 2011b, Marti et al. 2011a, McQueary et al.
2011, Eijkelkamp et al. 2014, Nait Chabane et al. 2014). Interestingly, a single
polynucleotide polymorphism leading to truncation of the csuB gene potentially
inactivating this operon has been identified within ATCC 17978 (Marti et al. 2011a,
McQueary et al. 2011, Eijkelkamp et al. 2014). Within the hms operon two proteins
(A1S_2160 and A1lS 2161) share an average of 44 % identity with the PgaBC
proteins (A1S_0938-0939), the third protein within Hms (A1lS_2162) has been
designated as a biofilm synthesis protein and shares no homology to the Pga proteins
in A. baumannii ATCC 17978. The Pga system has previously been identified as
being important in biofilm formation (Choi et al. 2009). Interestingly, a recent paper
by Nait Chabane et al. (2014) found that csuA/BABCDE and pgaABCD genes and
the chaperone usher system described above, are overrepresented within A.
baumannii strains displaying a pellicle phenotype. This suggests that Hms and the
chaperone usher pilus proteins could be key components in the formation of the

pellicle matrix.

Numerous genes which were up-regulated encode proteins involved in oxidative
phosphorylation (Figure 2.9). In particular, these include those encoding ubiquinol
oxidase subunit I and Il (A1S_1434 and A1S 1433) which are 5.7-fold and 4.9-fold
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up-regulated, respectively. Other genes involved in oxidative phosphorylation
include the NADH dehydrogenase complex (A1S _0762-0764) also up-regulated
(Figure 2.9) and the ATP synthetase complex (A1S_0148-0156). One of the most
highly up-regulated genes (A1S_1387) is an oxidoreductase (18-fold); this class of
enzymes is often involved in the FAD to FADH, conversion, where FADH, plays a
major role in oxidative phosphorylation. Therefore, many of the up-regulated genes
are involved in the energy, and by extension, the metabolic status of the cell which is
not surprising given the central role cAMP plays in cell metabolism.

Other genes of interest which were significantly up-regulated are those involved
in 50S and 30S ribosome assembly. The potential role of these up-regulated
ribosomal proteins maybe in the assembly of 100S ribosomes, as these are required
for cells to survive long term nutrient stress in situations where glucose is low and
CAMP is high (Wada et al. 2000). Other up-regulated genes including those involved
in fatty acid oxidation, trehalose synthase, membrane proteins, dehydrogenase

proteins and a number of proteins which are annotated as hypothetical ORFs.

Expression of a small operon consisting of four genes (A1S_2088-2091) was
increased 4-fold. Proteins encoded by this region have been recently been found in
extracted pellicle material (Nait Chabane et al. 2014). Since, the cpdA::Tn strain is
not capable of pellicle production it would seem unlikely that the A1S 2088-2091
operon is involved in this phenotype, however, cpdA::Tn does show an increase in
biofilm formation compared to the 17978hm WT strain and as such this operon may

contribute to liquid surface biofilm production.

The previously described motility operon A1S_0112-0118 (Clemmer et al.
2011) is up-regulated approximately 3.8-fold in the cpdA::Tn mutant transcriptome,
which is in contrast to RT-PCR data (Table 2.5). These RT-PCR studies were
conducted on motility agar to look at the influence of motility on the change in
transcription of this operon. On motility agar both cAMP and quorum-sensing may
play a role in the control of this operon, however in liquid culture grown to mid-log
phase used for the RNA-sequence analysis, CAMP appears to be solely responsible
for the regulation of A1S 0112-0118.
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2.6 Conclusion

This report has shown that pellicle formation is a phenotypic trait seen in a
limited number of A. baumannii strains. For the first time, the secondary signalling
molecule cAMP has been shown to play a critical role in pellicle formation as well as
motility in A. baumannii. Additionally, this study has shown that insertions in cpdA,
Al1S 0112 and A1S 0115 completely abolish pellicle formation. Furthermore,
transcriptional analyses identified that cAMP effects the expression of the
A1S 0112-0118 operon essential for motility. Thereby, altering the migration pattern
seen in the cpdA::Tn mutant strain when grown on semi-sold agar. Additionally,
insertions in the A1S 0112-0118 operon in the A1S 0112 and A1S 0115 regions
resulted in a non-motile phenotype. It is therefore speculated that the pellicle and
motility phenotypes of A. baumannii are linked via the expression of cCAMP and the
A1S 0112-0118 operon. Increased cell surface hydrophobicity was identified as a
partial indicator of pellicle formation ability in the clinical strains tested herein.
Whole transcriptome analysis has identified an abundance of ORFs affected by the
increase in CAMP within the cpdA::Tn mutant. A number of these correlate with
genes previously known to be involved in pellicle formation including the hms locus
and a chaperone usher system as well as the A1S 0112-0118 region identified in this
study. Considering the importance of pellicle formation in the persistence and
transmission of numerous bacterial species, this study has contributed to our
understanding of the regulatory mechanisms behind these significant virulence traits

in A. baumannii.
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3.1 Preface

This chapter is to be submitted for publication in the journal Antimicrobial
Agents and Chemotherapy as Giles. S. K., Stroeher. U. H. and Brown. M. H.
(2019) The StkRS two-component system influences colistin resistance in

Acinetobacter baumannii.

3.2 Abstract

A. baumannii is an MDR opportunistic human pathogen, responsible for
numerous severe infections. Due to its severity, polymyxin antibiotics have re-
emerged to treat these infections. This project, the mechanisms adopted by the A.
baumannii 04117201 strain associated with the TCSTS StkRS to resist polymyxins
were investigated. The stkR RR deletion mutant AstkR was generated using
homologous recombination replacing the RR gene with an ERYF cartridge.
Assessment by minimum inhibitory concentration (MIC) of the AstkR mutant strain
compared with the 04117201 WT strain, revealed a 2-fold increase in resistance to
the clinically relevant polymyxins, CST and PMB. Additionally, in vitro
investigations revealed an increase in cell surface hydrophobicity of the AstkR
mutant compared with the 04117201 WT strain; however, this trend was reversed
when the strains were exposed to CST. Transmission electron microscope (TEM)
investigation of the bacterial cell surface after CST treatment identified membrane
corrugation and perturbation of the 04117201 WT and AstkR mutant strains. Silver
staining of the lipooligosaccharide excluded the complete loss of lipooligosaccharide
as a means of CST resistance. Finally, gRT-PCR of the pmrCAB operon identified a
significant up-regulation of the pmrCAB genes in the AStkR mutant strain compared
to its parent. In summary these data demonstrate a relationship between the increase
in CST resistance exhibited by the AstkR mutant strain and the StkRS TCSTS.
Additionally, the TEM results suggest an envelope stress response affected by the

StkRS two-component system.

3.3 Introduction

A. baumannii is a Gram-negative nosocomial opportunistic pathogen that causes
severe infections worldwide. Pandemic outbreaks of A. baumannii are increasing in
number and severity due to its MDR and pandrug-resistant nature (Chusri et al. 2015,

Haag et al. 2016). A. baumannii has a number of systems by which the bacteria can
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cause disease and circumvent antibiotic treatments. These systems are postulated to
be regulated by a plethora of genetic mechanisms (Carruthers et al. 2013b, Fiester et
al. 2015, Srinivasan et al. 2015). The TCSTS is one such mechanism used by A.
baumannii to regulate complex functions within the bacterial cell (Gaddy et al.
2009b).

A typical TCSTS consists of a membrane-bound HK and a cytosolic RR. When
a signal is received by the HK, the protein dimerises and is autophosphorylated at a
conserved His residue. The phosphate molecule activates its cognate RR protein by
binding to the conserved Asp residue in the N-terminal region (Adams et al. 2009,
Mejean 2016). RR activation leads to a conformational change in the C-terminal or
variable region of the RR protein (Capra et al. 2012), this allows for stimulation or
repression of genes or regions of DNA causing downstream effects on cellular

processes (Richmond et al. 2016, Tiwari et al. 2017).

TCSTSs have been shown to regulate a multitude of important virulence
functions such as adhesion pili, surface polysaccharides, membrane proteins, capsule
production, efflux pumps and type IV pili (Lazar Adler et al. 2016, Wessels 2016,
Breland et al. 2017, Tiwari et al. 2017). TCSTS are also associated with alterations
in antibiogram profiles; for example, in A. baumannii the AdeRS system regulates an
efflux pump contributing to antibiotic resistance. Adding to the complexity of
TCSTS within pathogenic bacteria, the TCSTS GigAB regulates biofilm formation in
P. aeruginosa and antibiotic resistance in A. baumannii contributing to the diversity
of TCSTS (Richmond et al. 2016, Gebhardt et al. 2017). Finally, the PmrAB TCSTS
system in A. baumannii is linked to increased polymyxin resistance. Specifically
mutations in pmrA, pmrB and/or pmrC have resulted in up-regulation of the pmrCAB
genes leading to modification of lipid A by the addition of pEtN and/or
galactosamine (GalN) and subsequent resistance to polymyxins (Park et al. 2011,
Chin et al. 2015, Quesada et al. 2015, Girardello et al. 2017).

Due to the MDR nature of A. baumannii, patients presenting with these
infections commonly rely on “last resort” antibiotics such as the polymyxin class of
drugs. The polymyxin CST is a cationic peptide composed of a cyclic heptapeptide
covalently attached to a fatty acyl chain (Evans et al. 1999, Trimble et al. 2016).
CST is bactericidal with positively charged a,y-diamonobutyric acid residues which
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interact by attaching and displacing the magnesium and calcium divalent cations
from the negatively-charged phosphate groups of lipid A which stabilises the
lipooligosaccharide (LOS) or lipopolysaccharide (LPS) in the outer membrane (Da
Silva et al. 2017, Bakthavatchalam et al. 2018). The major component of the outer
leaflet of the outer membrane, where CST affects the permeability, is known in most
bacteria as LPS. LPS has a general structure with a conserved lipid A, a core
oligosaccharide and a highly variable O-antigen sugar structure (Girardello et al.
2017). The periplasmic LPS is anchored to the outer membrane by lipid A which is
attached to the core oligosaccharide and variable O-antigen region extending
outwards from the cell surface. However interestingly, A. baumannii is similar to
Neisseria and Campylobacter, as it appears to lack a dedicated O-antigen ligase and
does not attach an O-antigen to the lipid A core, therefore producing LOS not LPS
(Weber et al. 2015a, Boll et al. 2016, Wei et al. 2017). Therefore displacement of the
magnesium and calcium divalent cations increases the permeability of the outer
membrane causing perturbation and surface corrugation. This can result in its
collapse and leakage of the cellular content, a phenomenon known as blebbing
(Hancock 1997, Falagas et al. 2010).

Three main mechanisms for CST resistance have been identified in A.
baumannii. One involves the complete loss of the lipid A portion of the LOS, which
correlates with mutations in IpxA, IpxC, IpxD and IpsB (Moffatt et al. 2010, Da Silva
et al. 2017, Carretero-Ledesma et al. 2018). The second is modification of LOS by
the addition of pEtN, achieved through two distinct pathways; one requires pmrC
(Beceiro et al. 2011, Jones et al. 2017, Bakthavatchalam et al. 2018, Jaidane et al.
2018) and the other involved disruption of the HNS regulatory protein through an
insertion sequence element (ISAbal25), that resulted in increased expression of eptA
which encodes a second pEtN transferase (Deveson Lucas et al. 2018). The third
mechanism is also a modification of LOS but is due to the addition of GalN; this
correlates to mutations in the pmrB determinant of the PmrAB TCSTS (Chin et al.
2015). The increase in pEtN and GalN reduces the net charge of the LOS, thereby
reducing its affinity to polymyxins (Chin et al. 2015, Girardello et al. 2017).

This chapter aimed to characterise a previously unknown TCSTS and determine
its regulatory role. Through a series of phenotypical investigations, the TCSTS
termed StkRS, was identified in the virulent clinical A. baumannii 04117201 strain.
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Phenotypic examination of a constructed 04117201 AstkR mutant showed an increase
in resistance to the polymyxins CST and PMB. As such, the mechanism for CST
resistance in A. baumannii 04117201 was investigated by assessing lipid A loss and
LOS modification. Further analysis of the AstkR mutant strain discovered significant
alterations in the cell surface hydrophobicity, identifying interconnections between
cell surface hydrophobicity and LOS modification. These associations further deepen
our understanding of the transcriptional regulation leading to physiological changes

in this significantly problematic pathogen.

3.4 Materials and Methods
3.4.1 Bacterial strains, and media

The clinical A. baumannii bacterial strains used and cultured in this study have
been described previously (Giles et al. 2015). For maintenance, conjugation, cloning,
and replicating plasmids, E. coli DH5a, SM10, or JM109 cells were used (Hanahan
1983, Simon et al. 1983, Yanisch-Perron et al. 1985). The A. baumannii strain
04117201 belongs to the international clone type 11 and was obtained from a tracheal

aspirate sample at Flinders Private Hospital, SA, Australia (Eijkelkamp et al. 2011a).

3.4.2 Eukaryotic cell adherence assay

The adherence of A. baumannii cells to A549 human type 2 pneumocytes was
investigated as previously (Giles et al. 2015). The data collected for the adherence
assays were obtained from three replicate experiments and represent data points from

each experiment in quadruplicate wells.

3.4.3 MIC and disk diffusion susceptibility

The MIC of antimicrobial compounds were determined using standard methods,
as previously described (Wiegand et al. 2008). In brief, microtitre trays containing a
2-fold dilution series of the compound of interest were prepared and cultures added
1:1 in MH broth before being incubated overnight at 37°C with (shaking) . Bacterial
growth was examined by absorbance at ODgy using a Multiskan EX (Adelab
Scientific, SA, Australia). The standard agar disc diffusion technique was performed
on 1 % MH agar with bacterial strains diluted to 0.5 McFarland unit. Results of the
Kirby-Bauer disc diffusion were evaluated according to the Clinical and Laboratory
Standards Institute guidelines (CLSI 2006, CLSI 2007).
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3.4.4 Deletion replacement mutant construction by homologous recombination

Construction of a stkR-inactivated derivative of A. baumannii 04117201 was
undertaken by homologous recombination. In brief, DNA fragments corresponding
to 1.2 kb upstream and 1 kb downstream of stkR were PCR amplified using
VELOCITY™ DNA polymerase (Bioline, NSW, Australia) and specific
oligonucleotides designed in NetPrimer (www.premiersoft.com) (Table 3.1). The
cycling conditions used were 2 minutes at 94°C, followed by 30 cycles of 45 seconds
at 94°C, 45 seconds at 60°C, and 90 seconds at 72°C. This was followed by a final
extension of 10 minutes at 72°C. PCR products of the appropriate size were cloned
into the suicide vector pEX18Tc via Xbal, BamHI, or Sacl restriction sites and
transformed into E. coli DH5a cells (Adams et al. 2018). Following sequence
confirmation, pEX18Tc clones were electroporated into fresh electrocompetent A.
baumannii 04117201 bacterial cells (Eijkelkamp et al. 2013).

3.4.5 Cell surface hydrophobicity tests

Cell surface hydrophobicity was examined as described previously (Eijkelkamp
et al. 2013, Giles et al. 2015). The ODgy of the cell suspension was determined
before (ODinitiar) and after (ODyina) the addition of xylene. The HI was calculated as
(ODinitiai — ODfinai /' ODinitiar) * 100. Quantitative data were collected from three

replicates.

346 TEM

TEM was undertaken as previously described (Gui et al. 2014) with the
following modifications. A. baumannii cells in log phase were treated for 1 hour at
37°C (shaking) with 0, 3, or 12 pg/mL CST. Following incubation, MilliQ (MQ)
washed cells, were fixed in 100 mM phosphate buffer pH 7.0 with 25 %
glutaraldehyde, for 24 hours at room temperature. To postfixed cells, 100 mM
phosphate buffer pH 7.0 with 1 % osmium tetroxide was added and the samples left
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Table 3.1:  Oligonucleotides used for cloning, sequencing and gRT-PCR
Name Forward Primer (5’ - 3°) Reverse Primer (5’ -3%)
Cloning
stkR flanking GAGATCTAGACCGCACT GAGAGGATCCCGCCTG
UP ACGTTCGTACCGAC TTCAAGCTGTTC
stkR flanking GAGAGGTACCCAGACTC GAGAGAGCTCGCTTCA
Down ACTGCTAAAAATAG GCCATATAGCTTC
ERY" GAGAGGATCCCTTAAGA GAGAGGATCCAGAATT
GTGTGTTGATAGTGC ATTTCCTCCCG
Sequencing
Up flanking GGAGATAAGTTGGGCTT CCAATCTCTACTCCTGT
region GGTG TTC
Down flanking CTAATGCCTATGTTACTA GAGGAATTCATTGTGA
region AG ATATTC
pEX18Tc CCTCTTCGCTATTACGCC GTTGTGTGGAATTGTGA
AG GCG
ERYR CTTAAGAGTGTGTTGAT AGAATTATTTCCTCCCG
cartridge AGTGC
stkR ACGGTTAATTCATAAGC GTGAAACTCTTGCACC
AATGAGT AAACT
PmrAl.2 CCCATGTAAACTAAAGC CATCGACTTCTTGAAGT
GAGCC GCAACC
GGACATGTTGCACTCTT
PmrAlF G
GCAGCAACACCAGTATT
PmrA3F A
PmrB3.4 GGGCACCTCAATTTTCA GCTGAATACGCGCCAA
GTGTC ACC
TTGGGCGCAAATGATG
PmrB5.6 GCCGATGCTGCTCATGA C
ATT
GGTCAACTTGGCTATGC
PmrB1F A
PmrB2F GAAGATAGCGGTGCAGG

A
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GGCTAAATATAGTTTCT CGACACGGTTTTGTAAT
PmrC1PCR AATAACG TGA
CCGCTGTTGCCGTACCG
PmrC2seq GTCACTCACGCTGCTGA C
ATT
Table 3.1: Continued
FpmrC3seq GGGTATGCAAAAATACG
CGTCCACGTTTGATTGTT
FpmrC4seq TT
FpmrC5seq GGTGTCATTATTTCACCC
GA
gRT-PCR
16 S CAGCTCGTGTCGTGAGA CGTAAGGGCCATGATG
TGT ACTT
pmrA GAGGTGGAATGGGTCAA GGTCTGCTTTAAAACTT
T GC
pmrB GGTTGCACTTCAAGAAG TAAACAGATCTTCTTCG
TC TGG
pmrC CCATATTTTGGAGTAAA TTTTGGCAGTCCATTTC
GGC C
gapDH CAACACTGGTAAATGGC ACAACGTTTTTCATTTC
AlS 2501 GTG GCC
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for 1 hour at 4°C. Samples were dehydrated in an ethanol series and embedded in 1
mL EMbed 812/Araldite 502 resin (Emgrid, SA, Australia), before cutting with a
diamond knife (Diatome) and microtome (Leica EM UC6 Ultramicrotome) and
being examined using a TEM (FEI Tecnai G2 Spirit). A magnification of 60,000 x
was used for presentation of figures and a magnification of 11,500 x was used for

determination of blebs per cell.

3.4.7 SDS-PAGE and LOS silver staining

SDS-PAGE and LOS silver staining was performed as previously described
(Tsai et al. 1982, Fomsgaard et al. 1990) with the following modifications. A 10 mL
overnight culture grown in LB was re-suspended in 50 pL lysis buffer (SDS, R-
mercaptoethanol, bromophenol blue and Tris-HCL pH 6.8 in MQ) and heated to
95°C for 3 minutes. An aliquot of 10 pL of Proteinase K (10 mM) was added to
samples which were then resolved on a 15 % SDS-PAGE gel. Gels were fixed
overnight fusing 40 % ethanol/5 % glacial acetic acid, followed by oxidation for 5
minutes (shaking) in 40 % ethanol/ 5 % glacial acetic acid, containing 0.007 g of
periodic acid per mL. Gels were washed 4 times at 30 minutes intervals with MQ
water. Gels were stained for 10 minutes (shaking) in 115 mL MQ containing 24 % of
a 0.1 M NaOH solution, 1.7 % of a concentrated NH,OH solution and 4.3 % of 20 %
AgNO;. Gels were washed with 3 changes of MQ water for 30 minutes, and
developed using pre-warmed 1000 mL MQ containing 5 % citric acid and 0.05 % of
37 % formaldehyde solution. The development of colour was stopped using 1000 mL

MQ containing 2 % glacial acetic acid.

3.4.8 RNA isolation

RNA was extracted as previously described in Chapter two (Giles et al. 2015)
with the following modifications. Cells were grown in MH broth (Oxoid,
ThermoFisher, SA, Australia) to an ODgy 0f 0.6 and treated for 1 hour with CST at 3
ug/mL. Cell where harvested by centrifugation (13,000 x g for 2 minutes at 4°C),
lysed in 1 mL of TRIzol ® reagent (Invitrogen, Australia) and 200 pL of chloroform
added. Phases were separated by centrifugation (13,000 x g for 15 minutes at 4°C)
and total RNA extracted using the RNA Mini Kit Il (Bioline, Australia) following

the manufacturer’s recommendations and DNasel treated.
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349 gRT-PCR

The iScript reverse-transcriptase cDNA synthesis Kit (Bio-Rad, Australia) was
used to synthesise cDNA following the manufacturer’s recommendations. qRT-PCR
was performed using iTagq™ Universal SYBR® green supermix (Bio-Rad, Australia)
in conjunction with a Rotor-Gene Q (Qiagen, VIC, Australia) with oligonucleotides
designed in NetPrimer (www.premiersoft.com) (Table 3.1). A typical gRT-PCR run
was 2 minutes at 95°C followed by 40 cycles of 10 seconds at 95°C, 15 seconds at
60°C, and 20 seconds at 72°C (Brazma et al. 2001). Transcriptional differences were
calculated using the AAC; method (Livak et al. 2001) and the 16S rRNA (A1S r01)

and gapDH (A1S_2501) transcription levels were used as a reference.

3.4.10 Statistical analysis

The Graphpad Prism 7.0 (La Jolla, CA, United States of America) statistical
package was used to analyse the results where appropriate. Assessments of skewness,
kurtosis and the Shapiro—Wilk normality test (Samuels et al. 2012) were undertaken
on all measures, and parametric or non-parametric tests for analysis of virulence

were applied as needed.

3.4.11 Accession number

The DNA sequences of the TCSTS StkRS of A. baumannii 04117201 have been
submitted to Genbank ID 2135660.

3.5 Results
3.5.1 Selection of a virulent A. baumannii strain

To select an A. baumannii strain with a high virulence potential, a number of
known virulence-associated traits were examined in our collection of 54 clinical A.
baumannii strains. From our previous analysis of biofilm-forming ability of these
strains 11 that exhibited a higher level of biofilm formation were chosen for further
examination (Eijkelkamp et al. 2011b). These 11 strains were assessed for their cell
adherence ability, as it is the initial step in a disease state (Section 1.5.2) and
antibiotic resistance (Brossard et al. 2012). Incubation with human A549
pneumocytes showed that the A. baumannii strain 04117201 was significantly more
adherent than the well characterised strain ATCC 17978 (P < 0.001), and more
adherent than the other clinical strains tested (Figure 3.1). Antimicrobial resistance
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screening of the 11 clinical strains demonstrated that although A. baumannii
04117201 is highly resistant to many of the compounds tested, it is sensitive to ERY

(Table 3.2), allowing for ERY to be used as a selection marker to generate mutants.

3.5.2 Construction of an A. baumannii AstkR derivative

To identify the complement of TCSTS in the A. baumannii strain 04117201, it
was subjected to whole genomic sequencing by Illumina HiSeq (Wellcome Trust
Sanger Institute) and assembled using Velvet 1.2.03 (Nigro et al. 2019). From this
analysis 29 TCSTS were identified, two of which presented as orphan RR proteins
and one hybrid kinase. Of these TCSTSs, the open reading frame ORF_839 in the A.
baumannii 04117201 WT strain was named herein as the StkRS system and chosen
for further investigation as it is absence from the avirulent A. baumannii SDF strain
(Fournier et al. 2006). Investigation of the stkR RR and its predicted gene product
places it in the LuxR family of RRs (Santos et al. 2012) as it possesses a conserved
C-terminal helix-turn-helix (HTH) motif. In A. baumannii 04117201 the StkR RR is
partnered with a hybrid HK sensor ORF_838 (StkS). This protein exhibits homology
to the HTH motif of GerE in B. subtilis which is involved in sporulation (Baccigalupi
et al. 2004). An A. baumannii 04117201 stkR RR deletion derivative (AstkR) was
constructed by homologous recombination, inactivating the TCSTS through insertion
of an ERY® cassette into stkR (Fournier et al. 2006).

To assess if inactivation of stkR affected cells viability, the growth of the AstkR
mutant strain was compared to the 04117201 WT in multiple media including; MH,
M9 minimal media (M9), lung media (Palmer et al. 2007), and whole sheep blood
(Figure 3.2). Interestingly the AstkR mutant grew significantly quicker in blood at the
4 hour time point, potentially indicating an increased resistance to various pressures
in blood for example resistance to complement proteins. Additionally, growth in M9
identified a slight lag of the AStkR mutant compared to the 04117201 WT strain,

suggesting the RR deletion may have an effect on the use of different carbon sources.

79



Chapter 3

8x10%5

* k%

6x1095 4 l

4)(1[]“5—

CFU/well

2x10 %5

P S S ©° A0
A & o AD A° AY > &

NN;&‘W‘LQ««&&N
© > > q;h" Qb?-‘ NN th‘
&

?-

A. baumannii strain

Figure 3.1: Cell adherence capacity of A. baumannii strains to A549
pneumocytes

The cell adherence capacity of 11 A. baumannii strains were examined after
exposure to A549 cells. Bars indicate the standard error of three replicates. Analysis
by skewness, kurtosis and the Shapiro—Wilk normality test were undertaken. *** P <
0.001 as determined by an analysis of variance test, between ATCC 17978 and the

clinical strains.
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Table 3.2:  Antimicrobial resistance profiles of the selected A. baumannii clinical strains

A. baumannii strain

Compound®* ?.\;-925 04117201 1172312 WM98c 08315000 04397670 9030751 1077697 9038266 08325850 083217005
AMP 250 >500 >500 250 >500 >500 >500 >500 >500 >500 >500
CIP 3.25 30 30 3.25 >240 60 60 60 60 >240 >240
CST 4 8 8 16 8 8 32 32 16 4 4
ERY S S S S R S S I S I R
GEN 32 500 500 16 125 250 125 125 250 125 125
H,0," 125 250 250 500 250 125 250 250 250 125 250
KAN R R R S S R R S R S

PMB 8 16 16 16 8 16 32 32 8 8

RIF 8 8 8 8 >64 4 4 4 4 4

TEL 0.93 1.87 1.87 1.87 3.75 3.75 1.87 1.87 3.75 3.75 3.75
TET S R R I R I R I R R R

& AMP, ampicillin; CIP, ciprofloxacin; CST, colistin; ERY, erythromycin; GEN, gentamicin; H,O,, hydrogen

polymyxin B; RIF, rifampicin; TEL, tellurite; TET, tetracycline

PR, Resistance; I, Intermediate; S, Susceptible; determined by Kirby Bauer against the CLSI standards
¢ amounts presented in ug/mL.

¢ amounts presented in nM.

peroxide; KAN, kanamycin; PMB,
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Figure 3.2:  Growth analysis of the A. baumannii 04117201 WT and AstkR
mutant strains

A. baumannii strains, 04117201 WT (pink circle) and AstkR mutant (blue square)
were assessed for growth in a variety of media. Overnight bacterial cultures were used
to inoculate 10 mL of media, samples of bacterial cells were taken every hour and
growth levels determined spectroscopically at ODggo or by CFU plate count. Cells were
grown in four different media; (A) MH, (B) M9, (C) lung, and (D) sheep blood. Bars
represent the standard deviation of three replicates.
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3.5.3 Antimicrobial resistance profiles of A. baumannii 04117201 and the AstkR

mutant

As TCSTSs are known for regulating a variety of factors that influence antibiotic
resistance, the 04117201 parent and AstkR derivative were assessed by MIC analysis for
their ability to resist a variety of compounds including commonly used antibiotics and
antimicrobials (Table 3.3). Of the 16 compounds tested, the MIC only altered for six
compounds for the AstkR mutant strain when compared to the 04117201 parent.
Exposure to CST and PMB, both cationic antimicrobial compounds, produced a 2-fold
increase in resistance of the AstkR mutant. There was a marginal increase in resistance
levels for AstkR for CHL, chlorhexidine (CHX), rifampicin (RIF) and KAN (Table 3.3).

3.5.4 Cell surface hydrophobicity after treatment with a sub-MIC level of CST

The antibiotic CST acts by attaching and displacing magnesium and calcium
cations that act to stabilise the LOS in the A. baumannii cellular membrane (Sepahvand
et al. 2017). Cell surface hydrophobicity is known to influence the affinity of CST
(Moffatt et al. 2010). Since, a difference in resistance to CST was observed when stkR
was inactivated, cell surface hydrophobicity of the AstkR mutant strain was compared
with the 04117201 parent (Rosenberg et al. 1983, Eijkelkamp et al. 2013). The AstkR
mutant strain was found to have an increased cell surface hydrophobicity index
compared with the 04117201 parent when not exposed to CST (P < 0.001; Figure 3.3).
However, when both strains were exposed to sub-MIC levels of CST, the AstkR mutant
showed a significant decrease in cell surface hydrophobicity (P < 0.01; Figure 3.3)
compared to the 04117201 WT strain. Additionally, CST exposure decreased cell
surface hydrophobicity of the 04117201 WT strain (P < 0.01; Figure 3.3) however, this

was less marked when compared to the AstkR mutant.
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Table 3.3:  Antimicrobial resistance profile of the A. baumannii 04117201 WT
and AstkR mutant strains

A. baumannii strain

Compound®® WT AstkR Antibiotic family group
AMK 10 10 Aminoglycoside

AMP >500 >500 R-lactam

CHL 5 8 Amphenicol

CHX 10 15 Chlorobenzenes

CIp 30 30 Carboxy!l fluoroquinoline
CST 8 16 Polymyxin

GEN 500 500 Aminoglycoside

KAN 3000 >3000 Aminoglycoside

NAL 1250 1250 Quinolone

NOV 31 31 Aminocoumaria

PEN 125 125 Phenol ether

PMB 16 32 Polymyxin

RIF 4 6 Ansamycins

STR >300 >300 Aminoglycoside

TEL 1.87 1.87 Metal

TRI 0.15-0.65 0.31-0.65 Diphenyl ether

TX 64 64 Nonionic surfactant

& AMK, amikacin; AMP, ampicillin; CHL, chloramphenicol; CHX chlorhexidine; CIP,
ciprofloxacin; CST, colistin; GEN, gentamicin; KAN, kanamycin; NAL, nalidixic acid;
NOV, novobiocin; PEN, pentamidine; PMB, polymyxin; RIF, rifampicin; STR,
streptomycin; TEL, tellurite; TRI, triclosan; TX, triton X100.

b amounts presented in pg/mL

¢ All strain were grown in MH media
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Figure 3.3: Cell surface hydrophobicity of the A. baumannii 04117201 WT and
AstkR strains with / without CST treatment

Cell surface hydrophobicity was examined using the microbial adhesion to
hydrocarbons (MATH) test (Rosenberg et al. 1983, Eijkelkamp et al. 2013). A.
baumannii 04117201 WT and AstkR strains were tested either before or after
exposure to 3 ug/mL of CST (+). Bars represent the standard deviation of three
replicates. A Kruskal-Wallis test was performed to compare the means of the WT
and AstkR cells with and without CST exposure. *** P < 0.001, ** P < 0.01 as

established by an analysis of variance test.
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3.5.5 Visualising the effects of CST treatment on the bacterial cell envelope

Since the mode of action of CST is disruption of the outer membrane, changes
in the bacterial cell surface were assessed by TEM after CST treatment. Initial TEM
analysis of the A. baumannii 04117201 and AstkR strains revealed a normal bacterial
cell outer membrane (Figure 3.4; A, B). However, exposed to sub-MIC levels of CST
(3 ng/mL) produced membrane surface protrusions in the 04117201 WT but not in
the AStkR strain (Figure 3.4; C, D). The number of protruding events per bacterial
cell known as blebs/cell (Alves et al. 2010, Girardello et al. 2017) were determined
for both strains after treatment with 3 pug/mL CST. A total of 30 independent fields,
including a minimum of 10 cells per field of view, spanning three different slides,
were used to count blebs/cells. A significant increase in the number of blebs/cell in
the 04117201 WT strain compared to the AstkR mutant could be observed at 2.5+0.3
blebs/cell vs 0.7+0.05 blebs/cell, respectively (P < 0.0001). Assessments of
skewness, kurtosis and the Shapiro-Wilk normality test followed by an analysis of
variance were used to assess significance. Treatment of the cells with a higher
concentration of CST (12 pg/mL) resulted in both strains exhibiting extensive
membrane perturbation leading to a breakdown of the bacterial cell wall with

partially disintegrated cells (Figure 3.4; E, F).

3.5.6 Visualisation of the LOS of A. baumannii 04117201 and the AstkR

derivative

A. baumannii acquires resistance to CST by three known mechanisms that affect
the lipid A portion of the LOS. This is through either the complete loss of lipid A
(Moffatt et al. 2010) or modifications by either GalN and/or pEtN (Arroyo et al.
2011, Chin et al. 2015) as described previously. To determine if lipid A was present
or had undergone a significant modification, silver staining of the LOS was
performed (Figure 3.5). Analysis by silver stained sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) identified a comparable lipid A
profile between these strains (Figure 3.5).
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Figure 3.4: Membrane perturbation of the A. baumannii 04117201 and
and AstkR strains with CST treatment

A. baumannii 04117201 and AstkR mutant cells were subjected to sub-MIC
levels of CST (3 ug/mL and 12 pg/mL) and cross-sections were examined by TEM
(60,000 x magnification); 200 nm scale is shown at the bottom of the image in white.
Images are of (A) 04117201 WT, (B) AsktR mutant, (C) 04117201 WT after
exposure to 3 ug/mL CST, (D) AstkR mutant after exposure to 3 ug/mL CST, (E)
04117201 WT after exposure to 12 ug/mL CST, and (F) stkR mutant after exposure
to 12 pg/mL CST. The images are representative of data obtained; arrows show

membrane perturbation and/or leakage of the cell contents.
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Lipid A core — ' 5 .
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Figure 3.5: LOS analysis of the A. baumannii 04117201 WT and AstkR
mutant strains

Whole cell lysates prepared from A. baumannii 04117201 and AstkR mutant
cells were resolved on a 15 % polyacrylamide gel before silver staining. Lane 1 is a
P. aeruginosa PA01 sample used as a positive control to visualise the lipid A and O-
antigen components; Lane 2 is A. baumannii 0411720, and Lane 3 is A. baumannii

AstkR. Brackets identify the lipid A core and O-antigen regions.

89



Chapter 3

3.5.7 gRT-PCR analysis of pmrCAB in the A. baumannii 04117201 and AstkR

mutant strains treated with a sub-MIC concentration of CST

The PmrAB TCSTS is known to regulate pmrC whose product is responsible for
lipid A modification by the addition of pEtN, leading to an increase in CST
resistance as previously described (Arroyo et al. 2011). Therefore, to investigate if
this system played a role in the observations here, the expression of pmrCAB was
analysed. Gene expression was analysed using gRT-PCR with RNA isolated from A.
baumannii 04117201 and AstkR cells post treatment with 3 ug/mL of CST. An
increase in transcription of the pmrCAB operon in the AstkR mutant compared to the
04117201 WT strain when exposed to sub-MIC of CST was observed; pmrA by
6.63-fold (P < 0.02), pmrB by 8.22-fold (P < 0.0001) and pmrC by17.63-fold (P <
0.0003). Increased transcription of pmrCAB can also be related to point mutants in
the pmrCAB genes. Sequencing analysis was therefore undertaken on the AStkR
mutant strain to determine if there were any point mutations in the pmrCAB genes.
However, analysis of the DNA sequence of the 3.6 kb region encompassing the
pmrCAB operon did not identify any point mutants in this region in the AstkR mutant

strain (data not shown).

3.6 Discussion

A. baumannii have the ability to cause disease through a number of mechanisms,
including adhering to biotic surfaces and resisting antimicrobial therapies, both
essential mechanisms required to persist in a host (McQueary et al. 2011, Richmond
et al. 2016). As such this work was initiated by identifying a potential highly virulent
strain to investigate the virulence potential of A. baumannii. Examination of 11
clinical strains identified A. baumannii strain 04117201 as being the most adherent to
A549 human pneumocytes (Figure 3.1). Additionally, examination of the
antimicrobial resistance profiles of our collection of A. baumannii stains revealed
that 04117201 is resistant to a wide range of compounds (Table 3.2). These findings,
together with the demonstrated ability of the 04117201 to form a strong biofilm
(Eijkelkamp et al. 2011b), resulted in the selection of this strain as the candidate to

examine in detail potential virulence characteristics.

TCSTSs are involved in regulating a variety of virulence traits including

antibiotic resistance, biofilm formation, and adhesion to eukaryotic cells as described
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previously. Sequencing of the A. baumannii 04117201 strain genome revealed that
this strain contains five TCSTS that are absent in the avirulent A. baumannii strain
SDF. Therefore, any or all of these five TCSTS potentially correlate to the increased
virulence potential, e.g., cell adherence and antimicrobial resistance exhibited by the
04117201 strain. As such, the TCSTS we termed StkRS was chosen for analysis
through genetic manipulation by replacing the stkR RR with an ERY cassette giving

rise to the A. baumannii AstkR mutant strain.

Comparison of the antimicrobial resistance profile of the resulting AstkR mutant
strain compared to its parent showed this mutation caused a 2-fold increase in
resistance to the polymyxins, CST and PMB, as well as minor increases in resistance
to CHL, KAN and RIF (Table 3.3). The mechanism by which StkRS influences
polymyxin resistance is currently unknown, however previous studies have found
that A. baumannii strains lacking LOS are CST resistant and show a reduction in cell
surface hydrophobicity (Soon et al. 2012). Therefore, alterations in cell surface
hydrophobicity were examined to see if it also played a role in the modification in
resistance seen in this mutant strain. The AstkR mutant strain displayed a significant
decrease in cell surface hydrophobicity compared to the WT strain when exposed to
CST at subinhibitory concentrations (Figure 3.3); these data demonstrate the ability
of the AstkR mutant strain to respond under this particular stress by altering its
bacterial cell surface. These results are similar to the study described previously,
undertaken by Soon et al (2012), connecting the lack of LOS or herein, the
significant decrease in LOS as seen in the AstkR mutant strain to a reduced ability of

CST to bind to the membrane therefore increasing CST resistance.

TEM analyses of 04117201 and AstkR cells after CST treatment identified
varying levels of membrane perforation, partially disintegrated cells and sometimes
complete cellular lysis. The results are comparable to other studies investigating the
effect of CST on the membrane (Mohamed et al. 2016, Girardello et al. 2017). Here,
under sub-MIC CST treatment A. baumannii 04117201 displayed a significant
increase in membrane perturbation/protrusion known as blebbing events compared to
the AstkR mutant (Figure 3.4), indicating envelope disruption and the collapse of the
outer membrane. This may be related to the decrease in cell surface hydrophobicity

exhibited by the AstkR strain under CST treatment, since dramatic decreases in cell
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surface hydrophobicity are related to CST resistance (Moffatt et al. 2010, Da Silva et
al. 2017, Carretero-Ledesma et al. 2018). As silver staining of a whole cell lysate
prepared from 04117201 and AstkR cells showed a comparable lipid A profile, the
observed increase in CST resistance is not due to loss or gross modification of lipid
A (Henry et al. 2012).

In other Gram-negative pathogens, such as Salmonella enterica and Klebsiella
pneumoniae, pmrCAB is regulated by other TCSTSs. In these cases, the PhoPQ
TCSTS leads to the activation of a small polypeptide known as PmrD, which binds to
PmrA and stabilises it in its phosphorylated state, resulting in a concomitant increase
in pmrC transcription (Gunn 2008, Cheng et al. 2010, Wand et al. 2016).
Examination of available Acinetobacter genomes including the A. baumannii
04117201 strain failed to find a pmrD homologue . However, cross-regulation of
pmrCAB is not limited to interactions with the PhoPQ system but can be further
complicated by another TCSTS in S. enterica (designated preAB) (Merighi et al.
2009). This PreAB is similar to the gseBC system found in E. coli and appears to
influence expression of pmrCAB as well, confirming that the pmrCAB system can be
regulated by a number of TCSTS. Interestingly, a study in S. enterica of deletions or
insertions in the PreB HK led to up-regulation of the pmrCAB system, but there was
no concurrent increase in CST resistance, possibly because pmrD is not involved
(Merighi et al. 2006).

Previous studies have also shown that increased decoration of lipid A results in
CST resistance, and also commonly involves the PmrAB TCSTS. Increased
transcription of the transferase pmrC, which can occur by mutations in the pmrCAB
operon leads to the addition of pEtN to lipid A (Beceiro et al. 2011). However,
sequence analysis did not identify any such mutations in the pmrCAB operon in the
A. baumannii AstkR mutant strain suggesting an alternate mechanism causing up-

regulation of the pmrCAB operon.

Another mechanism appears to work alongside but independently of the addition
of pEtN. Chin et al (2015), using mass spectrophotometer analysis of a CST-resistant
A. baumannii strain, identified decorations of the lipid A structure with both pEtN
and GalN. The pmrB determinant regulates NaxD deacetylase which is involved in

the addition of GalN to lipid A; when deleted, a CST-sensitive phenotype is
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produced (Beceiro et al. 2011, Chin et al. 2015, Liu et al. 2016, Deveson Lucas et al.
2018). Examination of the pmrCAB operon using qRT-PCR revealed that the level of
pmrA, pmrB and pmrC increased significantly in the AstkR mutant compared to the
04117201 WT strain when exposed to CST. As such there could be an addition of
pEtN to the lipid A components of the cell and possibly accompanied by the addition
of GalN when the bacterial cell is exposed to CST. The data presented here
demonstrates that the PmrAB TCSTS may be contributing to CST resistance which
could occur through the addition of pEtN and GalN. Additionally, the StkRS TCSTS
is a contributing regulator of the PmrAB system. These results collectively display a

probable reason for the CST resistance seen of the AstkR mutant strain.

Interestingly, a decrease in fitness was also identified for the AstkR mutant
compared to the 04117201 WT strain when grown in M9 medium (Figure 3.2, B); a
slight lag can be seen at the time points 6 and 7 hour time points. These observations
are in contrast to Jones et al (2017), where the increased CST resistance resulted in a

decreased survival rate when exposed to hydrogen peroxide (H,0,).

This is the first study to describe the novel TCSTS StkRS identified in the
clinically relevant A. baumannii strain 04117201. These data have demonstrated that
the increase in CST resistance seen for the AStkR mutant strain is not due to the loss
of lipid A. However, it appears to be due to increased transcription of the pmrCAB
operon. Additionally, cell surface hydrophobicity changes are apparent in the AstkR
mutant and 04117201 WT strains after CST treatment, which correlates to the
proposed addition of pEtN and GalN in the LOS of the A. baumannii strains. These
data demonstrate that the deletion of stkR promotes for up-regulation of pmrCAB and
a decrease in cell surface hydrophobicity, increasing CST resistance. CST represents
a “last resort” antibiotic used for the treatment of severe A. baumannii infections, and
understanding the resistance mechanisms to this clinically important compound is
vital for its continued application. Additionally, as TCSTS are attractive drug targets,

understanding their interconnected regulation is imperative for future development.
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Chapter 4

4.1 Preface

This chapter is to be submitted for publication in the journal mBio as Giles, S.
K, Stroeher, U. H, Marri, S., and Brown, M. H. (2020) Acinetobacter baumannii
virulence factors and the host immune response influences bacterial morbidity and

mortality in a murine pneumonia infection model.

4.2 Abstract

MDR A. baumannii is of major global concern causing pneumonia, bacteraemia
and septicaemia with mortality rates exceeding 70 % (Seifert et al. 1995, Fagon et al.
1996, Makris et al. 2018). Therefore, to examine this bacterium, in relation to
virulence the novel TCSTS StkRS in the clinical A. baumannii 04117201 strain was
investigated. An A. baumannii AstkR derivative was constructed from the A.
baumannii 04117201 WT strain by deletion of the stkR response regulator gene and
analysed. Comparative transcriptomic analyses were undertaken of the AstkR mutant
against the 04117201 parent strain with RNA isolated from cells grown in four
different media, chosen to represent four growth conditions. Firstly, M9 media
representing the numerous hospital surfaces with a minimal nutrient and carbon
sources, secondly lung media mimicking a pneumonia infection, thirdly whole blood
representing septicaemia and lastly, Mueller Hinton (MH) media commonly used
within the laboratory. . Numerous expression changes in the AstkR transcriptome
were observed when grown in lung and M9 media over one thousand genes had an
altered expression compared to the parent strain; interestingly in the blood and MH
media there were minimal changes in transcription. In vitro assessment of the AstkR
mutant identified an increased bacterial cell adherence to A549 human pneumocytes
cells, enhanced survival under human serum stress and increased survival in a
macrophage-mediated killing assay, in addition to an increased bacterial load in the
lungs, blood and spleen in an intranasal murine model. Using an Antibacterial RT>
PCR profiler array the innate immune response was examined in the lungs from
inoculated mice. Infection with the 04117201 WT strain resulted in the differential
expression of 75 genes (24 up- and 51 down-regulated more than 2-fold) compared
to the naive lung. In comparison, infection with the AstkR mutant strain modulated
the expression of 66 genes (23 up- and 43 down-regulated more than 2-fold). This
implies that removal of stkR dampens the innate immune response consequently

leading to a larger bacterial load in the mouse. Taken together, this research has
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identified that deletion of the stkR response regulator gene in A. baumannii 04117201
affects multiple factors that influence the virulence capacity and subsequently the

disease progress of this organism.

4.3 Introduction

A. baumannii is most commonly found as a hospital-acquired pathogen infecting
immune-compromised patients, but is also being reported more frequently in the
wider community (Peleg et al. 2008, Fang et al. 2016, Ziolkowski et al. 2018).
Severe infections such as ventilator-acquired pneumonia and bacteraemia potentially
causing septicaemia and open-wound infections are instances where A. baumannii
can commonly be identified (Dijkshoorn et al. 2007, Peleg et al. 2012). Of particular
concern is the high mortality rate (between 55 % and 80 %) and the ability of A.
baumannii to occupy various niches and withstand environmental pressures in the
hospital as well as within a host. To survive, it must be able to respond to
environmental changes and stressors by, for example, switching on efflux pumps in
the presence of antibiotics or biocides This can include resistance to desiccation,
cleaning regimes (e.g. disinfectants), antibiotics, and the host’s immune response
(e.g. macrophage phagocytosis) (Guo et al. 2016, Warner et al. 2016). Although
many of the virulence factors of A. baumannii are known and are being examined,
the regulatory mechanisms of these factors are only now being understood. One type
of regulatory mechanism used by A. baumannii is the two-component signal
transduction system (TCSTS) (Kroger et al. 2016), which allow a bacterium to sense
and quickly adapt to its environment. TCSTS are comprised of two proteins: a
membrane-bound histidine kinase (HK) and an intracellular cytoplasmic-located
response regulator (RR). The HK receives a signal and undergoes a conformational
change; this change results in phosphorylation of a conserved histidine residue and
the phosphoryl group is subsequently transferred to an aspartate residue on the
cognate RR. The RR then undergoes a conformational change, enabling it to act upon

downstream genetic elements to modulate their transcription.

Numerous TCSTSs regulate a variety of mechanisms across bacterial species.
For example, in A baumannii, the AdeRS TCSTS activates the multidrug efflux
pump AdeABC (Marchand et al. 2004), the PmrAB TCSTS regulates genes
associated with alterations in lipid A (Chen et al. 2013), and the EnvZ/OmpR TCSTS
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is involved in the regulation of genes that respond to changes in osmolarity (Cai et
al. 2002). TCSTSs can regulate the bacterial cell surface properties that alter
adherence to biotic or abiotic surfaces and can lead to the formation of biofilms
(Casino et al. 2010, Russo et al. 2016). TCSTSs have also been associated with
virulence potential in aiding the bacteria (via different mechanisms) to survive or
subvert macrophage cells and other cells of the immune system (Alves et al. 2017,
Huang et al. 2017); this allows for an increased disease state and is an import factor

in the prevalence of A. baumannii strains.

The innate immune system uses a large variety of genes to induce a response to
an infection. The first line of defence commonly involves cytokines and chemokines
e.g. IL6, which recruits phagocytic cells like neutrophils to the site of infection (van
Faassen et al. 2007). To evade the immune response, A. baumannii have developed
mechanisms that can reduce early neutrophil recruitment leading to higher
persistence and therefore a disease state of the host (Dikshit et al. 2018). Neutrophils
can kill bacteria using neutrophil extracellular traps (NETSs). Recently, A. baumannii
was discovered to inhibit NET formation by suppressing the adhesion of the
neutrophils, thereby prolonging bacterial persistence (Kamoshida et al. 2018). The
immune response against A. baumannii, and other infectious bacteria, also relies on
the Toll-like receptor 4 pathways and CD14 as they both play a critical role in
sensing LPS and LOS (Knapp et al. 2006). Bacteria like E. coli and Brucella
melitensis interfere with the Toll /interleukin-1 receptor by secreting homologues,
disrupting its function (Cirl et al. 2008).

This study aimed to identify what impact the StkRS TCSTS has on the virulence
potential of the clinical A. baumannii strain 04117201. The hypothesis states that
deletion of the stkR RR gene in the 04117201 WT strain will increase virulence of
the AstkR mutant strain. The 04117201 WT and the generated AstkR mutant strain
from unpublished data, were examined for several virulence traits, both in vitro and
in vivo, assessment found an enhancement of the pathogenic potential of the AstkR
mutant compared to the 04117201 WT strain.
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4.4  Materials and Methods
4.4.1 Bacterial strains, media and growth conditions

The clinical A. baumannii bacterial strains used and cultured in this study have
been described previously (Giles et al. 2015). For maintenance, conjugation, cloning,
and replicating plasmids, E. coli DH5a, SM10, or JM109 cells were used (Hanahan
1983, Simon et al. 1983, Yanisch-Perron et al. 1985). The A. baumannii strain
04117201 belongs to the international clone type 11 and was obtained from a tracheal
aspirate sample at Flinders Private Hospital, SA, Australia (Eijkelkamp et al. 2011a).

4.4.2 Statistical analysis

The Graphpad Prism 7.01 (La Jolla, United States of America) statistical
package was used to analyse the results of all experiments. Assessments of skewness,
kurtosis, and the Shapiro-Wilk normality test (Samuels et al. 2012) were undertaken
on all measures and non-parametric tests were used as needed. Analyses of the in
vitro and in vivo models were performed using a Student’s t-test. A Contingency test
(chi squared) was used to present the mouse mortality results. A probability, P < 0.05
was considered statistically significant (* P < 0.05; ** P < 0.001; and *** P <
0.0005).

4.4.3 Deletion replacement mutant construction by homologous recombination

Construction of a stkR-inactivated derivative of A. baumannii 04117201 was
undertaken by homologous recombination. In brief, DNA fragments corresponding
to 1.2 kb upstream and 1 kb downstream of stkR were PCR amplified using
VELOCITY™ DNA polymerase (Bioline, NSW, Australia) and specific
oligonucleotides designed in NetPrimer (www.premiersoft.com) (Table 3.1). The
cycling conditions used were 2 minutes at 94°C, followed by 30 cycles of 45 seconds
at 94°C, 45 seconds at 60°C, and 90 seconds at 72°C. This was followed by a final
extension of 10 minutes at 72°C. PCR products of the appropriate size were cloned
into the suicide vector pEX18Tc via Xbal, BamHI, or Sacl restriction sites and
transformed into E. coli DH5a cells (Adams et al. 2018). Following sequence
confirmation, pEX18Tc clones were electroporated into fresh electrocompetent A.
baumannii 04117201 bacterial cells (Eijkelkamp et al. 2013).
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4.4.4 Eukaryotic cell adherence and invasion assay

The adherence of A. baumannii cell to A549 human type 2 pneumocytes was
investigated as previously described (Giles et al. 2015) with the following
modifications. When assessing bacterial invasion, cells were treated with 400 pg/mL
of amikacin (AMK) for 1 hour at 37°C. Cells were washed with 10 mL of sterile
MilliQ. Washed cell monolayers were detached from the plate by treating with 100
puL of 0.25 % trypsin in PBS. The eukaryotic cells were subsequently lysed by the
addition of 400 pL of 0.025 % Triton X-100. Serial 10-fold dilutions were spread
plated onto LB agar to determine the number of CFU of adherent bacteria per well.
The data collected for the adherence assays were obtained from three replicates and
represent data points from each experiment in quadruplicate wells. Serum survival

assay

Serum sensitivity assay was adapted from (Kim et al. 2009). In short, cells were
grown to an ODggo = 0.6 in MH media at 37°C. Cells were then incubated with PBS,
40 % human serum or 40 % heat-inactivated human serum at 37°C for 2 hours with
shaking. Bacteria were serially diluted and plated to determine the CFUs. Data was
collected from three replicates.

4.4.5 Macrophage cell survival assay

Survival under macrophage pressure was investigated using the method of (Qiu
et al. 2012) with the following modifications. Macrophage J774.2 cell lines were
grown in Dulbecco’s Modified Eagle media (Invitrogen, Australia) with 10% fetal
bovine serum (Bovogen, Australia). Washed J774.2 monolayers in 24-well tissue
culture plates were infected with bacterial inoculums containing ~1x10" CFU and
spun at 1200 x g for 2 minutes. Wells were washed in PBS following a 2-hour
infection at 37°C, and treated with 400 pug/mL of AMK for 1 hour at 37°C. The
monolayers were washed with PBS; 10-fold dilutions were spread plated onto LB
agar to determine the number of surviving CFU per well. The collated data are from
three replicates and represent the data points from each experiment in quadruplicate

wells.
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4.4.6 Invivo mouse infection model

Female BL/6 mice aged 4 to 6 weeks were housed under pathogen-free
conditions. Antibiotic-free pelleted food and autoclaved water were provided.
Infection assays were performed intranasally, with approximately 5.0x10® CFU in 50
ul of PBS in groups of 15 mice per bacterial strain tested. Mice were euthanised at
24 hours post infection. After a pleural wash with PBS, the thoracic cavity was
exposed and blood was collected by puncture of the right ventricle. Following blood
collection, the pulmonary circulation was perfused with saline before the lung and
spleen were separately excised into 1.5 mL of ice-cold PBS, weighed, and
homogenised by a miller machine (FastPrep®24™ 5G, MP Biomedicals, Germany).
The CFU of each strain was defined as CFU/mL of blood or CFU/whole lung or
spleen after serial dilutions on to LB plates. All experiments involving mice were

approved by the Animal Ethics Committee of Flinders University (851/13).

4.4.7 Bacterial and eukaryotic RNA isolation

RNA was extracted as described in Chapter two (Giles et al. 2015) with the
following modifications. To measure transcriptional levels for either qRT-PCR or
HiSeg RNA transcriptome analysis (conducted by SA Pathology; Central Adelaide
Local Health Network); bacterial cells were harvested from MH broth, M9 media,
blood or lung media at ODgqo of 0.6, pelleted by centrifugation 8,000 x g at 4°C for 5
minutes and then lysed using TRIzol reagent (Life Technologies, Australia) and 200
uL of chloroform. When extracting lung material, the lung was lysed with 2 mL of
TRIzol reagent (Life Technologies, Australia) and 600 uL of chloroform. From the
aqueous phase total RNA was extracted using the RNA Mini Kit Il (Bioline,
Australia) following the manufacturer’s instructions. Samples were cleaned using the
RNasey® Min Elute™ Cleanup kit (Qiagen, Australia) and the purity and quantity of
total RNA determined by measuring the ODgo280 ratio (NanoDrop1000, Thermo
Scientific, Australia). Triplicate bacterial samples were pooled and sent to SA
Pathology for ribosomal RNA reduction using an Epicentre Ribo-Zero kit before
RNA library bar-coding was undertaken. Samples were run on the lllumina HiSeq
platform (1 x 50 bp single reads). For RT-PCR, samples were treated with DNasel

(Promega, United States of America) following the manufacturer’s instructions.
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4.4.8 Mouse immune investigation using the Antibacterial RT?-PCR profiler

array

The Antibacterial RT?-PCR profiler array was used to determine the mouse
immune response post infection. Total RNA extracted from homogenised mouse
lung was used together with the RT? First Strand kit and SYBR green RT-PCR
Master Mix to inoculate a 84-well format Antibacterial RT?-PCR profiler array
(Cat#PAMM-148ZD) (Qiagen, USA). Sample preparation and cycle times were
performed according to the Antibacterial RT?-PCR array protocol using a CFX96
instrument (Bio-Rad, Australia). The C; values were normalised using the gapDH

housekeeping gene and AAC; values were calculated (Livak et al. 2001).

4.4.9 Cytoscape mapping

The Cytoscape network program was used to present the Antibacterial RT>-PCR
profiler array data. The cDNA AAC; expression values were submitted to the
InnateBD pathway program (http://www.innatedb.com) and the 84 genes of the array
were found to form 465 pathways. The network was analysed for betweenness and
centrality. The importance of the gene is demonstrated by color: up-regulated is

shown in green; down-regulation is shown in red.

4.4.10 Bioinformatics analysis

The quality of the cDNA reads obtained from the HiSeq was checked using

Fastqc (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were

subsequently mapped to the reference genome using the bowtie aligner
(http://bowtie-bio.sourceforge.net/index.shtml). Approximately 95 % of the reads

mapped to the 04117201 genome, of which 83 % mapped to the coding regions. To
determine changes in gene expression, the number of reads obtained for each ORF

was normalised using reads per kb of transcript per million reads mapped.

4411 gRT-PCR

The iScript reverse-transcriptase cDNA synthesis kit (Bio-Rad laboratories Inc)
was used to synthesise cDNA following the manufacturer’s instructions. qRT-PCR
was conducted using iTaq" Universal SYBR® green super mix (Bio-Rad, Australia)
in conjunction with a Rotor-Gene Q (Qiagen, USA). A typical gRT-PCR run was as
follows: 1 minute at 95°C, 40 cycles of 10 seconds at 95°C, 15 seconds at 55°C, and
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20 seconds at 72°C (Brazma et al. 2001). Transcriptional differences were calculated
using the AAC; method (Livak et al. 2001). The 16S rRNA (A1S_r01) and gapDH

(AL1S_2501) transcription levels were used as a reference.

45 Results

4.5.1 Adherence capabilities of the A. baumannii 04117201 WT and AstkR

mutant strains to A549 epithelial cells

As stated previously, since A. baumannii commonly enters in a host via
respiratory pathways, the initial infection is in the lungs, which requires the bacteria
to adhere to biotic cells. A. baumannii 04117201 WT and AstkR mutant strains
[previously constructed as described (Section 3.4.2)] were investigated for their
ability to adhere to A549 human pneumocytes cells. Interestingly, the AstkR mutant
showed a 2.2-fold increase in adherence to the A549 monolayer compared with the
parent strain (Figure 4.1, P < 0.01). Due to the increase observed in cell adherence,
an invasion assay was also performed. The invasion model enumerates internalised
bacteria to identify whether the bacteria are intracellular. No significant change in the
number of bacteria invading the epithelial cells between the two strain was seen (P >
0.05) (data not shown).

4.5.2 Survival in human serum complement of A. baumannii 04117201 WT

cells compared to the AstkR mutant

The first line of defence to a bacterial infection usually involves the innate host
immune response. This includes a number of proteins and cells (Garcia-Patino et al.
2017) and one that plays a critical role is the complement system found in the serum
fraction of blood (Chamoun et al. 2018). One action of the complement system is
performed via the membrane attack complex that creates a pore in the bacterial cell
causing cell death. To assess the A. baumannii 04117201 and the AstkR derivative
for their ability to withstand the complement system, the bacterial cells were
incubated with normal human serum and the bacteria enumerated. The AstkR mutant
strain showed an approximate 20 % increase in survival compared with the
04117201 WT strain (Figure 4.2, P < 0.0001), demonstrating the AstkR mutant strain
has an increased ability to within stand complement killing.

103



Chapter 4

60000

40000+

CFUiwell

20000+

0 I T
WT AstkR

A. baumannii strain

Figure 4.1: Cell adherence capacity of the A. baumannii 04117201 WT and
AstkR mutant strains to A549 pneumocytes

The cell adherence capacity of the A. baumannii 04117201 WT and AstkR
mutant strains were assessed. Bacterial cells were grown to a concentration of
1x10"7 CFU in MH, resuspended in DMEM and exposed to A549 pneumocytes four
4 hours, before bacterial cells were washed and enumerated. Adherent cells are
presented as CFU/well. Bars indicate the standard error of three replicates. ** P <

0.01 as determined by an analysis of a parametric Student t test.
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Figure 4.2: Survival of A. baumannii 04117201 WT and AstkR mutant strains in
human serum

Survival of A. baumannii 04117201 and AstkR cells were examined. Bacteria
were grown to a concentration of ~1x10"7 CFU in MH, resuspended in PBS and
exposed to human serum for 2 hours. Following treatment with 400 pg/mL of AMK
for 1 hour, monolayers were washed and enumerated. The number of bacterial cells
post exposure is presented as percentage of survival. Bars indicate the standard error
of three replicates. **** P < 0.0001 as determined by an analysis of a parametric
Student t test.
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4.5.3 Survival under J774.2 mouse macrophage stress of the A. baumannii

04117201 WT compared to the AstkR mutant strain

Macrophages and other phagocyte cells represent a major host defense system
(Jun et al. 2013). Therefore, the ability of a bacterial cell to withstand phagocytosis
dramatically increases its chance of persisting within a host. To investigate survival
of the 04117201 WT and AstkR mutant strains, the bacterial cells were exposed to a
monolayer of a J774.2 mouse macrophage cells. Enumeration of bacteria that
survived phagocyte engulfment revealed a 3.3-fold increased survival rate of the
AstkR mutant strain compared to the 04117201 WT strain (Figure 4.3, P < 0.001).

4.5.4 Infection capabilities of the A. baumannii 04117201 WT and AstkR

mutant strains in a murine model

As an increase in the virulence potential of the AstkR mutant strain in a number
of in vitro assays was identified, further investigation was undertaken to test if this
trait is replicated in an in vivo mouse model. As such, C57/BL6 4 to 6 week-old
female mice were used to assess the in vivo attributes of the 04117201 WT and AstkR
mutant strains. Mice were challenged with bacterial cells introduced intranasally to
mimic a pneumonia infection. A significant increase in the bacterial cell load of the
AstkR mutant strain compared with the 04117201 WT strain was identified: 15-fold
in the lung (Figure 4.4A, P < 0.001); 7-fold in the spleen (Figure 4.4B, P < 0.01),
and 4-fold in the blood (Figure 4.4C, P < 0.01). Further assessment by a contingency
test identified an increase in the number of mice that died due to the infection. The
incidence of death increased from 3 % for mice infected with the 04117201 WT
strain to 30 % for mice infected with the AstkR mutant strain (chi-square test P <
0.01).
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Figure 4.3: Bacterial cell survival of the A. baumannii 04117201 WT and AstkR
mutant strains in J774.2 macrophages

A. Dbaumannii 04117201 and the AstkR derivative were assessed for
phagocytosic survival. Bacteria were grown to a concentration of ~1x10"7 CFU in
MH, resuspended in DMEM and incubated with J774.2 mouse macrophage cells for
2 hours. Following treatment with 400 pg/mL of AMK for 1 hour, monolayers were
washed and enumerated. The number of bacterial cells post exposure are presented as
CFU/well. Bars indicate the standard error of three replicates. *** P < 0.001 as

determined by an analysis of a parametric Student t test.
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Figure 4.4: Bacterial cell load of the A. baumannii 04117201 WT and
AstkR mutant strains in mouse tissue and blood post infection

The A. baumannii 04117201 WT and AstkR strains were examined in a
murine model. Bacterial cells were grown to a concentration of ~5x10"8 CFU
in MH, resuspended in PBS and injected intranasally into C57/BL6 4 to 6
week-old female mice. Mice were euthanised at 24 hours post infection. Post
infection murine tissue and blood were collected and the bacterial cells
enumerated, with CFU determined by plating. (A) Logio CFU per total mouse
lung; (B) Logio CFU per total mouse spleen; (C) Logio CFU in 1 mL of mouse
blood. Circles indicate individual animals, lines represent media values of
bacterial burden of ten biological replicates. *** P < 0.001, ** P < 0.01 as

determined by an analysis of a nonparametric Student t test.
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4.5.5 Investigation of the murine immune transcriptional response post
infection with A. baumannii 04117201 and AstkR derivative

Despite recent research examining A. baumannii infections, the details of how
the immune system responds to this pathogen have largely been ignored. Here, genes
involved in the mouse innate immune response were investigated by RT-PCR using
RNA isolated from mice infected with either 04117201 or AstkR cells. The
Antibacterial RT?>-PCR Profiler array assesses 84 genes that have been suggested to
be involved in the mouse innate immune response including genes involved in
chemokine and cytokine production and cell apoptosis (J. Wang et al. 2019).
Analysis of the RT-PCR results identified 75 genes that were at least 2-fold
differentially expressed (24 up-regulated and 51 down-regulated) when infected with
A. baumannii 04117201 cells compared with a naive lung (no infection).
Interestingly, when the mouse lung is infected with the 04117201 AstkR variant the
innate immune response is reduced with only 66 differentially expressed genes (23
up-regulated and 43 down-regulated) compared with a naive lung. As seen in Table
4.1, 15 genes have changed in expression due to the infection of either the 04117201
WT or the AstkR mutant strains; these include I1fnbl, TIr6 and TIr9, Irf5, Ticam2,
Irak3, Ripk2, Tnfrsfla, Pycard, Rela, Map2k3, Ripkl, Nirpla, 1112a, and Crp. The
most up-regulated of the host’s immune genes, in response to both the 04117201 WT
and AstkR mutant strains infection, were the chemokines Cxcl3, Cxcl4, Ccl3, Cxcl1,
Ccl5, then the Tnf, and interleukin genes II5, I1l1b, followed by Camp, Slcllal,
Lcn2, Mefv, Slpi, Nlrp3, and Cd14 (Table 4.1). The most noticeable reduction in
transcription was Cxcl3 by 2,030-fold following the 04117201 WT strain infection
and 1,324-fold following AstkR mutant strain infection; this reduced response was

mirrored to varying degrees by Ccl4, Ccl3, Cxcl1, and Ccl5.

To visualise the murine innate immune response after infection by A. baumannii
04117201 WT and the AstkR derivative, the immune response data was assessed by
pathway analysis allowing for the identification of 465 distinct pathways (Figure 4.5;
A, B). The connections were assessed for betweenness and centrality, where the size
of the node (coloured circles) is directly related to number of connections and is

described as a hub.
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Table4.1:  The mouse innate immune response to infection with either A. baumannii 04117201 WT or AstkR strains

Fold change P- Fold change P-

Name of gene Symbol AstkR? value wT? value
Chemokine (C-X-X motif) ligand 3 Cxcl3 1324.58 0.01 2030.76 0.00
Chemokine (C-C motif) ligand 4 Ccl4 240.33 0.02 261.84 0.01
Tumor necrosis factor Tnf 208.04 0.13 145.12 0.01
Chemokine (C-C motif) ligand 3 Ccl3 191.34 0.23 237.85 0.05
Interleukin 6 116 129.72 0.01 358.51 0.00
Chemokine (C-X-X motif) ligand 1 Cxcll 101.66 0.15 211.46 0.12
Interleukin 1 beta 111b 63.38 0.06 67.94 0.00
Cathelicidin antimicrobial petide Camp 46.38 0.26 55.83 0.20
Solute carrier family 11 (proton-coupled divalent metal ion transporters),

member 1 Sicllal 28.20 0.02 23.48 0.00
Lipocalin 2 Lcn2 20.95 0.00 18.79 0.00
Mediterranean fever Mefv 14.47 0.00 38.81 0.00
Chemokine (C-C motif) ligand 5 Ccl5 14.30 0.01 16.73 0.00
Secretory leukocyte peptidase inhibitor Slpi 13.83 0.00 16.61 0.00
NLR family, pyrin domain containing 3 Nlrp3 11.49 0.08 27.10 0.03




Table 4.1: Continued

Fold change P- Fold change P-

Name of gene Symbol AstkR? value WT? value
CD14 antigen Cdi4 11.09 0.26 10.85 0.84
Toll-like receptor 2 TIr2 4.88 0.56 3.73 0.57
Interferon regulatory factor 7 Irf7 4.74 0.03 3.03 0.01
Z-DNA binding protein 1 Zbpl 4.03 0.00 2.46 0.00
Nucleotide-binding oligomerisation domain containing 2 Nod2 2.85 0.23 3.75 0.05
Nuclear factor of kappa light polypeptide gene enhancer in B-cell

inhibitor, alpha Nfkbia 2.76 0.01 2.82 0.01
Interferon beta 1, fibroblast Ifnbl 2.34 0.00 1.65 0.00
Baculoviral AP repeat-containing 3 Birc3 2.27 0.23 2.60 0.05
Toll-like receptor 6 TIr6 2.06 0.18 -1.05 0.69
Myeloid differentiation primary response gene 88 Myd88 1.99 0.00 1.90 0.01
Interferon regulatory factor 5 Irf5 1.92 0.23 2.06 0.03
Toll-like receptor adaptor molecule 2 Ticam?2 1.85 0.14 -10.66 0.29
Toll-like receptor 1 Tirl 1.73 0.06 1.03 0.00
Lactotransferrin Ltf 1.68 0.01 1.24 0.01




Table 4.1: Continued

Fold change P- Fold change P-
Name of gene Symbol AstkR? value WT? value
Interleukin-1 receptor-associated kinase 3 Irak3 1.66 0.01 2.32 0.00
Toll-like receptor 9 TIr9 1.56 0.02 3.91 0.00
Receptor (TNFRSF)-interacting serine-threonine kinase 2 Ripk2 1.04 0.47 -2.07 0.14
Proline-serine-theronine phosphate-interacting protein 1 Pstpipl -1.27 0.36 -1.19 0.23
Tumor necrosis factor receptor superfamily, member 1a Tnfrsfla -1.33 0.00 -2.44 0.02
PYD and CARD domain containing Pycard -1.49 0.02 -2.66 0.01
Mitogen-activated protein kinase kinase 1 Map2k1 -1.51 0.04 -1.15 0.00
V-rel reticuloendotheliosis viral oncogene homolog A (avian) Rela -1.54 0.00 -3.11 0.00
Cathepsin G Ctsg -1.56 0.17 -1.94 0.36
Mitogen-activated protein kinase kinase 3 Map2k3 -1.60 0.03 -2.03 0.02
Receptor (TNFRSF)-interacting serine-threonine kinase 1 Ripkl -1.60 0.03 -2.34 0.00
NLR family, pyrin domain containing 1A Nlrpla -1.66 0.09 -4.10 0.18
Interleukin 12A l112a -1.86 0.26 -19.30 0.02
Bactericidal permeability increasing protein Bpi -2.01 0.02 -3.55 0.00
Deleted in malignant brain tumors 1 Dmbtl -2.01 0.00 -3.55 0.00




Table 4.1: Continued

Fold change P- Fold change P-

Name of gene Symbol AstkR? value WT? value
Interferon alpha 9 Ifna9 -2.01 0.00 -3.55 0.00
NLR family, CARD domain containing 4 Nlrc4 -2.01 0.03 -3.55 0.00
NLR family, apoptosis inhibitory protein 1 Naip 1 -2.01 0.01 -3.55 0.00
Nuclear factor of kappa light polypeptide gene enhancer in B-cell 1, p105 Nfkbl -2.02 0.01 -2.84 0.00
Caspasel Caspl -2.25 0.06 -2.11 0.00
Mitogen-activated protein kinase kinase 4 Map2k4 -2.29 0.13 -5.99 0.06
C-reactive protein, pentraxin-related Crp -2.49 0.11 -1.35 0.08
Proteinase 3 Prtn3 -2.62 0.23 -4.92 0.05
Conserved helix-loop-helix ubiquitous kinase Chuk -2.79 0.05 -3.20 0.01
Toll-like receptor 4 TIrd -2.82 0.09 -5.29 0.03
Toll-like receptor adaptor molecule 1 Ticaml -2.98 0.23 -9.87 0.05
Nucleotide-binding oligomerisation domain containing 1 Nod1 -3.00 0.55 -6.75 0.08
SGT1, suppressor of G2 allele of SKP1 (s. Cerevisiae) Sugtl -3.01 0.06 -6.35 0.01
Toll-interleukin 1 receptor (TIR) domain-containing adaptor protein Tirap -3.05 0.03 -3.09 0.00

RAS-related C3 botulinum substrate 1 Racl -3.24 0.19 -5.74 0.10




Table 4.1: Continued

Fold change P- Fold change P-
Name of gene Symbol AstkR? value WT? value
Toll interacting protein Tollip -3.43 0.04 -5.25 0.00
Lymhocyte antigen 96 Ly96 -3.45 0.33 -3.563 0.04
heat shock protein 90, alpha (cytosolic), class A member 1 Hsp90aal -4.04 0.66 -6.29 0.74
Caspase8 Casp8 -5.06 0.52 -6.35 0.08
Interleukin-1 receptor-associated kinase 1 Irakl -5.07 0.01 -8.08 0.00
Inhibitor of kappaB kinase beta ikbkb -5.30 0.21 -6.23 0.02
Mitogen-activated protein kinase kinase kinase 7 Map3Kk7 -5.76 0.10 -8.93 0.01
Myeloperoxidase Mpo -5.91 0.94 -10.43 0.11
Mitogen-activated protein kinase 8 Mapk8 -6.77 0.03 -3.73 0.03
Thymoma viral proto-oncogene 1 Aktl -7.02 0.00 -14.38 0.00
Lipopolysaccharide binding protein Lbp -7.31 0.06 -29.26 0.00
Jun oncogene Jun -7.64 0.39 -5.84 0.06
Mitogen-activated protein kinase 1 Mapk1 -7.81 0.77 -9.97 0.12
X-linked inhibitor of apoptosis Xiap -8.36 0.08 -14.49 0.01
Interleukin 18 1118 -8.70 0.79 -10.35 0.99




Table 4.1: Continued

Fold change P- Fold change P-

Name of gene Symbol AstkR? value WT? value
Interleukin 12B 1112b -8.85 0.06 -5.09 0.08
Fas (TNFRSF6)-associated via death domain Fadd -9.92 0.06 -254.80 0.05
Lysozyme 2 Lyz2 -10.38 0.04 -34.50 0.00
Mitogen-activated protein Kinase 14 Mapk14 -10.53 0.59 -39.58 0.97
Mitogen-activated protein kinase 3 Mapk3 -17.96 0.67 -36.58 0.30
Phosphatidylinositol 3-kinase, catalytic, alpha polypeptide Pik3ca -19.32 0.00 -25.15 0.00
Serum amyloid P-component Apcs -19.47 0.63 -34.37 0.07
Toll-like receptor 5 TIr5 -42.43 0.01 -221.06 0.00
Caspase recruitment domain family, member 9 Card9 -51.17 0.03 -164.15 0.20
Tnf receptor-associated factor6 Traf6 -107.35 0.01 -20.35 0.00
Caspase recruitment domain family, member 6 Card6 -128.57 0.01 -199.94 0.08

& C, values were normalised using the gapDH housekeeping gene and AAC; values were calculated against the naive infected mouse give fold
change gene expression for AstkR or WT infected lung tissue.
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Figure 4.5 clearly demonstrates the modulation of genes in response to infection
by either strain. A number of chemokines and cytokines are up-regulated in both data
sets and genes involved in apoptosis, including Fadd, Fas, and Tnf, are differentially
regulated showing increased apoptosis of the mouse lung tissue with infected with
the WT strain. The largest hub in both the 04117201 WT and AstkR mutant strains
systems was identified as RelA, a gene involved in a wide variety of processes

including inflammation and apoptosis (Lawrence 2009, Chalmers et al. 2019).

4.5.6 Transcriptome analysis of the A. baumannii 04117201 WT and AstkR

strains grown in MH media

The transcriptomic profile of A. baumannii 04117201 and its corresponding
AstkR derivative was assessed from cells grown in MH media to determine the
influence that removal of stkR has on gene expression. MH is a nutrient rich standard
media used within the lab to grow bacteria as such forms a comparable baseline for
this investigation. The relative log, expression and annotation was analysed (Figure
4.6), additionally, a list of the altered gene expression was produced (Appendix B).
As shown in Figure 4.6, a number of genes were differentially expressed in the AstkR
mutant compared to the it's parent. Fourteen genes were up-regulated and 64 genes
down-regulated, giving a total of 78 genes whose expression changed 2-fold or more.
Up-regulated genes include NADP-specific glutamate (which is a cofactor in the
synthesis of urea), butyryl-CoA dehydrogenase (involved in metabolic pathways
such as fatty acid metabolism), Aspartate amino transferase (an enzyme that
catalyses the reversible transfer of an o-amino group). The GroL and GroES
chaperone protein binding system which are associated with biofilm formation
(Lemos et al. 2007) were also up-regulated. Furthermore a multidrug translocase
protein identified as being related to CHL resistance in A. baumannii strains was up-
regulated (Wang et al. 2014). Lastly, a transferase protein (which is potentially
involved in substrate binding) (Kuhn et al. 2013) and a number of hypothetical
proteins were up-regulated. Genes that were down-regulated due to inactivation stkR
strain include dnak (1.9-fold) which is associated with biofilm formation and has
been shown to be correlated with the increased expression of the GroEL chaperone

binding protein which is listed above as up-regulated.
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Figure 4.5: Cytoscape analysis of the murine innate immune response
after infection with A. baumannii 04117201 WT and AstkR
mutant cells compared to a naive lung

The innate immune response of the mouse lung 24 hours post infection
was assessed. RNA was extracted from murine tissue after infection with either
the 04117201 WT or AstkR mutant strains. RNA samples were analysed using
the Antibacterial RT> PCR profiler array (Qiagen). Triplicate arrays were
pooled and transcriptional fold changes were calculated against arrays
performed with RNA isolated from naive lungs. The immune response data
was assessed by pathway analysis using the Innate BD website
(https://www.innatedb.com/) and Cytoscape (https://cytoscape.org) identified

465 distinct pathways. The connections were assessed for betweenness and
centrality, where the size of the node (coloured circles) is directly related to the
number of connections. The green coloured nodes represent an increase gene
expression; dark green >10-fold and light green 10- to 2-fold. In contrast, a
decrease in gene expression is represented by red >10-fold and pink 10- to 2-

fold; yellow nodes represent genes with less than 2-fold change in expression.
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Figure 4.6: Whole transcriptome analysis of the A. baumannii 04117201 WT and AstkR mutant strains in MH media

Comparative whole transcriptome analysis of the A. baumannii 04117201 WT and AstkR mutant strains using the Illumina platform from
RNA isolated when grown in MH media. Sequence reads were mapped to the reference 04117201 WT genome and the differential gene
expression calculated. Diamond markers indicate the differential expression levels of all predicted ORFs of the 04117201 WT genome and are
sorted on the x axis according to the locus tag. Changes of 1 or more Log 2 in gene expression were considered significant. Genes of interest are

circled, many of which are discussed in the body of the text and listed in Appendix B
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The dnak gene is down-regulated (1.9-fold) and the groEL gene up-regulation
(2.4-fold) (Lemos et al. 2007). Down-regulation of the UDP-glucose glycosylation
determinant is potentially correlated with capsule production (Cardoso et al. 2010).
The trehalose operon is shown to be down-regulated (5 and 3.6-fold) (also known
as disaccharides) has been associated with increased resistance to desiccation and
temperature change (Avonce et al. 2006, Park et al. 2016). In addition, down-
regulation of the paaA operon between (2.6 and 4.4-fold) has been found to be
associated with surface proteins and antigens (Tamura et al. 2004). Finally, a
number of outer membrane and membrane proteins, transcriptional regulators, iron
transport, and peptidoglycan biosynthesis are down-regulated. The majority of the
genes mentioned above affect the membrane of the bacterial cell and are potentially

related to the phenotypic changes seen in the AstkR mutant strain.

45.7 Transcriptome analysis of the A. baumannii 04117201 WT and AstkR

mutant strains grown in lung media

To infect a host and cause disease bacteria need to exist in a variety of host
environments. This can include the skin (externally on a host) and the lungs, blood,
and tissues (internally in a host). To mimic pneumonia, investigation of A.
baumannii 04117201 and the impact of stkR inactivation was undertaken on cells
grown in lung media. Whole transcriptome analysis identified numerous
differentially expressed genes in the AstkR mutant strain when compared its parent.
Over 700 genes were up-regulated and 464 genes down-regulated, giving a total of
1,165 genes whose expression changed by 2-fold or more (Figure 4.7 and
Appendix C). The up-regulated genes included a large number of iron up-take
systems essential for survival within a host (Eijkelkamp et al. 2011a). This list
includes iron membrane, outermembrane family receptors, TonB dependant outer
membrane receptor and acquisition genes, ferrochrome-iron receptor, siderophore
biosynthesis, ferrous iron transport, and the three major iron up-take systems
previously described (Eijkelkamp et al. 2011a). Genes involved in zinc
homeostasis included the L31 zinc independent proteins (Nairn et al. 2016) for
acquisition, storage, and general homeostasis. Interestingly, the paaA operon that is
potentially involved in surface proteins (Tamura et al. 2004) were found to be up-

regulated between (2.9 to 28.9-fold) in the lung media,
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Figure 4.7: Whole transcriptome analysis of the A. baumannii 04117201 WT and AstkR mutant strains in lung media

Comparative whole transcriptome analysis on the A. baumannii 04117201 WT and AstkR strains using the Illumina platform from RNA
isolated when grown in lung media. Sequence reads were mapped to the reference 04117201 WT genome and the differential gene expression
calculated. Diamond markers indicate the differential expression levels of all predicted open reading frames of the 04117201 WT genome and are
sorted on the x axis according to the locus tag. Changes of 1 or more Log 2 in gene expression were considered significant. Genes of particular

interest are circled, many of which are discussed in the body of the text and listed in Appendix C.
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which is the opposite to what was found in the MH media (Fig 4.6). The membrane-
associated proteins CidA and CidB, which have been found to contribute to biofilm
formation (Ranjit et al. 2011) and involved in biofilm formation, were also up-
regulated. Other up-regulated genes included genes involved in lipid metabolism,
dehydrogenases, amino acid, carbohydrate metabolism and hypothetical proteins.
Down-regulated genes that were identified included transcriptional regulators
involved in vast array of mechanisms. Interestingly, the trehalose synthesis operon
was significantly down-regulated by 101 and 140-fold similar to what was identified
in the MH media analysis. Furthermore, a number of putative membrane and
transport proteins, outermembrane proteins and membrane-associated phospholipids,
all of which are potentially involved in capsule production and the LOS components
of the membrane potentially contributing to cell adherence and antimicrobial
resistance. Hypothetical proteins and a general stress protein were also down-

regulated.

45.8 Transcriptome analysis of the A. baumannii 04117201 WT and AstkR

mutant strains grown in M9 media

A. baumannii is able to survive on a variety of surfaces within the hospital
environment including bed railings, walls and other inanimate objects which are
limited in nutrients and carbon sources. To investigate this ability the A. baumannii
04117201 WT and AstkR mutant strains were grown in the minimal media M9
mimicking this niche. Whole transcriptome analysis identified large collections of
differentially expressed genes of the AstkR mutant when compared to the 04117201
WT strain. In total 930 genes were up-regulated and 246 genes were down-regulated,
giving a total of 1,176 genes expression changed by 2-fold or more (Figure 4.8 and
Appendix D. Up-regulated genes were very similar to those found in the lung media
analysis; these included a number of hypothetical proteins, the iron up-take systems
(PuiB) up-regulated by 13-fold and the iron membrane OMR family receptors up-
regulated between 7 and 11-fold, the TonB dependent outer membrane receptor
which is up-regulated by 50-fold, ferrichrome-iron receptor up-regulated by 20-fold
and the siderophore iron chelate operon up-regulated between 57 and 859-fold and
the TonB dependant iron acquisition operon up-regulated between 8.9 and 416-fold
(Eijkelkamp et al. 2011a).
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Figure 4.8: Whole transcriptome analysis of the A. baumannii 04117201 WT and AstkR mutant strains in M9 medium

Comparative whole transcriptome analysis on the A. baumannii 04117201 WT and AstkR mutant strains using the Illumina platform from
RNA isolated when grown in M9 media. Sequence reads were mapped to the reference 04117201 WT genome and the differential gene expression
calculated. Diamond markers indicate the differential expression levels of all predicted ORF of the 04117201 WT genome and are sorted on the x
axis according to the locus tag. Changes of 1 or more Log 2 in gene expression were considered significant. Genes of interest are circled, many of

which are discussed in the body of the text and listed in Appendix D.



Chapter 4

Zinc genes included the zinc outermembrane receptor up-regulated by 24-fold and
the L31 zinc independent proteins up-regulated by 62-fold, important in many
cellular processes (Hantke 2001, Nairn et al. 2016). The paaA operon cluster that are
involved in surface proteins (Tamura et al. 2004) were also found to be up-regulated
between 2.3 and 85-fold, as were the membrane associated proteins CidA and CidB
up-regulated by 41 and 16-fold (Ranjit et al. 2011). The up-regulated genes also
included lipid metabolism, dehydrogenises, amino acid and carbohydrate metabolism
again potentially affecting the LOS of the bacterial cell. The down-regulated genes
identified in the M9 media were again similar to those found down-regulated in the
lung media analysis; these included transcriptional regulation genes and various
hypotheticals. The ferredoxin genes were down-regulated by 39-fold, zinc alcohol
dehydrogenase genes down-regulated 6.9-fold as well as a CinA-like protein cluster
of genes down-regulated between 4.2 and 328-fold which could be involved in
decreasing the bacterial cells competence (Solomon et al. 1996). Additionally, the
taurine metabolism operon was down-regulated between 26 and 76-fold,
bacterioferritin involved in iron storage and metabolism was down-regulated 3.6-fold
and the trehalose operon was down-regulated 13 and 19.9-fold. Amino acid
metabolism was down-regulated 47-fold, and the phospholipid glycosyltransferase
genes were down-regulated between 3.2 and 5.7-fold which are possibly involved
with capsule and LOS production. The outer membrane W was down-regulated 7-
fold, the sulfur metabolism operon was down-regulated between 2.4 and 7.1-fold and

the Co/Zn/Cd efflux system was down-regulated by 9-fold.

4.5.9 Transcriptome analysis of the A. baumannii 04117201 WT and AstkR

mutant strains grown in blood

Septicaemia is a serious disease state of A. baumannii where the bacterial cell
enters the blood stream and can subsequently colonise various important organs. To
investigate the regulatory differences between the A. baumannii 04117201 WT and
AstkR mutant strains when grown in whole blood transcriptome analysis was
undertaken. Transcriptome analysis identified a collection of differentially expressed
genes of the AstkR mutant when compared to the 04117201 WT strain. A total of 16
up-regulated and 123 down-regulated genes, giving a 139 differentially expressed by

2-fold or more (Figure 4.9), a list was also generated of the altered genes see
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Figure 4.9:  Whole transcriptome analysis of the A. baumannii 04117201 WT and AstkR mutant strains in blood

Comparative whole transcriptome analysis on the A. baumannii 04117201 WT and AstkR mutant strains using the Illumina platform from
RNA isolated when grown in blood. Sequence reads were mapped to the reference 04117201 WT genome and the differential gene expression
calculated. Diamond markers indicate the differential expression levels of all predicted ORF of the 04117201 WT genome and are sorted on the x
axis according to the locus tag. Changes of 1 or more Log 2 in gene expression were considered significant. Genes of interest are circled, many of

which are discussed in the body of the text and listed in Appendix E
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Appendix E. There are significantly less genes altered between the 04117201 WT
and AstkR mutant strains when grown in blood compared to the lung media and M9
media investigations. Up-regulated genes included various hypothetical proteins, the
Type IV fimbrial PilV up-regulated 2.2-fold, which is a trans membrane protein
associated with secretion and a LysR transcriptional regulator up-regulated 2.2-fold
involved in wvarious cellular processes. Similar to the other transcription
investigations but a significantly reduced number of changes. The down-regulated
genes include outer membrane proteins down-regulated by 2.4-fold, zinc down-
regulated 2.3-fold, ethanolamine permease down-regulated 2.1 and 2.4-fold, amino
acid metabolism down-regulated 2-fold, and dehydrogenase genes down-regulated 2-
fold. Silica transport down-regulated 2.9-fold, and other transport proteins were also
down-regulated 2-fold. Additionally, only one of the trehalose synthesis genes were
down-regulated 2.4-fold, the other did not changes in its regulation. The results
presented here suggest that the stkR RR gene has a reduced impact on the bacterial

strain when grown in blood when compared to the other media..

4.5.10 Transcriptional alterations of the A. baumannii strains when grown in
different media

To aid in visualisation of the differences and similarities seen in the
transcriptome for the 04117201 WT and AstkR mutant strains grown in different
media, Venn diagrams were generated (Figure 4.10). In lung media the AstkR mutant
showed 464 down-regulated genes and 701 up-regulated genes, in MH media the
AstkR mutant strain showed 61 down-regulated genes and 14 up-regulated genes, in
blood the AstkR mutant strain showed 123 down-regulated genes and 16 up-regulated
genes, and in M9 media AstkR mutant strain showed 246 down-regulated genes and
930 up-regulated genes. As seen from these data, the lung and M9 media showed the
greatest overall transcriptional changes of the AstkR mutant strain compared with the
04117201 WT strain. The blood and MH media showed minimal differences in
transcription between the 04117201 WT and the AstkR mutant strains.

4.6 Discussion

This project has produced a significant amount of data identifying many genes that
potentially contribute to the pathogenicity of the clinical A. baumannii strain

04117201 by analysing. Mutation by recombination of the RR gene stkR in the
132
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Down Lung media up pown Muller Hinton up
pown Blood media up Down M9 media up

Figure 4.10: Venn diagram of the A. baumannii 04117201 WT strain compared
to the AstkR mutant strain across four media

Whole transcriptome data was analysed using the Illumina platform and
sequenced reads were mapped to the reference 04117201 WT genome; differential
gene expression was then calculated. Venn diagrams were generated using the Venny
2.1 program http://bioinfogp.cnb.csic.es/tools/venny/. Up and down-regulated genes
from RNA isolated from the 04117201 WT strain compared to the AstkR mutant

strain grown in different media were used to generate the Venn diagrams.
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04117201 WT A. baumannii strain, generated the AstkR. The AstkR mutant and the
progenitor was assessed for potential virulence factors using in vitro and in vivo
assays. Regulatory mechanisms like TCSTSs are used by bacteria to actively alter
their response to a stimulus through the action of the HK and RR proteins (Chen et
al. 2017). These systems have been reported to be involved in numerous biological

processes.

4.6.1 Cell adherence and mouse model analysis of the A. baumannii 04117201
WT and AstkR mutant strain

The research described herein has demonstrated that the A. baumannii AstkR
mutant can adhere to the surface of human epithelial A549 pneumocytes in greater
numbers than the 04117201 WT strain. These data suggest that deletion of the RR in
the StkRS system alters genes required for increased cell adherence. To further
investigate this finding, the two strains were assessed in an in vivo model. Results
obtained supported the in vitro data as the AstkR mutant strain had an increased
bacterial load in the lung, blood, and spleen of the mouse compared with the
04117201 WT strain. This increase in adherence and bacterial load occurred
alongside regulatory changes (Figures 4.6-4.9), which are hypothesised to be
contributing factors in bacterial cell adherence regulated by the StkRS TCSTS.

4.6.2 Transcriptional analysis of the 04117201 WT and AstkR mutant in
different media

Bacteria like A. baumannii have to survive in different ecological niches. This
includes the blood, on hospital surfaces and human skin. Since bacteria change the
expression of proteins based on the environment they inhabit it was expected that
cells grown in different media would have differences in their transcriptome. Here,
four different media were investigated. MH a rich nutrient media commonly used in
laboratories to grow bacteria, lung media which is used to mimic a pneumonia
infection, M9 media representing a minimal nutrient and carbon source environment
like a hospital ventilator machine and whole blood to mimic septicaemia (Section
4.6.6-4.5.9). These four different media where chosen to provide a broad base of
analysis across potential ecological niches that A. baumannii can survive in. The
transcriptional changes observed in the four different media include changes in
regulation of outer membrane structures such as the Type IV pili which have been
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previously linked to motility, a phenotype correlated to adherence mechanisms
(Mattick 2002, Eijkelkamp et al. 2011b, Giles et al. 2015). Trehalose synthesis
which is implicated in osmotic stress and membrane stabilisation also a potential
mechanism in adherence capabilities (Leslie et al. 1995, Avonce et al. 2006, Park et
al. 2016). Furthermore, membrane-associated proteins, including the paaA operon,
which is presumed to play a role in the attachment of bacteria to surfaces (Batisson et
al. 2003) were also altered in expression. The cidAB genes involved in oxidative
tolerance and virulence in bacteria (Ahn et al. 2016) and the dnaK, groL, and groES
genes also affiliated with osmotic shock, biofilm formation, and membrane
associated phospholipid genes (Jyot et al. 1999, Lemos et al. 2007, Marchenkov et
al. 2018) were all altered in their expression. The above taken together provide a
good basis for the altered in vitro phenotype seen of the AstkR mutant strain in

relation to the increased adherence capabilities identified (Fig.4.1 and Fig.4.4).

Interestingly, an increase in transcription of iron acquisition and receptor genes
in the AstkR mutant strain were identified in the lung and M9 media (Fig. 4.7 and
Fig.4.8). The iron acquisition and receptor genes identified in Fig. 4.7 and 4.8 are
postulated to contribute to an array of phenotypes, this includes increased cell
adherence and bacterial cell survival within a host where there is a limited amount of
iron and therefore an increased need for iron acquisition genes (Gaddy et al. 2012).
These regulatory changes identified of the bacterial A. baumannii strains 04117201
WT and AstkR mutant when grown in lung and M9 media may be being replicated
when grown in the in vivo models undertaken herein, demonstrating a plausible cause
for the increased bacterial cell adherence and bacterial cell load of the AstkR mutant
strain compared to the WT parent (Fig. 4.1 and 4.4). Intriguingly, genes such as
OmpA (Choi et al. 2008, Gaddy et al. 2009b), Bap (Loehfelm et al. 2008), and
pgaABCD or PNAG (Choi et al. 2009) that are traditionally known to be involved in
adherence and biofilm formation were unchanged in transcription, adding to the
novelty of the genes identified here.

4.6.3 Survival response of the A. baumannii 04117201 WT and AstkR mutant

strains

Within a host system, bacteria are exposed to a variety of immune defence cells
and it is unsurprising that a number of the differently regulated genes identified in
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the lung and M9 media (Section 4.5.6 - 4.5.9) are associated with osmotic shock,

commonly induced within neutrophils and macrophage cell to lyse bacterial cells.

In addition to the above, investigations into the mechanisms by which bacteria
evade the host’s immune system have also been conducted. Neutrophils and
macrophage cells use a variety of mediators to induce killing, including nitric oxide,
reactive oxygen, and phagolysosme-associated enzymes (Qiu et al. 2012, Weiss et al.
2015). The ability to withstand these mechanisms is an interesting virulence factor
because it enables bacteria to become intracellular. This project demonstrated that
deletion of the stkR gene resulted in an increased survival rate of the AstkR mutant
compared to the 04117201 WT strain when exposed to J774.2 macrophage cells
(Figure 4.3). Macrophage cells are known to participate in early inflammatory
response and host defence against A. baumannii strains (Qiu et al. 2012). The
observations made here imply that the AstkR mutant strain has an increased ability to
withstand pressures while being actively phagocytosed by host immune cells. The
increased survival of the AstkR mutant when exposed to macrophage cells and within
the in vivo model is conceivably correlated to the altered regulation of these genes

and others described previously (4.6.1 and 4.6.2).

In addition to withstanding phagocytosis, the AstkR mutant strain has an
increased ability to resist the action of complement, another host defence system
(Kim et al. 2009), where cascading proteins bind to the surface of a bacterial cell
creating a pore and inducing lysis (Serna et al. 2016). Within A. baumannii, the cipA
gene and OmpA together with multiple other membrane proteins have been
identified as being involved in serum resistance (Kim et al. 2009, Koenigs et al.
2016). Interestingly, several transcriptional changes in outer membrane proteins
including OmpW, TonB receptors, lipoproteins and OmpA precursors, ranging from
a 3-fold decrease to an 84-fold increase were shown. These modifications are

hypothesised to aid the increased serum resistance of the AstkR mutant.

Interestingly, the regulator IdeR in Mycobacterium tuberculosis, is involved in
both iron acquisition and survival within macrophage cells (Gold et al. 2001),
implying a link between the two phenotypes. As such, it is possible that there is a
link within the AstkR mutant strain correlated with the increased expression of the

iron acquisition gene and the increased bacterial load identified in the in vivo model.
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These results are unlike others because A. baumannii is not traditionally known as an
intracellular bacterium (Peleg et al. 2008); however, as new strains are identified and

investigated, the capabilities of this pathogen are becoming known.

4.6.4 Investigation of the immune response of the host

Expression of virulence traits is essential for bacteria to infect a host and cause
disease. Additionally, how the innate immune system responds to this infection also
determines the disease progression. As such, this project investigated a collection of
84 immune genes involved in apoptosis, proinflammatory responses, cytokine and
chemokine production. These data demonstrate that a lower response was induced by
infection with the AstkR strain in comparison with the 04117201 WT strain. In
particular, chemokines which work as chemoattractants are produced by the
eukaryotic cell to recruit neutrophils to the site of infection (Breslow et al. 2011).
The expression of the chemokines Cxcl3, Ccl4 and Ccl5 where statistically lower in
the mouse lung when infected by the AstkR mutant strain compared to the WT parent
(Table 4.1 P < 0.01, 0.02 and 0.01, respectively). Furthermore, as neutrophils are
known to actively phagocytosis invading cells fighting infection therefore the
recruitment of neutrophils post infection is postulated to be reduced in the mouse
when infected with the AstkR mutant strain compared to the 04117201 WT strain.
The implicated reduced presence of neutrophils within the lungs implies a cause for
the rapid replication of the AstkR mutant strain and increased bacterial load
identified.

In addition to the reduced activation of the chemokine response, several genes in
the mouse lung exhibited differential expression when infected with the AstkR
mutant strain compared to the 04117201 WT strain. These include: Fas and Traf6,
which are associated with apoptosis (Micheau et al. 2003); TIr5, TIr4, Ticaml, and
Ticam the Toll-like receptor pathways traditionally regulating inflammation in
response to bacterial pathogens (Knapp et al. 2006, Wang et al. 2016, Chamoun et
al. 2018); and CARD motifs, which are present on a number of proteins that also
promote apoptosis. The interference in programmed cell death has the potential to
increase the bacterial cell load in eukaryotic cells, thereby aiding the bacteria in their
infection. These data describe the intrinsic ability of the AStkR mutant strain to

survive within a host, multiply, cause disease, and evade the host immune response.
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4.6.5 Conclusion

In summary, a strong association between the TCSTS StkRS and the
pathogenicity of the A. baumannii 04117201 has been demonstrated. This research
has shown that the AstkR mutant has an increased ability to survive macrophage
pressures, resistant human serum and attach to pneumocytes cells. The AstkR mutant
strain also invokes a decreased innate immune response postulated to be an important
factor in the strain’s ability to induce a disease state. Finally, deletion of the stkR
gene resulted in vast and diverse alteration in transcription that subsequently
increased the virulence capacity of the AstkR mutant strain compared to the

04117201 WT strain supporting these hypotheses.
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Chapter 5

5.1 Discussion and final conclusion

The dramatic increase of nosocomial A. baumannii infections combined with the
increased rate of resistance to antibiotics has enhanced the importance of
investigating the virulence mechanisms of this bacterium. The limited introduction of
new antibiotic therapies means that A. baumannii remains a continuing threat to
human health, increasing morbidity and mortality globally, particularly in immune-
compromised patients. This body of work focused on investigating the virulence
traits and the genetics responsible in aiding A. baumannii to persist in the hospital

environment as well as the human host.

5.2 A. baumannii pellicle formation and associated mechanisms

The formation of a biofilm is a mechanism enabling bacteria to adhere to a
variety of surfaces including eukaryotic cells. A biofilm provides protection inside
and outside of a host, potentially increasing survival under an array of conditions
including desiccation, and antimicrobial therapy including prolonged and life-long
treatment and hospital cleaning regimes (Sections 1.5.2 — 1.5.2.3). A biofilm is
generated through a number of stages (Figure 1.2), where a free-floating bacterial
cell binds to a surface, multiplies and produces a comprehensive bio-structure
involving a large collection of cells covered and embedded in exopolysaccharides,
proteins and free floating DNA (Longo et al. 2014). There are two interfaces where a
biofilm can be produced, the surface-liquid interface and the air-liquid interface
(Kentache et al. 2017). The latter, known as a pellicle, has been extensively
examined within this thesis and compared to the traditional biofilm, phenotypically,

mechanically and genetically.

In Chapter two, a constant temperature of 25°C was required for adequate
pellicle formation correlating with previous research that found limited pellicle
formation at temperatures of 37°C (Marti et al. 2011la, Giles et al. 2015).
Investigation of pellicle formation using polypropylene and glass tubes, representing
different aspects of a hospital environment, in particular tubing, identified pellicle
forming strains sporadically amongst our collection of 54 clinical strains (Section
2.5.1, Table 2.1, Figure 2.1). This confirmed that the pellicle trait is a rare occurrence
in A. baumannii strains. In addition to identifying pellicle forming strains, alterations

in cell surface hydrophobicity when exposed to xylene were investigated in the 54
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clinical strain set. Interestingly a correlation between an increase in cell surface
hydrophobicity and pellicle forming ability was identified. This discovery confirmed
links in the literature seen between cell surface hydrophobicity and adherence
capabilities (Pour et al. 2011). Further investigation of the pellicle forming strains
focussed on motility (Eijkelkamp et al. 2011b). This research connected the three
phenotypes, as the motile phenotype was displayed in all pellicle forming strains,
significantly increasing our understanding of the interconnectedness of these three

important characteristics.

To increase our understanding of the genetics involved in formation of the
pellicle genetic assessment of the best pellicle former, the A. baumannii strain
17978hm, was undertaken. Generation of a transposon insertion bank, allowed for
the identification of a number of key genetic elements required for pellicle
formation; A1S 0115, A1S 0112 and A1S_0249 (cpdA) (Section 2.5.3). The three
mutant strains A1S_0115::Tn, A1S 0112::Tnand cpdA::Tn that were generated were
unable to form a pellicle. Intriguingly, these three mutants had altered cell surface
hydrophobicity and motility, further substantiating the genetic interconnectedness of
these three phenotypes. The A1S 0114 and A1S 0112 genes had been previously
found to be associated with motility (Eijkelkamp et al. 2011b). However, the
involvement of cpdA is a novel association with A. baumannii pellicle formation
ability, cell surface hydrophobicity and motility, as little research has been conducted
on the effects of CAMP in A. baumannii. However interestingly, research into the
production of biofilms by P. aeruginosa has identified high levels of cAMP
inhibiting biofilm formation, similar to what has been identified here (Almblad et al.
2019).

To understand the importance this secondary signalling molecule has on the
three phenotypes, namely pellicle formation, cell surface hydrophobicity and
motility, the cpdA::Tn strain was further investigated. The gene cpdA controls
accumulation of cAMP, a global secondary signalling molecule, which is required
for the function of multiple systems in a bacterial cell (Section 1.8). Determination of
the intracellular concentration of CAMP, confirmed its significance in the formation
of the pellicle, hydrophobicity and motility phenotypes seen in this A. baumannii
strain (Section 2.5.3 - 2.5.5) (Nait Chabane et al. 2014, Kentache et al. 2017).

141



Chapter 5

Interestingly, in P. aeruginosa, cyclic di-GMP, another secondary signally molecule
which acts similarly to cAMP, has been identified as a central regulator involved in
sessile formations of bacteria, specifically biofilm formation (Xu et al. 2016). In P.
aeruginosa, cyclic di-GMP acts upon the SagS-HapZ system generating a biofilm
state. Another example of this type of regulation involves the Serratia marcescens
type | fimbriae-dependent biofilm, which is regulated by the cAMP-CRP complex
and deletion of the cpdS gene encoding the cAMP-phosphodiesterase protein, results
in defective biofilm formation and reduced fimbriae production (Kalivoda et al.
2013). These data pinpoint feasible interactions of the secondary signally molecule
cAMP. Therefore, to look more closely at this, transcriptomic investigation of the
generated cpdA::Tn mutant strain was undertaken. Transcriptomic investigation
identified numerous alterations in the cpdA::Tn mutant profile compared to the
17978hm parent. The genes of interest include the chaperon usher pilus and the
CsuA/BABCDA systems were both down-regulated, these systems having been
previously identified as key components in pellicle formation (Nait Chabane et al.
2014, Kentache et al. 2017). From these data, it can be postulated that the cAMP
secondary signalling molecule is regulating these required systems in the cpdA::Tn
mutant and therefore altering the pellicle, cell surface hydrophobicity and motility

phenotypes.

In summary, Chapter two identified a novel genetic element cpdA and its
involvement in pellicle formation. Additionally the identification of a strong
correlation between pellicle production, cell surface hydrophobicity and motility
through cAMP has increased our understanding of the intricate formation of the
pellicle and the interconnected regulation of these phenotypes.

5.3 A. baumannii StkRS TCSTS is associated with antibiotic resistance

The complexity and global regulation of TCSTSs has been demonstrated
through a variety of TCSTS including the BfmSR system. As such, further research
into the numerous unknown systems in A. baumannii is needed to identify and then
understand the reach of these complex TCSTS. Moreover, the need for better
equipped treatment regimes and targeted antibiotics has led researchers to investigate
TCSTS, as they are possible targets for disruption (Section 1.7). Thus, Chapter three
focused on the evaluation and identification of the highly virulent A. baumannii
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strain 04117201, and the identification of an unknown TCSTS named in this study as
StkRS.

The dramatic increase of antibiotic resistant strains seen through the past decade
has generated alarm as to the increased occurrence of A. baumannii infections and
their severity in the hospital environment (Ahmad et al. 2018). As current antibiotics
are continuing to come up short against MDR and pandrug-resistant A. baumannii
strains, investigation into the antibiotic resistance mechanisms used by A. baumannii
IS imperative. There are many mechanisms used by bacteria to resist antibiotics,
these include efflux pumps, such as the RND complexes AdeABC, AdeFGH and
AdelJK. Another mechanism is the exchange and accumulation of mobile genetic
elements like blapxa-143 Which encodes resistance to beta-lactams. Furthermore,
alterations in the cells surface capsule or the lipid A inner or outer core (Section 1.5),
can reduce binding affiliation of antibiotics therefore increasing antibiotic resistance.
The regulation of some of these mechanisms can be attributed to TCSTS (Section
1.6.1). For example, the BImSR TCSTS system can modulate the csuA/BABCDE
chaperone operon pili system, altering cell surface pili and biofilm formation ability.
Importantly the formation of the biofilm is also correlated with antibiotic resistance
as the biofilm structure itself can provide a barrier against antibiotics (Section
1.5.2.2). BfmSR also regulates resistance to carbapenems and CHL antibiotics.
Furthermore, highlighting the global regulatory ability of TCSTS, the BfmSR is
responsible for increased complement mediated bactericidal resistance through the
OmpA protein (Section 1.6.1.5.2).

To identify an appropriate virulent A. baumannii strain a selection of virulence
assays were undertaken on the collection of 54 clinical strains. These assays included
assessments of biofilm formation, antibiotic resistance and adherence to A549
pneumocytes as these traits have been previously identified as important in survival
and establishment of infection. These analyses identified A. baumannii 04117201 as
the best candidate (Section 3.5.1); it displayed resistance to multiple antimicrobial
agents, showed an ability to form a robust biofilm and was able to adhere to A549
pneumocytes (Table 3.2, Figure 3.1) (Eijkelkamp et al. 2011b), pointing to a
potentially highly virulent strain. The aim of this chapter was to identify and
characterise a TCSTS potentially involved in regulating factors that play a role in
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virulence. As such, the genome of A. baumannii 04117201 genome was analysed for
TCSTS that did not have homologues in the avirulent SDF strain. This allowed the
identification of the TCSTS we designated StkRS that fulfilled these criteria. Genetic
removal of the RR gene stkR by homologous recombination generated the AStkR

mutant strain (Section 3.5.2)

To see if this TCSTS was involved in regulating antimicrobial resistance,
analyses with a variety of clinically relevant antibiotics, including polymyxins, was
undertaken. Antibiotic sensitivity profiling of the AstkR mutant (Section 3.5.3, Table
3.2) identified an increase in CST resistance compared to the 04117201 WT. CST is
a polymyxin cationic peptide composed of a cyclic heptapeptide covalently attached
to a fatty acyl chain (Section 3.3). CST functions by attaching and then displacing
magnesium and calcium cations, in turn increasing the permeability of the outer
membrane, that results in leakage of cellular contents (Hancock 1997, Falagas et al.
2010, Deveson Lucas et al. 2018, Jaidane et al. 2018). CST resistance is being more
readily reported in the literature and as it constitutes resistance to what is known as a
'last resort' antibiotic, urgency is needed to investigate the different mechanisms used
by bacteria to generate resistance to it. There are three mechanisms associated with
increased polymyxin resistance identified to date in A. baumannii. One is the
modification of lipid A by the addition of pEtN which can be achieved via two
different pathways; the first is via PmrC which is associated with the PmrAB
TCSTS, and the second is associated with HNS and pEtN. The second mechanism is
modification of lipid A by the addition of GalN through NaxD which is by the pmrB
gene, and the third is the complete loss of lipid A (Section 3.3). Investigation of the
AstkR mutant strain eliminated the complete loss of lipid A as the mechanism for
CST resistance (Carretero-Ledesma et al. 2018), as a silver stain of a PAGE showed
no identifiable alterations in the lipid A component (Section 3.5.6). Therefore,
further investigations to identify the genetic elements responsible for the observed
resistance were undertaken. RT-PCR revealed a significant increase in transcription
of the pmrCAB genes, suggesting decoration of the lipid A component with pEtN
and/ or GalN (Section 3.5.7) providing the most probable reason for the increase in
CST resistance seen in the AstkR mutant (Adams et al. 2009, Beceiro et al. 2011).

An increase in expression of pmrC is traditionally correlated with point mutations in
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pmrCAB itself, however sequencing did not reveal any mutations in the AstkR mutant
strain (Section 3.5.7).

TCSTSs are able to regulate other systems by a process known as cross-talk
between non-cognate pairs (Section 1.6.1.6). For example, the BfmSR system can be
activated by another HK thereby inducing biofilm formation (Olson et al. 2012)
(Section 1.6.1.5.2). Usually, pmrC is regulated by the PmrAB however evidence
presented herein suggests that there is possible cross-talk between the PmrAB and
StkRS systems acting upon pmrC (Section 3.5.7). This conjecture is also supported
by studies undertaken in other species including S. enterica and K. pneumoniae,
where the PhoPQ and PreAB TCSTS interact with the PmrAB TCSTS acting on
pmrC (Section 3.6).

As stated previously, one of the mechanisms for CST resistance is the complete
loss of the lipid A portion of LOS/LPS (Section 3.3). This commonly results in a
significant decrease in the cell surface hydrophobicity of the strain, indicating a
change in cell surface charge and decreasing CST binding affinity. Therefore,
extrapolation of these data suggests that the cell surface hydrophobicity and lipid A
are correlated in CST resistance. As such, the A. baumannii 04117201 WT and AstkR
mutant strains were investigated for alterations in their cell surface hydrophobicity
with/ without CST treatment (Section 3.5.4). Interestingly, the AstkR mutant strain
presented an increased cell surface hydrophobicity when compared to its parent in
standard growth conditions without CST treatment (Section 3.5.4, Figure 3.3).
However, fascinatingly, the cell hydrophobicity of both strains decreased when
exposed to CST at subinhibitory concentrations and was significantly (P < 0.0005)
greater for the AstkR mutant than the 04117201 WT strain. These data, taken
together with the transcriptional changes identified of the pmrCAB system in the
AstkR mutant, present a correlation between cell surface hydrophobicity and the
addition of pEtN and or GlaN to lipid A effecting CST resistance. These results are
supported by others which have identified alterations in the hydrophobicity of the

membrane when altering the concentrations of pEtN and or GlaN (Kim et al. 2016).

In conclusion, chapter three identified a highly virulent A. baumannii strain,
containing a novel TCSTS named here as StkRS. When the stkR RR gene is deleted
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there is an increase in CST resistance. Additionally, under CST treatment
transcription of the pmrCAB operon increased and the cell surface hydrophobicity
decreased for the AstkR mutant strain more in comparison to the 04117201 WT
strain. These data collectively present a plausible reason for the CST resistance seen
for the AstkR mutant as well as identifying an association between the StkRS
TCSTS, the PmrAB TCSTS, and CST resistance. This research highlights the

interconnectedness of TCSTS mechanisms in A. baumannii.

5.4 A. baumannii StkRS TCSTS is associated with virulence traits

The ability of A. baumannii to infect and persist in a human host is seen globally
in the high morbidity and mortality rates of this bacterium. A. baumannii possesses
multiple virulence factors as stated previously (Section 1.6, 1.7, 1.9 and 1.10) and
these are important in the survival and infectivity of this bacterium. Subsequently,
Chapter four focused on determining if the StkRS TCSTS identified in Chapter three
plays a role in regulating these factors. The studies confirmed that StkRS TCSTS in
04117201 is associated with virulence traits as seen by the increase in antibiotic
resistance through regulation of pmrC and alteration in cell surface hydrophobicity,
extending the finding described in Chapter 3, namely increased cell adherence

capability and biofilm formation.

A. baumannii is commonly identified as infecting the lungs and causing
pneumonia (Section 1.1 — 1.4). Infection within a host generally begins with a
bacterial cell arriving at the site, adhering and multiplying (Draughn et al. 2018). In
A. baumannii, this can involve a variety of pili e.g. type IV and outer membrane
proteins (Section 1.6). Being able to evade the immune system is another essential
function allowing survival in a host. This can be accomplished by resisting osmotic
pressures commonly caused by macrophage cells and resisting complement proteins
within serum (Section 1.10). Thus, the 04117201 WT and AstkR derivative were
investigated for adherence capabilities, macrophage survival, resistance to human
serum and persistence within a mouse in vivo infection model. Results obtained
identified a greater capacity of the AstkR mutant to adhere to A549 pneumocytes
cells (Section 4.5.1). As stated, there are many mechanisms which can be utilised to
increased cell adherence, for example Type IV pili are appendages non-covalently

assembled on the membrane and are essential in a number of processes like motility,
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biofilm formation and host cell adherence (Ronish et al. 2019). Type IV pili where
identified as being up-regulated of the AstkR mutant compared to the parent
04117201 strain by approximately 2-fold in the blood, lung and M9 media.
Potentially correlating to the increased cell adherence seen of the mutant strain.
Other proteins like Bap essential for biofilm formation as well as adherence where
not identified in any of the transcriptome analysis (Brossard et al. 2012) highlighting
the novelty of the genes identified. Interestingly, the paaA operon genes, where
identified as down-regulated when the AstkR mutant strain was grown in MH media
but up-regulated significantly approximate 15-fold in the AstkR mutant when grown
in lung and M9 media, the paaA operon genes are also correlated with cell
adherence, suggesting that the AstkR mutant has an increased ability to adhere to
surfaces when exposed to a lung or minimal media environment. In addition to the
above a number of capsule proteins including carbohydrate metabolism genes and
membrane associated phospholipid where found to be up-regulated in the AstkR
strain when grown in the lung media adding to the complexity of the transcriptomic
changes being undertaken of the bacterial strain and presenting a plausible
foundation for the increased adherence seen of the AstkR mutant strain in the mouse

lung (Batisson et al. 2003, Tamura et al. 2004).

To generate a complete view of the influence of the StkRS TCSTS resistance to
complement Killing by human serum proteins was assessed (Section 4.5.2). An
increased ability to withstand complement mediated killing by human serum was
identified for the AstkR mutant when compared to its parent. Evading and or resisting
the attachment of these immune proteins within blood are essential for bacterial cells
to cause disease within a host. Cell lysis is achieved through a step by step process
which creates a pore releasing the cellular content (Section 1.10). There are a number
of factors which can assist in resisting these proteins including extracellular
polysaccharides, lipopolysaccharide, lipid A, the capsule and outer membrane
proteins like OmpA (Pakharukova et al. 2018). Interestingly, the ability of the StkRS
TCSTS to alter the lipid A component of the AstkR mutant strain in response to
stimuli e.g. CST antibiotic has been identified and discussed in chapter three (Section
3.6). These results are similar to Neisseria gonorrhoeae were alteration in the lipid
A component due to the loss of pEtN decreased resistance to complement killing as
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well as resistance to polymyxin B, connecting these two phenotypes (Lewis et al.
2009).

An increased ability to survive challenge by macrophages was seen when the
stkR gene was inactivated (Section 4.5.3). Macrophage survival for many pathogens
(Section 1.10) is an important step in host colonisation. A number of genes are
associated with increased survival under oxidative stress, including cidAB and dnaK;
these genes are also associated within biofilm formation via membrane associated
phospholipid genes (Section 4.6). Interestingly, the CST resistance seen in the AstkR
strain can commonly result in a decrease in bacterial cell fitness, specifically related
to a decrease in survival when exposed to H,O, (Jones et al. 2017). However, this
was not observed for the AstkR mutant strain, which is in contrast to Jones et al
(2017), further identifying the novelty of the StkRS system.

In vitro assessments indicated that the StkRS TCSTS is involved in virulence.
To confirm and extend this investigation utilising an in vivo murine model was
undertaken. A significant increase in the bacterial cell load in the lung, spleen and
blood of the AstkR mutant strain compared to the 04117201 WT strain was identified
(Section 4.5.2 and 4.5.5). These data correlates with the increased ability to adhere to
A549 cells identified for the AstkR mutant strain. The increased adherence of the
AstkR mutant in the murine model also identifies and increased pathogenic potential
of the mutant strain and its ability to withstand and evade the immune response

which will be discussed further.

5.4.1 Deletion of the stkR RR gene leads to dramatic transcriptomic changes

across a variety of media

To identify genetic regulatory mechanisms associated with the TCSTS StkRS,
HiSeq transcriptomic analysis was undertaken of the two strains grown in different
media used to mimic the different environments used in the in vitro and in vivo
assays (Section 4.5.6 - 4.5.10). As expected, overall there are large transcriptional
changes between the AstkR and 04117201 WT strain in all media. However this was
most apparent in the lung and M9 media (Appendix B, C, D and E). The number of
genes that changed in transcription of the AstkR mutant compared to the WT when

grown in the lung gave a total of 701 up-regulated and 464 down-regulated; when
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grown in M9 media resulted in 930 up-regulated and 246 down-regulated, whereas
significantly lower transcriptomic changes were seen when grown in the blood
resulting in only 16 up-regulated and 123 down-regulated of the AstkR mutant when
compared to the WT strain. Finally, when the AstkR mutant was grown in MH media
the resulting number of gene changing in their transcriptomic where only 14 up-
regulated and 61 down-regulated genes when compared to the WT strain. The large
significant number of genes that changed in transcription between the AstkR mutant
and WT are suggestive that the stkR RR is a critical component in regulating

mechanims of this A. baumannii bacterial strain 04117201.

5.4.1.1 Iron acquisition

Of the highly up-regulated genes identified when grown in the lung and M9
media, some were associated with iron acquisition, one particular outermembrane
receptor giving an increase in transcription of 82-fold and 50-fold respectively, in the
AstkR mutant strain compared to the WT. Iron acquisition being a necessary process
for survival within the host suggesting a correlation between the deletion of the stkR
gene and increased iron contributing to the increased bacterial load in the in vivo
model (Gaddy et al. 2009b) as well as having been described as an important
virulence factor in A. baumannii persistence. A large range of other iron acquisition
genes including iron uptake genes gave increases of 9 and 13-fold in transcription in
the lung and M9 media respectively; siderophore receptor genes gave increases of 12
and 11-fold transcription in the lung and M9 media respectively; ferric iron transport
genes increased by 2.4 and 2.6-fold transcription in the lung and M9 media
respectively; receptor genes increased by 6-fold in both the lung and M9 media and
iron receptor genes increased by 11 and 20-fold in transcription in the lung and M9
media respectively. In addition to the above a siderophore biosynthesis gene cluster
was up-regulated between 26-fold to 435-fold when grown in the lung media and
between 57-fold to 904-fold when grown in M9 media (Dorsey et al. 2003b, Mihara
et al. 2004, Zimbler et al. 2009). These data demonstrate a substantial link between
the StkRS TCSTS and iron acquisition within the bacterial strain.

5.4.1.2 Capsule production
The capsule is a known important virulence trait contributing to a range of

abilities including resistance to antibiotics e.g. CST, macrophage survival and human
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serum resistance as identified in chapter three. Additionally, as described in chapter
four, genes associated with biofilm formation including the Type IV pili (Mattick
2002), metabolic pathways such as fatty acid metabolism and glycosylation are
connected with the production of capsule affecting the outer membrane, these were
all identified as altered in transcription (Shashkov et al. 2015, Wessels 2016). Type
IV pili like pilO, fimT and pilV were all up-regulated between 2 and 2.6-fold in AstkR
mutant strain compared to the WT when grown in the lung media. Whereas, the
Type IV pili pilN and pilA were up-regulated 2.6-fold in the AstkR mutant when
grown in M9 media. Showing the bacterial strain responding differently when grown

in different media.

Furthermore, the production of biosurfactants and glycosylation (Lees-Miller et
al. 2013), glycosylation having also been reported in chapter four as significantly up-
regulated in the AstkR mutant strain potentially altering the capsule layer of the
strain. Additionally, biosurfactants can alter the polysaccharides surrounding the
bacteria cell, leading to alterations in cell surface hydrophobicity, motility, and
protection against the host immune response e.g. serum and phagocytosis (Prabhu et
al. 2003, Wessels 2016). Fascinatingly, an aromatic amino acid AroP transport and
biosynthesis genes were identified as highly up-regulated in the AstkR mutant strain

53-fold and 83-fold respectively, in the lung and M9 investigations.

Interestingly, trehalose synthesis also affects the outer membrane and therefore
has been implicated in capsule production (Avonce et al. 2006, Park et al. 2016), and
was significantly altered in its transcription across the different media. When the
AstkR mutant was grown in MH media the trehalose genes were down-regulated by 5
and 3.6-fold compared to the WT strain. Whereas, when the strains where grown in
the lung media the trehalose genes where significantly up-regulated by 101 and 140-
fold; this was not repeated when the strain where grown in M9 or blood. The AstkR
strain showed a down-regulation of the trehalose genes of 13 and 19-fold compared
to the WT strain when grown in M9 media and when grown in blood only the first
gene of the operon was altered in its transcription showing a down-regulation of 2-
fold.
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These data highlight the significant transcriptomic differences seen across the
different media when the stkR RR gene is deleted in the A. baumannii 04117201
bacterial strain, and how the growth conditions can so dramatically alter the
epigenetics of the bacterial cell. Taken together the transcriptional changes identified
herein are most probably the genetic contributing factors leading to the increased
virulence seen of the AstkR mutant compared to the 04117201 WT strain through

capsule production, alteration of the lipid A components and pili formation.

5.4.2 Deletion of the stkR RR gene invokes a reduce innate immune response
of the host

There are many factors which aid in the bacterial cell survival in a host, the
majority of which have been described above. However, the ability of a bacterial
strain to evade the host immune response is a key component of its survival (Section
1.10). Therefore, investigation of the ability of the two strains to evade the host
immune response was undertaken. Analysis of the host (murine) immune response
was conducted using an PCR-array assessing 84 immune genes specifically targeting
genes believed to be affected by bacterial pathogens. Cytoscape modelling was used
to present and elucidate effects on the mouse immune response between A.
baumannii 04117201 and its derivative (Section 4.5.5) (Table 4.1 and Figure 4.5).
Chemokines, the Toll-like receptor pathway and programmed cell apoptosis were
identified as being significantly altered in their response to removal of stkR RR gene.
The chemokines showed a reduction of up to 706-fold difference in transcription
expression when the host was infected with the AstkR mutant compared to the WT
strain. Additionally, other chemokine genes showed a reduction between 2 and 110-
fold between the strains. These dramatic differences in the ability of the host to
identify the AstkR mutant strain are postulated to be involved in the ability of the
AstkR mutant strain to produce a much larger bacterial load as well as evade the

immune response in the murine host.

Interestingly, A. baumannii is able to be identified by the Toll-like receptor 4
(Takeuchi et al. 2002) and CD14, which commonly leads to early recruitment of
neutrophils in the host system when infected by this pathogen (de Breij et al. 2012).
However, the expression of CD14 was unchanged between the two strain, and the
toll-like receptor 4 gene was reduced in its expression by 2.8-fold when infected with
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the AstkR mutant strain and 5.2-fold when infected with the WT strain. Again, these
data could be a representative that this particular pathogen, 04117201 A. baumannii
strain is able to slip past the innate immune response and cause an infection (Knapp
et al. 2006).

Another indication of infection is the regulation of programmed cell death
commonly by regulated in part by Fas (tumor necrosis factor receptor super family
member 6 (TNFRSF6) (L. Wang et al. 2010). Interestingly, this gene was down-
regulated in the host when infected by the AstkR mutant by 9.9-fold and significantly
down-regulated in the host when infected by the WT strain by 254-fold. Fas is a type
| transmembrane protein, which forms the death-inducing signalling complex
(DISC). This is found on the surface of the cell and is an extrinsic pathway leading
programmed cell death (Huang et al. 1996, Micheau et al. 2003).

A. baumannii has been shown to invoke a reduced response of inflammatory
cytokines when compared to other Acinetobacter sp. like Acinetobacter junii in an
infection (de Breij et al. 2010). Therefore, as removing stkR generated a reduced
immune response in comparison to the 04117201 WT strain this reduced innate
immune response could be significant in comparison to the rest of the A. baumannii
strains and by extension other Acinetobacter sp. These results are consistent with
experiments using immune deficient mice, where there is a noticeable reduction in
production of cytokines, chemokines, tumour necrosis factor and chemoattractant
proteins (Garcia-Patino et al. 2017). All of which have been identified as
contributing to a reduced production of neutrophils to the site of infection, and

therefore contributing to the increased bacterial load in the mouse.

In summary, the in vitro and in vivo investigations illuminated the breadth of the
mechanism correlated to the StkRS TCSTS and demonstrated that this particular
TCSTS is most likely responsible for altering the lipid A component and therefore
capsule of the cell structure. Alterations of the cell surface is, as seen in the
physiological and regulatory changes of the AstkR mutant leads to a dramatic
increase of virulence potential, including the ability to evade the innate immune
response and cause a significant bacterial cell load in a mouse model. These data
have contributed significantly to the understanding of TCSTSs and their multiple

effects and interconnectedness within bacterial cells.
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5.5 Final conclusions

A. baumannii strains within this project were examined using a combination of
phenotypic and molecular analyses. Multiple mechanisms and genes, important A.
baumannii virulence traits, contribute to this significant human bacterium's ability to
persist and persevere in the hospital environment and within a host. Generation of a
mutant bank using a transposon insertion, allowed for examination and identification
of the molecular link between pellicle formation and motility; via the secondary
signalling molecule cAMP. Additionally, alterations in hydrophobicity were
identified as important for pellicle formation. Investigation of a variety of A.
baumannii strains including cell adherence, motility and biofilm formation identified
a number of potentially highly pathogenic bacterial strains in our collection of 54.
Evaluation of the strains identified the 04117201 strain as presenting a highly
potential virulence as demonstrated in the in vitro assays undertaken herein. As such
this A. baumannii strain 04117201 was investigated for its TCSTS and their presence
in the avirulent strain SDF. Upon analysis it was identified that the StkRS TCSTS
identified herein was not present in the SDF strain and therefore possibly related to
the increased virulence potential seen of the 04117201 A. baumannii strain. A large
scale transcriptomic analysis of bacteria grown in a variety of media linked with in
vitro, in vivo and immune array studies highlighted the role of the stkR RR gene in A.
baumannii 04117201.The significant studies undertaken herein have identified novel
regulatory genes and as such have aided in increasing our understanding of this

specie as well as contributed to the wider body of knowledge.

5.6 Future directions

Future research is required on the MDR A. baumannii pathogen as its high
morbidity and mortality rates are a global concern. This thesis focused on antibiotic
resistance and virulence capabilities. As such modification of the capsule and or lipid
A has been identified herein as a contributing mechanism leading to the increased
antibiotic resistance and increased virulence seen of the AStkR mutant strain
compared to the 04117201 WT strain. To investigate the specific changes made of
the lipid A component, the AstkR mutant and 04117201 WT strains would be
chemically assessed using thin layer chromatography and tandem mass-spectrometry

using electronspray ionization coupled to collision induced dissociation and
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ultraviolet photodissociation. These assessments would identify the precise
alterations in the lipid A component of the cell when exposed to CST. From these
results specific identification of the chemical decoration of the lipid A component of
the bacterial cell would confirm either pEtN and or GlaN as the main contributor to
increased antibiotic resistance and virulence potential. LOS in A. baumannii as
previously described (Section 3.3) has a general structure with a conserved lipid A
and a core oligosaccharide. Identification of the precise decoration of the lipid A
component with either pEtN or GlaN would be the first step in working towards
identifying new structures to inhibit, with a focus on reducing the resistance to

cationic antimicrobial peptides like CST.

Regulation of the pmrCAB operon is hypothesised in this study to be affected by
the StkRS TCSTS (Section 3.5.7). This effect is suggested to be through cross-talk of
non cognate pairs. To investigate the potential cross-talk between these two systems
PmrAB and StkRS assessment using western blotting and gel shift assays would be
undertaken to identifying binding sites and autophosphorylation to confirm or reject
the hypothesis from chapter three (Siryaporn et al. 2010, Miyake et al. 2019). Upon
identification of the regulatory mechanisms of these systems, if the hypothesis was
not confirmed further investigation into identifying the intermediate acting upon the

PmrAB system would be undertaken.

There are five TCSTS in the A. baumannii 04117201 strain that are not present
in the avirulent SDF strain, investigation of these TCSTS is the initial step in gaining
a greater understanding of the interconnectedness of these systems within a particular
strain. These investigations would highlight and identify the particulars of each
system and how they work individually as well as together. This research would not
only assess the RR proteins within these systems but the HK proteins as well.
Generating an array of RR and HK mutants as well as double mutants where the
entire system is knocked out would be one avenue to peruse. The limitations to
assessing the two-component systems in this manner is the time constraints,
generating knock out mutants is a long winded process. Similar to the research
presented in this thesis the research would focus on the virulence traits of the strain.
This analysis would be undertaken by a number of assays, including cell adherence,

resistance to serum, macrophage survival and antimicrobial resistance; and would
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also include assessing pH stress and desiccation survival as these assays are also
important in identifying virulence. In addition to the above, investigation into the
interconnectedness of the TCSTS would be undertaken. This would focus on the
phosphorylation of the HK and RR proteins at the His and Asp residues possibly
using western blotting and gel shift assays, with the hope of identifying any potential
cross-talk between the TCSTS.

As described previously Chapter 4 identified significant transcriptomic
differences across the different media. It was suggested that these data are the genetic
contributing factors leading to the increased virulence through capsule production
and alteration of the lipid A components, pili formation and resistance to osmotic
pressures of the A. baumannii strain analysed herein. As the production of capsule is
a know virulence factor and without a capsule a bacterial strain is considered
avirulent, further investigation into the specific genes contributing to the regulation
and therefore production of the different capsule components would be a interesting
area to continue investigating. Potentially leading to a greater understanding of the

capsule and its role in virulence.

As A. baumannii is a rapidly emerging pathogen, new research into the
disruption of these TCSTS could potentially provide an alternate avenue for patient
treatment. Of particular interest is the ability to inhibit or remove the TCSTS within
these bacterial strains, as these systems are not present in humans. One method that
is continuing to generate advancement is CRISPR gene editing. Future research
could use CRISPR to specifically target the TCSTS know for increasing virulence in
these bacterial strain removing them from the bacterial genome and turning highly
pathogenic bacteria in to avirulent strains easily removed from the body by the
immune system potentially aided by antibiotics (Mangas et al. 2019, Y. Wang et al.
2019).

The future research suggested are steps in the right direction of understanding
and potentially developing new means of combating this pathogen; however, the

only way to know is to continue fundamental research.
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Appendix A: Characteristics of 54 clinical A. baumannii isolates

Isolate™ Pellicle Pellicle Biofilm® Hydrophobicity® Motility Motility Source
plastic® glass® Twitching  Swarming
ATCC 17978  Medium Good Low Low - + Meningitis
17987hm Good Good Not tested Low Not tested Not tested  Meningitis
6896168 0 0 Medium 0 - - Unknown
9028181 0 0 Medium High - - Pus
11986752 Low Low Good High + - Pus
2320495 Medium Good Good High + + Pus
4397670 0 0 Good High - - Unknown
WM98c Medium Good Good High + - Unknown
WM97a 0 0 Good High - - Sputum
04145027 Good Good Medium High + + Vaginal
06345143 0 0 Medium Low - - Tracheal aspirate
05293224 0 0 Medium 0 + - Tracheal aspirate
04202856 0 0 Medium High - - Urine
D1279779 0 0 Medium 0 - - CA blood
ATCC 19606 O 0 Good Low - - Urine
AYE 0 Good Medium High + - Urinary tract
6772166 0 0 Medium 0 + - Pus
6856775 0 0 Medium 0 + - Sputum
PWO01c 0 0 Medium 0 + - Unknown
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Isolate™ Pellicle plastic®  Pellicle glass®  Biofilm" Hydrophobicity® Twitching  Swarming  Source
WM98 0 0 Medium Low + - Wound
6877889 0 0 Medium Low + - Sputum
6870155 0 0 Low Low + - Sputum
AB0057 0 Good Medium 0 + - Blood
6856390 0 0 Medium 0 - - Sputum
9137982 0 0 Medium Low - - Pus
6913054 0 0 Medium 0 - - Blood
1182468 0 0 Medium 0 - - Sputum
1182372 0 0 Medium 0 - - Sputum
11986751 0 0 Medium 0 - - Pus
9078336 0 0 Medium 0 - - Sputum
1182372 0 0 Medium 0 - - Sputum
1172312 0 0 Good Low - - Sputum
1077697 0 0 Good Low - - Sputum
9038266 0 0 Medium Low - - Sputum
9034499 0 0 Medium Low - - Sputum
1198673 - - - - - - Sputum
1279683 0 0 Medium Low - - Pus
9030751 0 0 Good 0 - - Pus
9030759 0 0 Medium 0 - - Sputum
RB02 0 0 Medium 0 - - Rectum
WM99a 0 0 Medium Low - - Unknown
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def

b

Isolate Pellicle plastic®  Pellicle glass*  Biofilm Hydrophobicity® Twitching  Swarming  Source

WM99%a 0 0 Medium Low - - Unknown
RBO02b 0 0 Medium 0 - - Sputum

WMO0O0 0 0 Medium 0 - - Bronchial
PWO01b 0 0 Medium 0 - - Unknown

RBO1 0 0 Medium 0 - - Blood

RBO02e 0 0 Medium 0 - - Rectum

RB02d1 0 0 Medium 0 - - Tracheal aspirate
PWO01a 0 0 Medium 0 - - Unknown
08317005 0 0 Good Low + - Tracheal aspirate
08325850 0 0 Good 0 + - Tracheal aspirate
08315000 0 0 Good 0 - - Wound

4117201 0 0 Medium Low - Tracheal aspirate
5299446 0 0 Medium Low - - Tracheal aspirate
6954775 0 0 Medium 0 - - Catheter
WM99c 0 0 Medium 0 - - Sputum

ACICU 0 0 Not tested Low - - Cerebrospinal fluid

& Pellicle - Good = > 0.5, medium = 0.2-0.5, low =< 0.2,

b Biofilm— Good = > 1.5, medium = 0.5 — 1.4, low = < 0.5,
¢ Hydrophobicity high > 45%, low < 45% zero = 0
¢ purple = non-international clone type I or II,

¢ Green = international clone type I,
" Blue = international clone type II.
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Appendix B: Gene expression of the AstkR mutant compared to the WT in MH

media

Peg Number Fold Change Gene Name

Up regulated
799 2.03 Butyryl-CoA dehydrogenase
840 3.28 Acyteltransferase
872 2.19 Malonate transporter MadL subunit
971 2.32 Hypothetical protein
1186 2.56 Multidrug translocase MdfA
1235 2.30 Transcriptional regulator AraC family
1341 2.10 Carbonic anhydrase
1385 2.12 NADP-specific glutamate dehydrogenase
1653 2.11 Hypothetical protein
2244 2.53 Hypothetical protein
2320 2.11 Hypothetical protein
2340 2.81 Phage capsid protein
2939 2.12 Isoleucyl-tRNA synthetase
3218 2.23 Heat shock protein 60 family co-chaperone GroES
3219 2.46 Heat shock protein 60 family chaperone GroEL
3343 2.18 Asp aminotransferase

Down regulated

41 -2.36 5-nucleotidase Surk

150 -2.58 Bacteriolytic lipoprotein entericidin B
163 -2.06 Alkylphosphonate utilisation operon protein PhnA
206 -2.17 Alkyl hydroperoxide reductase subunit like protein
254 -2.11 Hypothetical protein
308 -2.36 Benzoate transport protein
311 -2.20 Benzoate dioxygenase beta subunit
340 -3.51 Hypothetical protein
341 -2.02 Hypothetical protein
390 -2.92 Uncharacterised zinc-type alcohol protein-
402 -2.36 Urea carboxylase-related ABC transporter protein
448 -2.68 L-Asp-beta-decarboxylase
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Peg Number Fold Change Gene Name

471 -2.78 Hypothetical protein

473 -3.39 Hypothetical protein

500 -2.22 Transcriptional regulator LysR family

553 -2.53 Ethanolamine ammonia-lyase heavy chain
564 -2.20 Hypothetical protein

566 -2.02 Glutathione S-transferase family protein

571 -2.28 Hypothetical protein

582 -3.42 Hypothetical protein

584 -2.30 Protein ycgK precursor

669 -2.28 Transporter MFS superfamily

738 -2.26 Transporter MFS superfamily

742 -2.86 Phenylacetic acid degradation protein PaaN
743 -4.42 Phenylacetate-CoA oxygenase PaaG subunit
744 -3.33 Phenylacetate-CoA oxygenase PaaH subunit
745 -2.63 Phenylacetate-CoA oxygenase Paal subunit
746 -3.15 Phenylacetate-CoA oxygenase PaaJ subunit
747 -3.57 Phenylacetate-CoA oxygenase/reductase PaakK
748 -3.05 Phenylacetate degradation enoyl-CoA PaaA
749 -3.05 Phenylacetate degradation enoyl-CoA PaaB
750 -3.04 3-hydroxyacyl-CoA dehydrogenase PaaC
822 -3.90 Hypothetical protein, putative exported protein
825 -5.75 Hypothetical protein

826 -6.28 Hypothetical protein

827 -3.41 CinA-like protein

829 -2.94 Catalase

830 -2.88 3-oxoacyl-[acyl-carrier protein] reductase
831 -2.89 Hypothetical protein

841 -2.01 ABC up-take transporter membrane protein
850 -2.75 Major membrane protein |

851 -2.00 Serine acetyltransferase

876 -3.42 Hypothetical protein

931 -2.10 Acyl-CoA dehydrogenase probable
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Peg Number Fold Change Gene Name

945 -6.12 Hypothetical protein

1059 -2.58 Hypothetical protein

1083 -2.36 Transporter LysE family

1086 -2.33 Transcriptional regulator AraC family
1156 -3.16 Bacterioferritin associated ferredoxin

1321 -2.06 Hypothetical protein

1333 -2.18 Sulfatase modifying factor 1 precursor
1338 -2.03 TonB dependent receptor

1368 -2.20 Hypothetical protein

1369 -3.46 Urease accessory protein UreD

1412 -2.03 Hypothetical protein

1475 -2.10 Organosulfonate ABC transporter binding protein
1552 -2.33 Aromatic amino acid transport protein AroP
1576 -2.12 Coenzyme dependent methylene tetra

1629 -2.75 Salicylate hydroxylase

1686 -2.24 Glyoxalase family protein

1701 -2.19 Conserved putative membrane protein
1841 -2.88 Benzoate dioxygenase ferredoxin reductase
1850 -2.67 Hypothetical protein

1853 -2.85 Coenzyme PQQ synthesis protein A

1864 -2.02 Hypothetical protein

1926 -2.36 TcuC integral membrane protein

1937 -2.88 Transcriptional regulator TetR family

2017 -5.01 Trehalose-phosphate synthase [UDP-forming]
2018 -3.64 Trehalose-6-phosphate

2077 -2.05 Hypothetical protein

2103 -2.10 Hypothetical protein

2106 -3.42 Hypothetical protein

2107 -2.93 Putative bacteriophage protein

2108 -2.31 Putative bacteriophage protein

2109 -2.01 Putative bacteriophage protein

2113 -2.10 Putative bacteriophage protein
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Peg Number Fold Change Gene Name
2121 -2.09 Putative bacteriophage protein
2124 -2.31 Hypothetical protein
2126 -2.05 Uncharacterised protein conserved in bacteria
2127 -2.32 Putative bacteriophage protein
2128 -2.32 Putative bacteriophage protein
2166 -2.27 Transcriptional regulator ArsR family
2234 -2.05 Hypothetical protein
2236 -4.72 Hypothetical protein
2260 -4.61 Hypothetical protein
2327 -2.29 Hypothetical protein
2330 -2.14 Hypothetical protein
2356 -2.26 Hypothetical protein
2357 -2.74 Hypothetical protein
2364 -2.27 L-arabonate dehydratase
2374 -2.28 Beta-ketoadipate enol-lactone hydrolase
2379 -2.33 Transcriptional regulator AraC family
2408 -2.92 Protocatechuate 4-dioxygenase beta chain
2453 -2.18 Hypothetical protein
2462 -2.00 Hypothetical protein
2537 -2.12 Transcriptional regulator TetR family
2845 -2.99 Acyl-CoA dehydrogenase short-chain specific
2854 -2.24 Acetyl-coenzyme A synthetase
2915 -2.10 Hypothetical protein
2931 -2.83 Alkanesulfonates binding protein
2972 -2.29 Hypothetical protein
3205 -2.05 Hypothetical protein
3260 -2.22 Hypothetical protein
3267 -2.07 Hypothetical protein
3269 -2.88 Hypothetical protein
3290 -2.09 Hypothetical protein
3318 -2.20 Sulfate transport system permease protein CyswW
3319 -2.25 Sulfate transport system permease protein CysT
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Peg Number Fold Change Gene Name

3402 -2.88 Pyruvate decarboxylase Indole-3-pyruvate
3433 -2.03 Hypothetical protein

3436 -2.65 Transcriptional regulator TetR family

3458 -2.04 Transcriptional regulator TetR family

3459 -2.08 Transcriptional regulator TetR family

3466 -2.18 Iron chelator utilisation protein

3470 -3.85 Iron transport protein

3471 -2.79 Iron compound ABC up-take transporter PiuC
3472 -2.75 Iron(111) dicitrate transport ATP binding FecE
3477 -2.41 Dihydroxybenzoate-AMP ligase

3479 -2.19 His decarboxylase

3529 -2.00 Uncharacterised siderophore biosynthesis protein
3530 -2.03 Monooxygenase

3540 -2.97 Siderophore synthetase small component
3581 -2.36 Hypothetical protein
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Appendix C: Gene expression of the AstkR mutant compared to the WT in lung

media

Peg Number  Fold Change Gene Name

Up Regulated

3 2.31 Hypothetical protein
4 2.22 Hypothetical protein
5 2.51 Hypothetical protein
13 11.02 Fimbrial protein precursor
22 3.69 RND efflux system outer membrane NodT family
23 8.17 RND multidrug efflux transporter protein
24 12.87 RND efflux system membrane fusion CmeA
50 2.20 Hypothetical protein
51 2.47 Hypothetical protein
52 2.16 Hypothetical protein
54 2.70 Hypothetical protein
56 2.54 Hypothetical protein
57 9.60 Hypothetical protein
58 4.26 Hypothetical protein
59 4.24 Hypothetical protein
74 2.37 LSU ribosomal protein L27p
75 2.55 LSU ribosomal protein L21p
93 2.68 Hypothetical protein
112 2.82 Undecaprenyl-diphosphatase
113 2.54 Phenylacetic acid degradation operon paax
128 2.56 Protein A
129 2.36 Aspartyl-tRNA amidotransferase subunit B
130 2.23 Hypothetical protein
138 6.78 Sodium/alanine symporter family protein
139 3.28 Hypothetical protein
140 2.87 Hypothetical protein
145 9.41 Uncharacterised iron-regulated membrane PiuB
146 3.38 Integral membrane protein
151 2.89 N-succinyl-L L-diaminopimelate desuccinylase
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Peg Number  Fold Change Gene Name

163 4.58 Alkylphosphonate utilisation operon protein PhnA
178 2.73 GTP-binding protein TypA/BipA

179 4.52 Putative transporter

180 3.49 Ribosomal RNA small subunit methyltransferase
181 3.44 Lysine-specific permease

182 13.14 Protein RtcB

183 8.88 Hypothetical protein

198 2.33 Hypothetical protein

199 2.08 Serine protease

237 5.27 Zinc-regulated outer membrane receptor
240 2.65 Aspartyl-tRNA synthetase

241 2.08 Exopolysaccharide phosphotransferase

242 2.66 Hypothetical protein

243 4.42 Hypothetical protein

256 3.79 Hypothetical protein

257 3.04 S-adenosylmethionine:tRNA

258 2.07 Hypothetical protein

259 2.62 Conserved membrane protein LemA family
260 2.26 tRNA-guanine transglycosylase

261 2.74 Preprotein translocase subunit YajC

261 2.74 Preprotein translocase subunit YajC

262 3.63 Protein-export membrane protein SecD

263 2.64 Protein-export membrane protein SecF

270 2.04 Hypothetical protein putative signal peptide
271 2.69 tRNA methyltransferase

273 2.62 Hypothetical protein YajQ

274 3.10 Hypothetical protein

324 7.11 Fragment of transposase

328 3.70 Hypothetical protein

329 3.01 Cold shock protein CspG

330 4.32 Hypothetical protein

338 2.04 Hypothetical protein
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Peg Number  Fold Change Gene Name
339 3.40 Secretion activation protein
349 2.15 Putative ATP-binding component
350 2.52 HIyD family secretion protein
354 2.78 Putative O-methyltransferase protein
357 2.65 Hypothetical protein
366 10.07 4-hydroxybenzoate transporter
367 6.46 Hypothetical protein
369 2.12 Hypothetical protein
378 4.13 Hypothetical protein putative exported protein
409 2.53 Uncharacterised protein ImpF
410 2.59 Protein ImpG/VasA
411 2.40 Uncharacterised protein ImpH/VasB
422 2.51 Probable TM protein
428 2.39 Histone acetyltransferase and acetyltransferases
434 2.25 Putative ATP/GTP-binding protein
435 3.22 Transcriptional regulator GntR family
436 3.34 Hypothetical protein
437 3.09 Transcriptional regulator TetR family
439 2.89 CsuA
440 3.11 Sigma-fimbriae uncharacterised subunit
441 2.25 Sigma-fimbriae chaperone protein
454 2.66 Asp racemase
463 2.34 Methionine ABC transporter permease protein
464 2.80 Methionine ABC transporter ATP-binding protein
481 3.81 LSU ribosomal protein L9p
482 4.35 SSU ribosomal protein S18p zinc-independent
483 4.15 SSU ribosomal protein S6p
484 2.92 Heme O synthase farnesyltransferase CtaB
487 2.09 Cytochrome O ubiquinol oxidase subunit |
503 2.25 Methylase of polypeptide chain release factors
507 9.06 3-hydroxyacyl-CoA dehydrogenase
508 7.90 Butyryl-CoA dehydrogenase
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Peg Number  Fold Change Gene Name

509 2.37 Acyl-CoA synthetases AMP-acid ligases

513 2.16 Dihydroneopterin aldolase

514 2.90 Hydroxymethyldihydropteridine

526 2.94 Hypothetical protein

527 2.47 Aconitate hydratase dehydratase

530 2.90 Putative permease (MFS superfamily)

531 10.34 Hypothetical protein

532 26.31 Hypothetical protein

538 2.16 DNA-damage-inducible protein J

544 2.37 Integral membrane protein

547 2.13 UDP-2 3-diacylglucosamine hydrolase

548 2.37 Peptidyl-prolyl cis-trans isomerase PpiB

550 2.42 Hypothetical protein

551 2.55 Glutamine amidotransferase class-I

560 2.77 5-carboxymethyl-2-hydroxymuconate isomerase
561 2.18 Pputative transcriptional regulator (AraC family)
571 13.07 Hypothetical protein

573 6.50 Outer membrane receptor proteins Fe transport
580 12.08 Putative OMR family iron-siderophore precursor
585 3.34 ABC-type transport system ATPase component
587 241 Hypothetical protein

592 7.06 Benzoate transport protein

597 2.59 Hypothetical protein

602 2.08 Transcriptional regulator TetR family

603 3.18 Methyl viologen resistance protein smvA

610 3.17 Tyrosine phosphatase

611 2.43 UDP-N-acetylenolpyruvoylglucosamine reductase
622 2.15 Ribosomal-protein-S18p-alanine acetyltransferase
628 3.44 Tyrosyl-tRNA synthetase mitochondrial

629 8.14 Tyrosyl-tRNA synthetase mitochondrial

630 2.01 Hypothetical protein

638 2.19 Deoxyuridine 5'-triphosphate nucleotidohydrolase
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Peg Number  Fold Change Gene Name

646 2.43 Outer membrane lipoprotein YaeT

647 3.81 FUR regulation protein

660 2.19 Membrane fusion component MDRresistance
661 2.05 Inner membrane component MDRresistance

663 3.35 Putative ABC oligo/dipeptide transport

664 2.50 DNA-methyltransferase

665 2.77 Conserved hypothetical protein

672 3.21 Hypothetical protein

678 2.66 Malate:quinone oxidoreductase

689 5.57 YaeQ protein

693 2.69 Biofilm PGA synthesis auxiliary protein PgaD
695 2.61 PnuC-like transporter linked to homoserine kinase
711 2.66 L-Proline/Glycine betaine transporter ProP

715 2.82 Transcriptional regulator AraC family

719 3.34 Glycine cleavage system transcriptional activator
726 2.26 Phosphate transporter

727 2.19 D-serine dehydratase

731 2.06 Permease of the drug/metabolite transporter DMT
732 2.80 Predicted regulator PutR proline utilisation GntR
737 2.18 Transcriptional regulator AraC family

741 2.11 L-serine dehydratase

742 28.90 Phenylacetic acid degradation protein PaaN

743 16.92 Phenylacetate-CoA oxygenase PaaG subunit
744 17.62 Phenylacetate-CoA oxygenase PaaH subunit
745 14.94 Phenylacetate-CoA oxygenase Paal subunit

746 14.08 Phenylacetate-CoA oxygenase PaaJ subunit

747 9.47 Phenylacetate-CoA oxygenase/reductase PaaK
748 9.14 Phenylacetate degradation hydratase PaaA

749 6.15 Phenylacetate degradation hydratase PaaB

750 511 3-hydroxyacyl-CoA dehydrogenase PaaC

751 3.12 Phenylacetic acid degradation PaaE ketothiolase
755 2.93 Phenylacetic acid degradation PaaD thioesterase
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Peg Number  Fold Change Gene Name
758 2.91 Retron-type reverse transcriptase
766 2.15 Hypothetical protein
778 2.69 Pca regulon regulatory protein PcaR
780 2.13 Probable transcriptional regulator
781 2.51 Ferric iron ABC transporter iron-binding protein
808 4.14 Indolepyruvate ferredoxin oxidoreductase
809 2.14 Transcriptional regulator
810 6.61 Hydroxymethylglutaryl-CoA lyase
811 8.80 Methylcrotonyl-CoA carboxylase biotin subunit
812 10.39 Methylglutaconyl-CoA hydratase
813 12.58 Methylcrotonyl-CoA carboxylase transferase
814 14.60 Isovaleryl-CoA dehydrogenase
815 7.62 Predicted transcriptional regulator LiuX
816 4.73 Acetoacetyl-CoA synthetase long-chain-fatty-acid
817 3.81 SAM-dependent methyltransferases
818 5.12 Putative protein (DcaP-like)
819 3.23 Lipolytic enzyme
820 2.07 Transcriptional regulator LysR family
835 4.89 Transporter LysE family
858 59.33 Holin-like protein CidA
859 23.71 CidA-associated membrane protein CidB
863 3.46 MFS permease
864 3.77 Hypothetical protein
874 2.42 Malonate utilisation transcriptional regulator
896 3.22 Arsenate reductase
897 2.32 Arsenical resistance operon repressor
898 2.69 Arsenical-resistance protein
908 4.19 L-asparaginase
909 2.40 Proton/glutamate &, Sodium/glutamate symport
914 3.33 Arginine exporter protein ArgO
918 2.11 Putative membrane protein
919 3.89 Putative membrane protein
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Peg Number  Fold Change Gene Name
924 2.87 Membrane protein
940 2.85 Hypothetical protein
941 3.84 Acyltransferase family protein
948 4.33 Cytosine/purine/uracil/thiamine/allantoin protein
953 4.11 Fimbrial adhesin precursor
954 2.15 Type 1 fimbriae anchoring protein FimD
955 2.81 P pilus assembly protein chaperone PapD
956 7.24 Fimbrial protein precursor
959 2.11 Biotin synthase
978 3.36 tRNA (uracil(54)-C5)-methyltransferase
980 37.73 Transcriptional repressor of PutA and PutP
982 2.89 PutR transcriptional activator of PutA and PutP
983 9.31 Proline/Na & PutP propionate/Na symporter
985 2.37 Glycine cleavage system H protein
989 3.56 Nucleoprotein/polynucleotide-associated enzyme
990 3.08 Conserved putative membrane protein.
991 3.56 Sodium/dicarboxylate symporter
993 2.24 Putative transcriptional regulator (TetR family)
994 3.36 Putative cytoplasmic protein
995 3.40 Maf/Y ceF/YhdE family protein
998 2.80 Hypothetical protein
1004 2.24 rRNA subunit methyltransferase GidB
1007 241 MotA/TolQ/ExbB proton channel family protein
1017 2.29 General secretion pathway protein |
1018 2.07 General secretion pathway protein J
1025 2.19 Cytidylate kinase
1026 3.01 SSU ribosomal protein S1p
1030 281 Hypothetical protein
1033 2.16 ATPase AFG1 family
1051 2.25 Transcription antitermination protein NusG
1052 2.86 LSU ribosomal protein L11p (L12e)
1053 2.97 LSU ribosomal protein L1p (L10Ae)
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Peg Number  Fold Change Gene Name
1054 4.01 LSU ribosomal protein L10p (P0)
1055 3.67 LSU ribosomal protein L7/L12 (P1/P2)
1093 2.18 Permease of the drug/metabolite transporter DMT
1096 2.07 Exonuclease putative
1102 6.18 Propionyl-CoA:succinyl-CoA transferase
1112 2.23 Conserved hypothetical, putative signal peptide
1116 2.14 Hypothetical protein
1125 4.33 Arginine permease RocE
1140 2.03 Type 1V pilus biogenesis protein PilO
1156 10.96 Bacterioferritin-associated ferredoxin
1160 2.42 Guanylate kinase
1162 2.67 Type 1V fimbrial biogenesis protein FimT
1163 2.30 Type 1V fimbrial biogenesis protein PilV
1170 2.25 16S rRNA processing protein RimM
1171 2.74 tRNA (Guanine37-N1) methyltransferase
1172 3.04 LSU ribosomal protein L19p
1186 14.96 Multidrug translocase MdfA
1195 241 Hypothetical protein
1196 6.04 Arginine permease RocE
1199 2.72 Ortholog Bordetella pertussis BX470248 BP2475
1206 2.24 Di-/tripeptide transporter
1211 2.96 Hypothetical protein
1212 8.60 Hypothetical protein
1232 2.27 SSU ribosomal protein S2p (SAe)
1233 3.09 Translation elongation factor Ts
1234 2.84 Hypothetical protein
1236 3.02 AzIC family protein
1242 2.58 Hypothetical protein
1243 3.42 NADPH-dependent cyano-deazaguanine reductase
1244 5.02 ABC-type multidrug transport system
1245 5.32 ABC-type multidrug transport system ATPase ¢
1246 2.60 Hypothetical protein
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Peg Number  Fold Change Gene Name

1247 2.97 Exodeoxyribonuclease X

1272 21.29 Hypothetical protein

1281 14.87 IroE protein

1288 291 UPFO0246 protein YaaA

1289 2.86 Hypothetical protein

1294 3.09 Hypothetical protein

1295 2.70 Cold shock protein CspA

1305 2.30 Amidophosphoribosyltransferase

1310 2.08 Transamidase GatB domain protein

1336 3.26 Rhomboid family protein

1337 2.85 NfuA Fe-S protein maturation

1338 82.18 TonB-dependent outer membrane receptor
1339 2.70 Hypothetical protein

1341 2.03 Carbonic anhydrase

1352 2.24 Rubredoxin

1354 3.06 Hypothetical protein

1355 2.14 Lysyl-tRNA synthetase (class I1)

1361 2.67 Hypothetical protein

1365 5.02 Isocitrate lyas

1367 2.23 Hypothetical protein

1381 2.13 Adenylate kinase

1382 2.70 Hypothetical protein

1389 2.04 Tyrosyl-tRNA synthetase

1404 4.46 LSU ribosomal protein L34p

1405 3.81 Ribonuclease P protein component

1406 5.14 Protein YidD

1407 3.32 Membrane translocase component Yid long form
1409 2.01 Uncharacterised YaiN formaldehyde detox operon
1417 2.59 Glutathionylspermidine synthase group 1
1418 3.22 Hypothetical protein

1429 2.71 Hypothetical protein

1440 2.03 Transcription regulatory protein opdE
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1449 2.31 Hypothetical protein
1463 5.49 beta-lactamase-like protein
1464 4.74 Oxidoreductase (flavoprotein)
1465 2.59 Cell division DivIC stabilises FtsL/ RasP cleavage
1482 2.17 Asp ammonia-lyase
1483 2.46 Hypothetical protein
1487 2.52 Acetyl-CoA C-acyltransferase
1488 412 Short chain fatty acids transporter
1489 6.05 Acetyl-CoA:acetoacetyl-CoA transferase beta
1490 7.95 Acetyl-CoA:acetoacetyl-CoA transferase alpha
1491 2.38 LysR family transcriptional regulator
1492 5.03 D-beta-hydroxybutyrate permease
1493 2.29 D-beta-hydroxybutyrate dehydrogenase
1497 2.36 Putative acetyltransferase
1520 2.05 PhaK-like protein
1534 2.05 Hypothetical protein
1540 3.70 Permease of the drug/metabolite transporter DMT
1541 2.42 LysR family transcriptional regulator STM3121
1567 4.04 33-36 kDa outer membrane protein
1570 6.05 Acetate permease ActP (cation/acetate symporter)
1571 4.72 Putative membrane protein clustering with ActP
1597 6.53 Ferrichrome-iron receptor
1598 3.33 Probable TM protein
1612 2.78 Hypothetical protein
1613 11.05 Ferrichrome-iron receptor
1614 2.18 Orotate phosphoribosyltransferase
1628 2.24 Nucleoside-binding outer membrane protein
1637 2.76 Hypothetical protein
1638 2.72 Hypothetical protein
1653 3.90 Hypothetical protein
1665 2.44 Transcription termination protein NusB
1673 3.23 Formiminoglutamase
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1674 4.88 Imidazolonepropionase

1675 3.11 His transport protein (permease)

1676 5.37 His ammonia-lyase

1677 8.86 Urocanate hydratase

1678 4.09 Conserved hypothetical protein

1679 3.24 His utilisation repressor

1680 2.48 O-antigen acetylase

1681 9.72 Putative metal chaperone, Zn homeostasis GTPase
1682 10.35 Hypothetical protein

1683 43.33 Aromatic amino acid transport protein AroP
1684 70.12 Fumarylacetoacetase

1685 85.45 Maleylacetoacetate isomerase, transferase
1686 33.13 Glyoxalase family protein

1687 2.15 Transcriptional regulator ICIR family

1688 37.36 4-hydroxyphenylpyruvate dioxygenase

1695 2.14 Phosphoribosylaminoimidazole synthase
1704 2.30 A/G-specific adenine glycosylase

1706 2.05 Hypothetical protein

1730 2.14 Ribosomal RNA subunit methyltransferase B
1749 2.18 Glutaredoxin-related protein

1750 3.18 Hypothetical protein

1753 4.87 Branched-chain amino acid transport system
1754 2.96 Hypothetical protein

1759 2.94 PTS system fructose-specific 1B component
1762 2.71 Hypothetical protein

1767 3.59 Sulfate permease

1780 3.09 Regulatory protein RecX

1781 2.53 TPR repeat, putative periplasmic, domain
1782 2.84 Acyl, UDP-acetylglucosamine O-acyltransferase
1783 3.38 3R-hydroxymyristoyl carrier protein dehydratase
1784 2.12 UDP-hydroxymyristoyl acyltransferase

1799 212 Hypothetical protein
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1803 3.14 Hypothetical protein
1804 4.95 Hypothetical protein
1811 2.19 tRNA 2-thiouridine synthesising protein E
1828 5.13 3-dehydroquinate dehydratase I1
1829 3.86 Biotin carboxyl carrier protein
1830 3.42 Biotin carboxylase of acetyl-CoA carboxylase
1832 241 Nucleoside:H+ symporter: MFS
1847 2.15 Molybdenum transport ATP-binding ModC
1848 92.73 Dehydrogenase siderophore
1849 74.52 Isochorismatase of siderophore biosynthesis
1850 11.15 Hypothetical protein
1880 11.27 Ferrichrome iron receptor
1888 2.39 ATP phosphoribosyltransferase
1891 2.02 Para-aminobenzoate synthase aminase component
1906 2.01 Ribulose-phosphate 3-epimerase
1907 2.46 Putative hydrolase
1937 2.01 Transcriptional regulator TetR family
1942 3.20 Hypothetical protein
1947 2.12 Hypothetical protein
1964 2.11 Heme-regulated two-component RR
1987 2.04 1-aminocyclopropane-1-carboxylate deaminase
1996 2.47 5'-methylthioadenosine nucleosidase
2009 2.19 Biotin-protein ligase / Biotin operon repressor
2020 2.55 Adenosylmethionine transferase
2022 2.47 Biotin synthesis protein BioC
2023 3.24 Dethiobiotin synthetase
2024 2.24 Ribosomal large subunit pseudouridine synthase B
2026 3.12 Segregation and condensation protein A
2029 4.04 COG1399 protein with ribosomal protein L32p
2030 3.10 LSU ribosomal protein L32p
2031 2.78 Malonyl CoA-acyl carrier protein transacylase
2032 3.58 3-oxoacyl-[acyl-carrier protein] reductase
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2033 2.98 Acyl carrier protein
2043 3.30 Ribose-phosphate pyrophosphokinase
2044 3.05 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase
2072 2.01 SSU ribosomal protein S7p (S5e)
2073 2.48 Translation elongation factor G
2083 2.66 Hypothetical protein
2086 2.22 Hypothetical protein
2089 2.29 Hypothetical protein
2091 2.29 Hypothetical protein
2098 2.00 1-acyl-sn-glycerol-3-phosphate acyltransferase
2115 2.57 Hypothetical protein
2135 2.90 Hypothetical protein
2140 3.30 LSU ribosomal protein L13p (L13Ae)
2141 2.82 SSU ribosomal protein S9p (S16e)
2151 2.76 Acyclic terpenes utilisation regulator AtuR, TetR
2159 3.08 Hypothetical protein
2160 2.04 Hypothetical protein
2161 3.66 Universal stress protein
2162 6.25 Sulfate permease
2168 3.12 Aminoglycoside 3'-phosphotransferase, StrB
2169 2.37 Aminoglycoside 3'-phosphotransferase
2179 2.62 Hypothetical protein
2191 2.13 Threonine synthase
2194 2.77 Tyrosine recombinase XerD
2195 6.44 Ferrous iron transport protein
2196 3.49 Ferrous iron transport protein B
2210 2.02 Fe(2+)-trafficking protein YggX
2229 2.75 Membrane fusion component
2234 2.25 Hypothetical protein
2235 2.03 Hypothetical protein
2236 5.70 Hypothetical protein
2237 2.28 5 methylenetetrahydrofolate reductase
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2244 2.27 Hypothetical protein

2262 3.08 Hypothetical protein

2263 3.33 Hemolysin

2264 6.83 Channel-forming transporter TpsB family
2267 3.30 N-acetyl-L L-diaminopimelate deacetylase
2274 2.01 Transcriptional regulator TetR family

2306 2.24 Hypothetical protein

2307 2.32 Hypothetical protein

2316 2.12 Hypothetical protein

2324 2.75 Hypothetical protein

2341 2.72 Hypothetical protein

2366 6.36 Hypothetical protein

2389 2.20 Transcriptional regulator MarR family

2402 2.54 Hypothetical protein

2416 2.56 Phosphate cytidylyltransferase

2419 4.03 Enolase

2420 3.06 Phosphate synthase

2422 2.17 Internalin putative

2448 2.88 Transposase and inactivated derivatives

2451 3.14 Vitamin B12 ABC transporter permease BtuC
2470 2.18 Organic hydroperoxide resistance protein
2476 2.29 Integral membrane protein YggT (osmotic shock)
2479 2.01 Acetyl-coenzyme A carboxyl transferase o- chain
2482 2.51 Transcription termination factor Rho

2483 2.71 Hypothetical protein

2489 2.16 Uncharacterised domain COG3236

2493 2.20 Probable membrane protein YPO3302

2497 2.58 Acyl-CoA synthase

2498 2.58 Sodium-dependent phosphate transporter
2505 2.35 Late competence protein ComEA DNA receptor
2518 4.75 NAD(P) transhydrogenase subunit beta
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2520 551 NAD(P) transhydrogenase alpha subunit
2521 2.44 Permease of the drug/metabolite transporter (DMT)
2535 2.08 Hypothetical protein
2543 2.36 Hypothetical protein
2550 3.13 Enoyl acyl-carrier protein reductase [NADH]
2552 2.90 3'-to-5' oligoribonuclease (orn)
2556 2.56 Protein export cytoplasm chaperone protein
2557 2.28 4'-phosphopantetheinyl transferase
2565 2.57 Membrane protein exporter
2566 2.87 Putative TM protein
2567 2.32 Hydroxybenzoyl-CoA thioesterase domain protein
2569 2.10 Lysophospholipid acyltransferase
2570 2.22 Glycosyl transferase
2571 2.68 Conserved hypothetical protein
2572 3.03 Hypothetical protein
2573 4.50 Acyl carrier protein (ACP2)
2574 5.39 Acyl carrier protein (ACP1)
2575 4.86 Glycerol phosphate acyltransferase
2576 3.37 3-oxoacyl-[ACP] synthase
2585 2.04 Nucleoside diphosphate kinase
2601 2.45 Phosphate acetyltransferase
2607 2.95 Cell division trigger factor
2608 4.47 Ferrichrome-iron receptor
2627 2.60 Putative membrane protein
2629 5.60 Biopolymer transport protein ExoD/ToIR
2630 8.52 MotA/TolQ/ExbB proton channel family protein
2631 9.13 Ferric siderophore transport system TonB
2632 3.31 Formyltetrahydrofolate deformylase
2635 5.03 LSU ribosomal protein L28p
2636 4.80 LSU ribosomal protein L33p zinc-independent
2640 2.09 Hypothetical protein
2654 4.53 Glutamate-Asp carrier protein
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2662 3.61 Translation initiation factor 1
2664 2.66 Hypothetical protein
2669 3.25 Hypothetical protein
2670 2.50 Cys regulon transcriptional activator CysB
2671 3.02 Hypothetical protein
2672 2.18 Probable TM protein
2685 2.18 Ribonuclease E
2688 2.05 Dehydrogenases
2695 16.34 LSU ribosomal protein L31p zinc-independent
2696 3.37 Type 111 effector HopPmaJ
2700 2.48 Probable methyltransferase
2722 2.34 Polyribonucleotide nucleotidyltransferase
2745 2.00 Ribosome-binding factor A
2746 2.21 Translation initiation factor 2
2747 2.20 Transcription termination protein NusA
2748 2.81 Clustered with transcription termination NusA
2755 2.39 Permease of the drug/metabolite transporter (DMT)
2757 2.10 Putative cytoplasmic protein
2762 2.54 Hypothetical protein
2763 2.21 Hypothetical protein
2771 2.03 Hypothetical protein
2773 2.54 Fe(2+)/a-ketoglutarate-dependent LpxO
2777 4.14 Hypothetical protein
2783 2.29 Hypothetical protein
2787 3.75 His permease YuiF
2804 2.46 Hypothetical protein
2805 3.27 ATP synthase epsilon chain
2806 3.24 ATP synthase beta chain
2807 3.93 ATP synthase gamma chain
2808 3.58 ATP synthase alpha chain
2809 3.87 ATP synthase delta chain
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2811 3.45 ATP synthase C chain

2812 2.60 ATP synthase A chain

2813 2.71 ATP synthase protein |

2814 241 Zinc ABC transporter binding protein ZnuA
2817 2.01 Zinc ABC transporter permease ZnuB

2820 2.15 Hypothetical protein

2833 2.03 DedA protein

2847 2.71 Regulatory protein LuxR

2848 2.42 Hypothetical protein

2858 3.92 D-serine/D-alanine/glycine transporter

2859 35.74 D-serine/D-alanine/glycine transporter

2860 23.01 Translation initiation inhibitor

2861 12.71 Alanine racemase

2862 3.89 D-amino acid dehydrogenase small subunit
2863 4.29 Transcriptional regulator for Irp regulon AsnC
2864 6.42 Hypothetical protein

2865 7.88 Ferrichrome-iron receptor

2872 13.38 Short-chain dehydrogenase/reductase SDR
2874 3.09 MutT/nudix family protein

2879 2.35 Methylcitrate synthase

2882 2.01 Biosynthetic aromatic amino acid aminotransferase
2883 6.55 D-Lactate dehydrogenase

2884 9.32 L-lactate dehydrogenase

2885 13.62 Lactate-responsive regulator Enterobacteria GntR
2886 43.19 L-lactate permease

2892 2.07 UTP glucose phosphate uridylyltransferase
2894 2.41 Glycosyltransferases, cell wall biogenesis
2895 3.52 Glycosyl transferase family 2

2896 3.89 conserved hypothetical protein

2897 2.53 Hypothetical protein

2898 2.41 Hypothetical protein

2899 2.06 Potential multiple membrane spanning domains
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2905 2.52 UDP acetylglucosamine dehydratase

2909 2.07 Tyrosine-protein kinase Wzc

2941 2.09 FKBP-type peptidyl-prolyl cis-trans isomerase SIpA
2943 3.18 Hypothetical protein

2951 2.68 Hypothetical protein

2959 3.59 Mobile element protein

2960 2.77 Mobile element protein

2963 2.17 Hypothetical protein

2967 2.00 Hypothetical protein

2968 2.77 putative bacteriophage protein

2973 2.14 Secretion activator protein

2974 6.62 TonB-dependent receptor

2989 11.83 Transporter LysE family

3005 6.31 Ferrichrome-iron receptor

3009 2.08 Argininosuccinate synthase

3011 3.66 Peptidase M48

3012 3.76 Thymidylate kinase

3021 3.00 Hypothetical protein

3024 6.47 Hypothetical protein

3026 2.24 Aromatic amino acid transport protein AroP
3032 3.36 4-aminobutyraldehyde dehydrogenase

3033 2.07 Putative transcription regulator (AsnC family)
3034 4.17 Transaminase

3035 11.96 Arginine N-succinyltransferase

3049 2.66 TonB protein

3052 2.83 Xanthine phosphoribosyltransferase

3059 2.44 Nitroreductase family protein

3061 2.46 Phosphoserine phosphatase

3069 2.96 Hypothetical protein

3073 4.31 LSU ribosomal protein L17p

3074 4.06 DNA-directed RNA polymerase alpha subunit
3075 3.95 SSU ribosomal protein S4p (S9e)
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3076 3.92 SSU ribosomal protein S11p (S14e)
3077 3.71 SSU ribosomal protein S13p (S18e)
3078 2.95 LSU ribosomal protein L36p
3079 3.23 Preprotein translocase secY subunit (TC 3.A.5.1.1)
3080 2.80 LSU ribosomal protein L15p (L27Ae)
3081 3.44 LSU ribosomal protein L30p (L7€)
3082 3.32 SSU ribosomal protein S5p (S2e)
3083 3.09 LSU ribosomal protein L18p (L5e)
3084 3.61 LSU ribosomal protein L6p (L9e)
3085 3.05 SSU ribosomal protein S8p (S15Ae)
3086 3.14 SSU ribosomal protein S14p zinc-independent
3087 2.87 LSU ribosomal protein L5p (L11e)
3088 2.46 LSU ribosomal protein L24p (L26e)
3089 2.46 LSU ribosomal protein L14p (L23e)
3090 2.04 SSU ribosomal protein S17p (S11e)
3091 2.14 LSU ribosomal protein L29p (L35¢)
3092 2.34 LSU ribosomal protein L16p (L10e)
3093 2.78 SSU ribosomal protein S3p (S3e)
3094 3.17 LSU ribosomal protein L22p (L17¢)
3095 3.01 SSU ribosomal protein S19p (S15e)
3096 2.93 LSU ribosomal protein L2p (L8e)
3097 2.98 LSU ribosomal protein L23p (L23Ae)
3098 3.28 LSU ribosomal protein L4p (L1e)
3099 2.87 LSU ribosomal protein L3p (L3e)
3100 2.69 SSU ribosomal protein S10p (S20e)
3125 3.45 ATP-dependent RNA helicase NGO0650
3131 2.14 Hypothetical protein
3144 2.00 Transcriptional regulators LysR family
3152 2.20 Succinylglutamic semialdehyde dehydrogenase
3153 2.66 Arginine N-succinyltransferase
3154 3.10 Succinylornithine transaminase
3155 6.97 NAD-specific glutamate dehydrogenase
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3174 3.73 Putative lipoprotein
3175 3.02 Ribonuclease HIl
3181 2.06 Adenylosuccinate synthetase
3182 5.66 Hypothetical protein
3197 2.32 Carbamoyl-phosphate synthase large chain
3198 2.87 Carbamoyl-phosphate synthase small chain
3200 2.83 Hypothetical protein
3201 2.57 RNA binding protein
3205 5.05 Hypothetical protein
3206 5.48 Hypothetical protein
3209 2.38 Hypothetical protein
3214 3.32 Phosphoenolpyruvate carboxykinase GTP
3227 2.79 tRNA(Cytosine32)-2-thiocytidine synthetase
3233 3.20 Hypothetical protein
3275 2.51 DNA internalisation-related protein ComEC/Rec?2
3276 2.24 Lipid A biosynthesis lauroyl acyltransferase
3279 4.11 Phosphoribosylglycinamide formyltransferase
3280 2.43 Phosphoribosylformylglycinamidine cyclo-ligase
3288 2.17 Putative tRNA/rRNA methyltransferase (EC:2.1.1)
3300 2.51 dNTP triphosphohydrolase broad substrate
3313 3.90 Queuosine Biosynthesis QueE Radical SAM
3314 2.21 Tetrahydropyridine dicarboxylate transferase
3325 2.69 Thymidylate kinase
3333 2.72 Ribonuclease 111
3338 2.04 tRNA-(ms[2]io[6]A)-hydroxylase
3349 2.29 RarD protein
3350 3.39 NADPH-dependent dehydrogenase
3380 2.22 Phenazine biosynthesis protein PhzF like
3381 2.26 Hypothetical protein
3392 2.68 Unsaturated fatty acid biosythesis repressor FabR
3395 2.35 Hypothetical protein
3400 7.38 Aldehyde dehydrogenase
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3401 5.01 Transcriptional regulator AsnC family
3402 27.78 Pyruvate decarboxylase Indole decarboxylase
3403 8.31 Aromatic amino acid transport protein AroP
3411 3.02 Adenylosuccinate lyase
3416 2.48 D-alanyl-D-alanine carboxypeptidase
3418 3.65 Hypothetical protein
3419 2.43 5-nucleotidase Surk
3421 2.01 Transcriptional regulator LysR family
3429 2.18 Lysyl-lysine 2 3-aminomutase
3430 2.67 Translation elongation factor P
3435 2.01 Hypothetical protein
3452 2.49 Permease of the drug/metabolite transporter (DMT)
3464 3.27 Threonine dehydratase catabolic
3465 2.79 YheO-like PAS domain
3466 23.91 Iron-chelator utilisation protein
3467 25.61 Siderophore biosynthesis non-ribosomal synthetase
3468 65.91 Non-ribosomal peptide synthetase
3470 435.32 Iron transport protein
3471 56.18 Iron compound ABC up-taketransporter PiuC
3472 126.16 Iron(111) dicitrate transport ATP-binding FecE
3473 48.64 Iron compound ABC up-taketransporter protein
3474 30.40 Ferrichrome-iron receptor
3475 43.77 Siderophore biosynthesis protein monooxygenase
3476 26.18 Non-ribosomal peptide synthetase biosynthesis
3477 137.72 2 3-dihydroxybenzoate-AMP ligase
3478 118.98 Isochorismatase
3479 45.76 His decarboxylase
3481 50.43 Transport ATP-binding protein CydCD
3482 45.80 ABC transporter related
3483 26.06 Putative thioesterase
3484 17.60 4'-phosphopantetheinyl transferase entD
3485 50.10 Isochorismate synthase of siderophore biosynthesis
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3488 2.60 Hypothetical protein
3490 2.88 putative outermembrane protein
3496 2.14 GTP cyclohydrolase | type 1
3502 412 SSU ribosomal protein S20p
3511 5.19 Ferredoxin 2Fe-2S
3512 4.42 Chaperone protein HscA
3513 4.66 Chaperone protein HscB
3514 2.43 Iron binding protein IscA for iron-sulfur
3516 3.27 Cysteine desulfurase IscS subfamily
3517 4.61 Iron-sulfur cluster regulator IscR
3518 2.32 Hypothetical protein putative membrane protein
3520 2.83 DNA-binding protein HU-beta
3521 2.21 Peptidyl-prolyl cis-trans isomerase ppiD
3529 46.72 Siderophore S biosynthesis protein AcsD-like
3530 33.32 Probable Lysine n(6)-hydroxylase
3531 35.01 Permease major facilitator, siderophore biosynthesis
3532 6.85 Uncharacterised siderophore S biosynthesis protein
3533 12.74 Uncharacterised siderophore S biosynthesis AcsA
3534 5.28 Atr protein
3535 4.72 Putative siderophore biosynthesis protein
3536 9.00 Outer membrane receptor siderophore TonB
3537 4.33 Hypothetical protein
3538 5.28 Putative iron-regulated membrane protein
3539 6.60 Hypothetical protein
3540 79.33 Siderophore synthetase acetyltransferase
3546 2.86 Alpha-ribazole-5'-phosphate phosphatase
3551 2.58 Hypothetical protein
3552 4.97 Iron-regulated membrane protein
3553 8.62 Hypothetical protein
3554 4.49 Outer membrane receptor for ferric coprogen
3569 3.93 Hypothetical protein
3570 4.15 TolA protein
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3578 2.64 Ribonuclease D
Down Regulated
18 -3.15 Predicted protein
19 -2.12 Hypothetical protein
41 -2.57 5-nucleotidase Surk
44 -2.61 Hypothetical protein
72 -2.38 Chromosome segregation ATPases
86 -2.62 Hypothetical protein
90 -2.09 Putative membrane protein
92 -4.80 Ammonium transporter
119 -2.87 Phosphoadenylyl-sulfate reductase
121 -5.27 Hypothetical protein
132 -2.02 Hypothetical protein putative signal peptide
137 -2.50 UPF0028 protein YchK
148 -3.48 Hypothetical protein DUF454
150 -7.85 Bacteriolytic lipoprotein entericidin B
162 -3.84 Hypothetical protein
165 -8.72 Hypothetical protein
170 -2.63 FMN oxidoreductase
187 -8.04 PhnB protein putative DNA binding
188 -3.45 Quaternary ammonium compound-resistance
190 -3.30 Sulfite reductase [NADPH] hemoprotein
193 -2.41 Glucose-selective porin OprB
194 -2.23 Alpha-methylacyl-CoA racemase
206 -12.62 Alkyl hydroperoxide reductase subunit C-like
234 -2.29 Hypothetical protein putative signal peptide
253 -4.77 Putative sensory transduction HK
285 -2.99 ClpB protein
286 -2.06 CinA-like protein
287 -2.34 Conserved Hypothetical, putative exported protein
292 -5.42 Outer membrane lipoprotein omp16 precursor
298 -3.58 Conserved hypothetical, putative exported protein
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301 -3.11 O-methyltransferase
302 -7.31 Hypothetical protein
314 -2.29 Copper chaperone
316 -2.04 Cu(l)-responsive transcriptional regulator
317 -2.47 Gfa-like protein
318 -85.98 Ferredoxin
320 -2.17 Cmau
333 -38.84 Hypothetical protein
334 -15.34 Hypothetical protein
335 -13.42 Phage putative head morphogenesis protein
340 -111.63 Hypothetical protein
341 -22.26 Hypothetical protein
353 -8.28 UspA-related nucleotide-binding protein
370 -2.52 3-hydroxyacyl-CoA dehydrogenase
371 -6.18 Hypothetical protein
380 -4.01 Mn2+/Fe2+ transporter NRAMP family
381 -3.13 Lactam utilisation protein LamB
382 -2.85 Lactam utilisation, allophanate hydrolase
383 -3.14 Allophanate hydrolase subunit
384 -3.07 Biotin carboxylase of acetyl-CoA carboxylase
390 -43.69 Uncharacterised zinc-type alcohol dehydrogenase
425 -2.23 Probable deaminase
448 -27.19 L-Asp-beta-decarboxylase
449 -38.94 Putative transport protein
456 -6.80 L-sorbosone dehydrogenase
457 -5.69 GCNBb5-related N-acetyltransferase
458 -2.11 Major facilitator superfamily
460 -4.11 Putative C4-dicarboxylate transport protein
461 -9.01 Hypothetical protein
471 -31.85 Hypothetical protein
473 -12.83 Hypothetical protein
475 -5.01 Protein containing domains DUF404, DUF407
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476 -7.00 Hypothetical protein
477 -4.82 Transglutaminase domain protease
478 -4.20 Hypothetical protein
498 -2.35 Hypothetical protein
505 -2.37 ABC-type nitrate/sulfonate/bicarbonate transport
535 -7.80 Hypothetical protein
536 -2.85 Ribosomal small subunit pseudouridine synthase
537 -2.11 Acetyltransferase GNAT family
542 -7.07 tRNA dimethylallyltransferase
552 -2.60 Ethanolamine ammonia-lyase light chain
553 -3.39 Ethanolamine ammonia-lyase heavy chain
564 -26.56 Hypothetical protein
576 -15.83 Hypothetical protein
577 -20.80 Hypothetical protein
582 -29.68 Hypothetical protein
584 -72.84 Protein ycgK precursor
586 -2.90 Putative universal stress protein family
620 -2.09 Hypothetical protein
621 -3.73 Hypothetical protein
627 -3.35 L-lysine permease
636 -3.26 Outer membrane lipoprotein omp16 precursor
639 -3.74 Phosphomannomutase
640 -2.02 Acetylglutamate kinase
643 -3.45 Putative hemerythrin-like protein
686 -3.03 Hypothetical protein
694 -2.04 Enoyl-CoA hydratase
704 -2.73 Mannose-6-phosphate isomerase
705 -2.75 Putative hydrolase
707 -4.38 Probable L-Asp dehydrogenase
708 -3.07 Aldehyde dehydrogenase
717 -2.39 Aldose 1-epimerase
733 -2.33 4-hydroxyproline epimerase
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761 -2.11 Hypothetical protein

770 -2.22 Aldehyde dehydrogenase

792 -2.20 Enoyl-[acyl-carrier-protein] reductase

806 -2.16 Acyl-CoA dehydrogenase

822 -128.83 Hypothetical protein putative exported protein
823 -22.47 Hypothetical protein

824 -7.94 Hypothetical protein

825 -580.47 Hypothetical protein

826 -1664.78 Hypothetical protein

827 -33.59 CinA-like protein

828 -58.95 Hypothetical protein

829 -55.79 Catalase

830 -75.25 3-oxoacyl-[acyl-carrier protein] reductase
831 -64.66 Hypothetical protein

832 -114.36 General stress protein

833 -2.21 Hypothetical protein

838 -4.96 Two-component hybrid sensor and regulator
843 -9.75 GInQ protein

844 -4.89 Putative amino-acid transporter periplasmic protein
845 -6.16 Lysine-arginine-ornithine-binding protein
846 -2.39 Hypothetical protein

851 -6.46 Serine acetyltransferase

852 -14.98 Rhodanese-like domain protein

855 -2.44 Glutathione S-transferase

856 -2.68 Probable glutathione S-transferase YfcF homolog
876 -1.78 Hypothetical protein

877 -8.08 Putative Cytochrome bd2 subunit Il

878 -8.38 Putative Cytochrome bd2 subunit |

879 -6.90 Hypothetical protein

880 -2.22 Hypothetical protein

881 -1.72 Acyl-CoA dehydrogenase dibenzothiophene
884 -2.66 Hypothetical protein
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885 -49.68 Taurine-binding periplasmic protein TauA
886 -98.36 Taurine transport ATP-binding protein TauB
887 -69.61 Taurine transport system permease protein TauC
888 -40.78 Alpha-ketoglutarate-dependent taurine dioxygenase
889 -24.03 Hydantoin racemase
894 -3.10 Exoenzymes regulatory protein AepA precursor
900 -2.36 Chromate transport protein ChrA
901 -2.46 Chromate transport protein ChrA
911 -2.51 Peptide methionine sulfoxide reductase MsrB
922 -2.89 Conserved hypothetical putative exported protein
926 -3.41 Methionine ABC transporter permease protein
927 -2.53 Methionine ABC transporter ATP-binding protein
928 -2.52 Methionine ABC transporter substrate-binding
929 -2.28 Methionine ABC transporter substrate-binding
930 -10.38 Coenzyme tetrahydromethanopterin reductase
931 -4.12 Acyl-CoA dehydrogenase desulfurisation enzyme
932 -7.59 Acyl-CoA dehydrogenase desulfurisation enzyme
945 -22.88 Hypothetical protein
949 -15.63 Hypothetical protein
957 -4.29 Hypothetical protein
966 -2.40 Beta-lactamase
969 -2.94 Hypothetical protein
974 -3.13 Putative exported protein
977 -4.91 Hypothetical protein
1058 -3.59 Hypothetical protein putative signal peptide
1059 -15.20 Hypothetical protein
1061 -5.70 Glycine dehydrogenase glycine cleavage system P
1081 -4.08 Chromosome undetermined SCAF14611
1085 -2.60 Aquaporin Z
1110 -6.82 Hypothetical protein
1128 -3.37 Sulfate-binding protein Sbp
1146 -2.43 Glutamate synthase [NADPH)] large chain
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1147 -2.40 Glutamate synthase [NADPH] small chain
1149 -2.52 LemA family protein

1150 -2.54 Beta-propeller domains of methanol dehydrogenase
1151 -3.74 Hypothetical protein

1155 -3.34 Bacterioferritin

1173 -3.98 Lipase precursor

1177 -9.34 Hypothetical protein

1178 -2.94 Putative DMT superfamily metabolite efflux protein
1182 -2.65 Hypothetical protein

1183 -2.18 YgiN protei involved in menadione metabolism
1185 -2.37 Hypothetical protein

1188 -3.94 Superoxide dismutase [Cu-Zn] precursor

1192 -5.58 Hypothetical protein putative signal peptide
1210 -2.50 Lysophospholipase

1221 -2.16 Adenosylhomocysteinase

1224 -3.16 Butyryl-CoA dehydrogenase

1230 -3.24 Outer membrane protein W

1237 -3.35 Putative PRS2 protein

1256 -2.36 Extracellular solute-binding protein family 3
1261 -2.86 4Fe-4S ferredoxin iron-sulfur binding

1262 -13.84 Putative protease

1264 -3.30 Phenazine biosynthesis protein PhzF like

1267 -3.07 MgtC family

1284 -3.43 Hypothetical protein

1285 -2.70 Aminoacyl-His dipeptidase

1297 -6.69 Putative signal peptide

1321 -401.57 Hypothetical protein

1322 -24.70 Acyl-CoA dehydrogenase/oxidase domain protein
1323 -21.60 LmbE-like protein

1324 -14.85 Methyltransferase type 12

1325 -14.34 Glycosyl transferase group 2 family protein
1326 -97.53 Hypothetical protein
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1332 -24.05 Hypothetical protein
1342 -2.17 Arylesterase precursor
1353 -2.75 Hypothetical protein
1357 -4.23 Hypothetical protein
1358 -4.65 Sulfate adenylyltransferase subunit 2
1359 -3.13 Sulfate adenylyltransferase subunit 1
1366 -3.44 Lipoprotein
1369 -5.39 Urease accessory protein UreD
1370 -4.53 Urease gamma subunit
1371 -3.58 Urease beta subunit
1372 -3.64 Urease alpha subunit
1373 -2.64 Urease accessory protein UreE
1374 -2.42 Urease accessory protein UreF
1375 -2.91 Urease accessory protein UreG
1376 -3.19 HupE-UreJ family metal transporter
1385 -4.01 NADP-specific glutamate dehydrogenase
1387 -3.11 Putative cytoplasmic protein
1396 -3.84 AdeT
1412 -19.20 Hypothetical protein
1436 -7.74 Arabidopsis thaliana genomic DNA chromosome
1450 -6.67 Hypothetical protein
1455 -8.66 Acetoin dehydrogenase E1 component alpha
1456 -5.76 Acetoin dehydrogenase E1 component beta
1458 -7.80 Dihydrolipoamide dehydrogenase of acetoin
1459 -9.11 2 3-butanediol dehydrogenase S-alcohol forming
1460 -10.00 2 3-butanediol dehydrogenase R-alcohol forming
1472 -5.73 Putative alkanesulfonate metabolism regulator
1473 -3.84 Adenylylsulfate reductase alpha-subunit
1475 -2.42 Organosulfonate ABC transporter
1476 -2.11 Alkanesulfonates transport system permease
1477 -3.80 Organosulfonate ABC transporter ATP-binding
1522 -3.84 Hypothetical protein putative signal peptide
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1537 -2.43 Aldo-keto reductase
1543 -2.01 Gfa-like protein
1546 -3.30 Pirin
1547 -2.56 Nicotinamidase family protein YcaC
1549 -2.57 Succinate-semialdehyde dehydrogenase [NADP+]
1550 -2.69 Gamma-aminobutyrate aminotransferase
1552 -2.31 Aromatic amino acid transport protein AroP
1562 -2.32 Putative oxidoreductase SMc00968
1563 -2.30 Transcriptional regulator TetR family
1564 -2.63 Excinuclease ABC subunit A
1573 -3.28 Hypothetical protein
1575 -5.67 FMN reductase
1576 -6.44 Coenzyme F420-dependent methylene reductase
1590 -5.44 Hypothetical protein
1617 -3.19 Hypothetical protein
1627 -2.34 Putative xanthine/uracil permease
1629 -2.46 Salicylate hydroxylase
1630 -2.18 Allantoicase
1643 -2.64 Hypothetical protein
1644 -2.58 Hypothetical protein
1645 -2.18 Asp aminotransferase
1647 -2.15 Hypothetical protein
1649 -2.62 Phosphate regulon transcriptional regulatory PhoB
1651 -3.33 Hypothetical protein
1652 -3.09 Hypothetical protein
1660 -2.15 Hypothetical protein
1696 -2.04 Hypothetical protein
1697 -2.07 Putative transport
1698 -2.32 DNA polymerase 11 subunits gamma and tau
1699 -19.12 PQQ-dependent oxidoreductase gdhB family
1701 -43.34 conserved hypothetical putative menbrane protein
1702 -2.02 Dienelactone hydrolase family
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1731 -71.87 Hypothetical protein
1737 -2.34 Cytochrome d ubiquinol oxidase subunit Il
1738 -2.89 Protein ybgE
1743 -2.94 Hypothetical protein
1744 -28.25 Hypothetical protein
1746 -2.54 Hypothetical protein
1764 -24.32 Putative universal stress protein
1765 -2.84 Hypothetical protein
1766 -6.28 Hypothetical protein
1768 -5.07 Alkaline serine exoprotease A precursor
1805 -19.84 Hypothetical protein
1807 -4.17 UDP-glucose 4-epimerase
1808 -4.08 tRNA methylaminomethyl thiouridine TusD
1824 -2.47 Nitrite reductase [NAD(P)H] large subunit
1825 -2.65 RR NasT
1833 -4.28 BenABC operon transcriptional activator BenR
1836 -2.07 short-chain dehydrogenase/reductase
1840 -2.08 bBnABC operon transcriptional activator BenR
1842 -2.07 Anthranilate dioxygenase small subunit
1859 -41.57 Hypothetical protein
1860 -50.37 Hypothetical protein
1863 -2.61 Hypothetical protein
1864 -89.85 Hypothetical protein
1865 -5.00 Catalase
1866 -5.05 Phage capsid and scaffold
1885 -26.38 Ribosome hibernation protein YhbH
1892 -2.24 Type 1V fimbrial biogenesis protein PilY1
1911 -5.25 Cobalt-zinc-cadmium resistance protein CzcD
1916 -3.55 Adenosine deaminase
1919 -3.62 Glutaryl-CoA dehydrogenase
1922 -2.34 TcuB works with TcuA to oxidise tricarballylate
1926 -3.64 TcuC integral membrane protein used to transport
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1929 -2.06 N-acetyl-L L-diaminopimelate deacetylase
1934 -25.69 Hypothetical protein

1935 -24.12 Methyltetrahydropteroyltri glutamate

1936 -7.00 Flavin reductase RutF pyrimidine catabolism
1941 -18.81 Hypothetical protein

1961 -2.58 Transcriptional regulatory protein RstA

1983 -66.93 Hypothetical protein

1984 -12.30 Small-conductance mechanosensitive channel
1992 -15.77 Hypothetical protein

1994 -14.29 Hypothetical protein

2000 -2.00 Hypothetical protein

2001 -2.06 Hypothetical protein

2004 -4.23 FilA

2015 -6.98 Bacterioferritin

2016 -5.03 Putative transport protein (permease)

2017 -101.34 Alpha trehalose-phosphate synthase UDP-forming
2018 -140.05 Trehalose-6-phosphate phosphatase

2027 -2.33 Hypothetical YciO protein TsaC/YrdC paralog
2034 -2.49 Hypothetical protein

2058 -2.07 Tartrate dehydrogenase Tartrate decarboxylase
2062 -2.61 Succinate-semialdehyde dehydrogenase [NADP+]
2070 -4.20 Hypothetical protein

2076 -3.10 Hypothetical protein

2110 -2.16 Phage-related protein

2148 -2.18 Geranyl-CoA carboxylase carboxyl transferase
2149 -2.84 Citronellol and citronellal dehydrogenase
2155 -2.41 Mobile element protein

2190 -3.32 Murein-DD-endopeptidase

2206 -2.01 Transcriptional regulator TetR family

2254 -2.07 D-glucarate permease

2260 -68.31 Hypothetical protein

2270 -3.68 Putative glucose dehydrogenase precursor
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2272 -6.89 Isochorismatase family
2273 -6.27 Antibiotic biosynthesis monooxygenase
2278 -6.58 ThiJ/Pfpl family protein
2280 -2.00 Dihydrofolate reductase
2281 -5.77 Putative integral membrane protein
2282 -3.13 Reductase [NADPH]
2288 -2.00 Catalase
2289 -6.97 Non-heme chloroperoxidase
2291 -2.14 Aldehyde dehydrogenase Probable coniferyl
2292 -2.39 Quinone oxidoreductase
2298 -2.44 Acyl-CoA dehydrogenase short-chain specific
2327 -18.48 Hypothetical protein
2329 -3.11 Hypothetical protein
2351 -2.16 Hypothetical protein
2369 -2.24 Muconolactone isomerase
2370 -2.12 Catechol dioxygenase
2371 -2.88 3-oxoadipate CoA-transferase subunit A
2374 -2.54 Beta-ketoadipate enol-lactone hydrolase
2382 -2.46 3-oxoacyl-[acyl-carrier protein] reductase
2409 -2.39 4-carboxymuconolactone decarboxylase
2411 -3.35 Beta-ketoadipate enol-lactone hydrolase
2412 -2.89 3-carboxy-cis cis-muconate cycloisomerase
2413 -2.39 Acetyl-CoA acetyltransferase Beta-ketoadipyl
2414 -2.55 3-oxoadipate CoA-transferase subunit B
2415 -2.60 3-oxoadipate CoA-transferase subunit A
2418 -2.74 Hypothetical protein
2430 -2.40 Keto-deoxy-arabino-heptulosonate phosphate
2441 -2.44 Hypothetical protein
2455 -3.98 Transcriptional regulator
2459 -2.05 Nitrate/nitrite transporter
2484 -2.77 Integration host factor alpha subunit
2515 -2.35 Hydroxypyruvate isomerase
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2525 -2.07 Hypothetical protein
2530 -11.12 Aconitate hydratase
2587 -14.87 Membrane-associated phospholipid phosphatase
2588 -4.73 Glycosyltransferase
2602 -2.42 Fumarate hydratase class aerobic
2604 -2.19 Hypothetical protein
2610 -4.36 2-isopropylmalate synthase
2613 -2.04 Hypothetical protein
2638 -4.57 Hypothetical protein
2643 -13.09 Hypothetical protein
2667 -2.65 3-isopropylmalate dehydratase small subunit
2668 -2.63 3-isopropylmalate dehydratase large subunit
2690 -3.60 Integral membrane protein
2692 -5.28 Acyl-CoA dehydrogenase family protein
2693 -4.02 Acyl-CoA dehydrogenase dibenzothiophene
2712 -6.66 Hypothetical protein
2719 -6.57 Dnal-class molecular chaperone CbpA
2720 -12.49 Hypothetical protein
2729 -3.18 Hypothetical protein
2730 -2.01 UDP-galactose-lipid carrier transferase
2776 -2.97 Putative peptide signal
2778 -12.24 Hypothetical protein
2780 -4.63 Hypothetical protein
2782 -2.05 Hypothetical protein
2785 -5.97 Putative secreted protein
2786 -10.83 Outer membrane protein W precursor
2793 -2.00 Primosomal protein |
2796 -2.15 Hypothetical protein
2798 -3.34 Hypothetical protein
2832 -2.31 Inner membrane protein YqjF
2866 -2.42 Hypothetical protein
2867 -2.73 Hypothetical protein
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2869 -5.08 Acid-resistant locus arl7 (Fragment)
2876 -3.01 Hypothetical protein
2926 -5.11 Putative oxidoreductase
2927 -2.50 putative signal peptide
2930 -5.95 Alkanesulfonates-binding protein
2931 -8.49 Alkanesulfonates-binding protein
2932 -5.68 Alkanesulfonate monooxygenase
2934 -3.33 Alkanesulfonates ABC transporter SsuB
2942 -2.28 Putative reductase
2954 -3.26 Hypothetical protein
2958 -2.31 Gentamicin 3'-N-acetyltransferase
2982 -2.42 2-octaprenyl-6-methoxyphenol hydroxylase
2987 -7.35 Co/Zn/Cd efflux system
2988 -5.34 Cobalt-zinc-cadmium resistance protein CzcD
3041 -2.05 Hypothetical protein
3042 -7.01 Hypothetical protein
3045 -2.16 Soluble lytic murein transglycosylase precursor
3063 -2.30 Oligopeptidase A
3104 -2.95 Flavohemoprotein (Flavohemoglobin)
3129 -11.07 Coproporphyrinogen 111 oxidase aerobic
3134 -5.99 Putative stress-responsive transcriptional regulator
3145 -2.98 Hypothetical protein putative signal peptide
3146 -2.04 Hypothetical protein
3148 -2.45 Conserved hypothetical putative signal peptide
3170 -2.55 Hypothetical protein
3187 -2.26 Mobile element protein
3189 -2.69 Large repetitive protein
3194 -2.37 Universal stress protein family
3213 -2.78 Aerobic glycerol 3 phosphate dehydrogenase
3215 -2.21 Transcription regulator
3232 -2.05 Long chain fatty acid CoA ligase
3236 -2.71 Hypothetical protein

199



Appendix C

Peg Number  Fold Change Gene Name
3240 -2.13 Transcriptional regulator TetR family
3242 -4.15 Putative formate dehydrogenase oxidoreductase
3260 -3.66 Hypothetical protein
3269 -2.11 Hypothetical protein
3285 -2.24 Hypothetical protein
3286 -3.45 Hypothetical protein
3287 -3.55 Putative RNA polymerase sigma factor
3290 -3.28 Hypothetical protein
3304 -6.34 Hypothetical protein
3305 -2.25 Hypothetical protein
3315 -5.55 Outer membrane protein G1b
3317 -2.57 Sulfate and thiosulfate import ATP-binding CysA
3318 -7.44 Sulfate transport system permease protein CysW
3319 -19.79 Sulfate transport system permease protein CysT
3321 -68.42 Hypothetical protein
3322 -100.38 Sulfate and thiosulfate binding protein CysP
3340 -3.30 Hypothetical protein
3347 -2.29 Excinuclease ABC subunit B
3348 -4.55 Hypothetical protein
3359 -2.56 Hypothetical protein
3360 -5.76 Hypothetical protein
3361 -3.80 UDP-N-acetylglucosamine epimerase
3363 -3.54 Hypothetical protein
3364 -2.93 Mannosy! transferase in oligosaccharide synthesis
3365 -3.81 Hypothetical protein
3366 -2.69 Hypothetical protein
3374 -5.19 Isocitrate dehydrogenase [NADP]
3384 -2.52 Adenylate cyclase
3385 -3.53 Putative TM protein
3446 -2.36 Aldehyde dehydrogenase
3449 -2.82 Ethanolamine utilisation protein eutQ
3454 -7.52 Hypothetical protein
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3459 -3.24 Transcriptional regulator TetR family

3463 -9.37 Hypothetical protein

3492 -2.36 Aminoglycoside 3' phosphotransferase

3495 -2.00 Xanthine dehydrogenase iron-sulfur cluster
3497 -3.31 Hypothetical protein

3503 -2.84 Oxidoreductase

3508 -2.07 Transcription-repair coupling factor

3527 -2.25 Hypothetical protein

3541 -9.79 CbbY family protein

3542 -6.45 Hypothetical protein

3550 -6.47 Putative sulfate permease

3557 -2.44 Predicted membrane fusion protein (MFP) YbhG
3558 -2.37 ABC transporter multidrug efflux ATP-binding
3568 -13.26 Hypothetical protein

3575 -4.28 Hypothetical protein

3581 -65.10 Hypothetical protein

3589 -2.03 Phytochrome-like protein Cph2
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Appendix D: Gene expression of the AstkR mutant compared to the WT in M9

media

Peg Number Fold Change Gene Name

Up regulated

4 2.17 Hypothetical protein
5 2.85 Hypothetical protein
10 2.04 Putative bacteriophage protein
11 2.01 Hypothetical protein
13 4.46 Fimbrial protein precursor
22 3.36 RND efflux system lipoprotein NodT
23 6.95 RND multidrug efflux transporter Acriflavin resistance
24 8.85 RND efflux system membrane fusion protein CmeA
32 2.60 Hypothetical protein
48 341 Indoleacetamide hydrolase
49 2.63 transcriptional activator
50 2.06 Hypothetical protein
51 2.20 Hypothetical protein
54 3.40 Hypothetical protein
56 2.29 Hypothetical protein
57 10.34 Hypothetical protein
58 3.61 Hypothetical protein
59 3.20 Hypothetical protein
69 2.44 tRNA methyltransferase
75 2.04 LSU ribosomal protein L21p
80 2.05 RND efflux system inner membrane transporter CmeB
97 3.16 DcaP
98 2.57 Hypothetical protein
100 5.10 1 acyl sn glycerol 3 phosphate acyltransferase
101 2.03 UPF0028 protein YchK
112 2.87 Undecaprenyl diphosphatase
113 2.82 Phenylacetic acid degradation operon regulatory paaX
123 2.57 Septum formation protein Maf
124 211 Rod shape determining protein MreD
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128 2.07 Aspartyl tRNA(Asn) amidotransferase subunit A
129 2.16 Aspartyl tRNA(Asn) amidotransferase subunit B
130 2.59 Hypothetical protein

135 2.89 SbmA protein

138 6.58 Sodium/alanine symporter family protein

139 4.42 Hypothetical protein

140 3.31 Hypothetical protein

143 2.58 Putative efflux (PET) family inner membrane YccS
145 13.14 Iron regulated, Iron up-take factor PiuB

151 2.58 N succinyl L L diaminopimelate desuccinylase

158 2.81 Hypothetical protein

161 2.22 Prolyl tRNA synthetase bacterial type

163 3.45 Alkylphosphonate utilisation operon protein PhnA
164 2.17 Probable uroporphyrin 111 ¢ methyltransferase

167 2.39 Thiol:disulfide interchange protein DsbC

180 241 Ribosomal RNA small subunit methyltransferase C
181 2.72 Lysine specific permease

182 2.93 Protein RtcB

183 3.05 Hypothetical protein

185 2.86 Putative type 4 fimbrial biogenesis protein FimT
191 2.44 Glucose dehydrogenase PQQ dependent

203 2.92 ABC transporter membrane spanning protein

208 2.80 Protein tyrosine/serine phosphatase

209 2.07 TolA protein

210 2.31 Dihydrofolate synthase / Folylpolyglutamate synthase
211 2.12 Acetyl coenzyme A carboxyl transferase beta chain
216 2.23 Hypothetical protein

237 24.64 Zinc regulated outer membrane receptor

239 211 Conserved membrane spanning protein

240 3.44 Aspartyl tRNA synthetase Aspartyl tRNA(AsN)
241 3.56 Exopolysaccharide phosphotransferase SCO6023
242 2.25 Hypothetical protein

243 3.28 Hypothetical protein
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246
247
251
254
255
256
257
258
259
260
261
262
263
270
271
273
274
281
294
297
313
324
328
329
330
331
348
349
350
354
357
362
366

2.01
2.57
2.70
2.13
2.34
4.49
2.41
2.38
3.30
2.22
3.05
3.73
2.82
2.04
2.28
3.51
2.93
2.39
2.51
3.80
2.53
3.87
4.50
3.70
5.81
2.38
2.98
4.14
6.13
2.22
3.79
2.63
22.35

Poly(glycerol phosphate) alpha glucosyltransferase
Beta 1 4 glucosyltransferase

Branched chain amino acid aminotransferase
Hypothetical protein

Hypothetical protein

Hypothetical protein

S adenosylmethionine:tRNA ribosyltransferase
Hypothetical protein

Uncharacterised conserved membrane protein LemA
tRNA guanine transglycosylase

Preprotein translocase subunit YajC

Protein export membrane protein SecD

Protein export membrane protein SecF

Hypothetical protein putative signal peptide

tRNA methyltransferase

Hypothetical protein YajQ

Hypothetical protein

CAMP receptor protein

Uncharacterised glutathione S transferase like protein
Glutathione S transferase

Aromatic hydrocarbon utilisation regulator CatR
Fragment of transposase

Hypothetical protein

Cold shock protein CspG

Hypothetical protein

Pyrroline 5 carboxylate reductase

Hypothetical protein

Putative ATP binding component of a transport system
HIyD family secretion protein

Putative O methyltransferase protein

Hypothetical protein

Putative DMT superfamily metabolite efflux precursor

4 hydroxybenzoate transporter
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367
374
377
378
387
409
410
411
412
413
414
421
422
423
427
428
430
431
434
435
436
437
438
439
440
441
442
444
453
454
464
481
482

9.85
2.59
2.56
6.60
6.08
2.64
3.06
2.85
2.55
2.23
2.36
2.10
2.49
2.05
2.29
2.39
3.31
2.69
2.30
2.66
3.61
3.22
3.52
3.99
3.92
2.59
2.32
2.93
2.57
2.84
2.59
2.64
2.89

Hypothetical protein

Beta lactamase

Hypothetical protein

Hypothetical protein putative exported protein
Hypothetical protein

Uncharacterised protein ImpF

Protein ImpG/VasA

Uncharacterised protein ImpH/VasB

Hypothetical protein

IcmF related protein

Hypothetical protein

Conserved hypothetical protein

Probable TM protein

Transcriptional regulator LysR family

Putative cytoplasmic protein

Histone acetyltransferase and related acetyltransferases
Hypothetical protein

Transcriptional regulator AraC family

Putative ATP/GTP binding protein

Transcriptional regulator GntR family
Hypothetical protein

Transcriptional regulator TetR family

Sigma fimbriae uncharacterised paralogous subunit
CsuA

Sigma fimbriae uncharacterised paralogous subunit
Sigma fimbriae chaperone protein

Sigma fimbriae usher protein

Hypothetical protein

Ortholog of Bordetella pertussis (BX470248) BP2750
Asp racemase

Methionine ABC transporter ATP binding protein
LSU ribosomal protein L9p

SSU ribosomal protein S18p zinc independent
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483 2.66 SSU ribosomal protein S6p

484 2.10 Heme O synthase protoheme IX farnesyltransferase
489 2.09 Hypothetical protein

492 244 Biofilm PGA outer membrane secretin PgaA

495 2.09 Biofilm PGA synthesis auxiliary protein PgaD

499 2.06 Hypothetical protein

507 2.52 3 hydroxyacyl CoA dehydrogenase

508 2.86 Butyryl CoA dehydrogenase

514 3.25 Hydroxymethyldihydropteridine pyrophosphokinase
521 2.20 Putative signal peptide

528 2.58 Hypothetical protein

530 2.73 Putative permease (MFS superfamily)

531 6.80 Hypothetical protein

532 55.32 Hypothetical protein

546 3.55 Hypothetical protein

547 2.33 UDP 2 3 diacylglucosamine hydrolase

548 2.55 Peptidyl prolyl cis trans isomerase PpiB

551 2.95 Glutamine amidotransferase class |

560 3.20 5 carboxymethyl 2 hydroxymuconate delta isomerase
561 3.06 Putative transcriptional regulator (AraC family)

571 10.25 Hypothetical protein

573 7.04 Outer membrane receptor proteins mostly Fe transport
580 11.74 Putative OMR family iron siderophore receptor

585 2.33 ABC type transport system ATPase component
587 2.46 Hypothetical protein

588 2.74 Hypothetical protein

592 2.00 Benzoate transport protein

593 3.00 Leucine responsive regulatory protein transport system
596 3.00 Transcriptional regulator LysR family

597 2.60 Hypothetical protein

603 4.31 Methyl viologen resistance protein smvA

609 4.89 3 carboxymuconate cyclase

610 3.10 Low molecular weight protein tyrosine phosphatase
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611
614
617
628
629
638
647
651
661
662
663
664
665
666
669
672
689
693
702
703
708
711
715
718
719
720
726
727
728
730
732
741
742

2.80
2.12
2.02
5.36
17.36
2.65
2.59
2.15
2.77
2.49
2.75
2.35
3.67
2.96
2.27
4.21
2.72
2.63
2.25
2.76
2.53
2.24
2.35
2.07
3.10
2.71
2.18
2.23
2.22
2.13
2.68
2.73
85.64

UDP N acetylenolpyruvoylglucosamine reductase
Ferredoxin dependent glutamate synthase
Putative transcriptional regulator (TetR family)
Tyrosyl tRNA synthetase mitochondrial

Tyrosyl tRNA synthetase mitochondrial
Deoxyuridine 5' triphosphate nucleotidohydrolase
FUR regulation protein

Exonuclease ShcC

Inner membrane component MDR

Gamma glutamyltranspeptidase

Putative ABC oligo/dipeptide transport ATP binding
DNA methyltransferase

Conserved hypothetical protein

Hypothetical protein

Transporter MFS superfamily

Hypothetical protein

YaeQ protein

Biofilm PGA synthesis auxiliary protein PgaD
Ferredoxin reductase

Probable glucarate transporter

Aldehyde dehydrogenase

L Proline/Glycine betaine transporter ProP
Transcriptional regulator AraC family
Hypothetical protein

Glycine cleavage system transcriptional activator
3 oxoacyl [acyl carrier protein] reductase
Phosphate transporter

D serine dehydratase

Redox sensitive transcriptional activator SoxR

1 pyrroline 4 hydroxy 2 carboxylate deaminase
Predicted regulator PutR for proline utilisation GntR
L serine dehydratase

Phenylacetic acid degradation protein PaaN
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743
744
745
746
747
748
749
750
751
754
756
757
758
767
778
780
781
782
793
807
809
810
811
812
813
814
815
816
817
819
820
821
840

46.39
35.00
42.48
45.47
43.27
22.05
27.48
26.38
7.50
2.36
242
2.39
2.72
3.85
2.30
2.18
2.63
2.86
2.16
3.47
3.83
10.43
7.60
7.99
5.37
5.66
2.01
3.33
2.96
2.01
2.32
3.18
2.27

Phenylacetate CoA oxygenase PaaG subunit
Phenylacetate CoA oxygenase PaaH subunit
Phenylacetate CoA oxygenase Paal subunit
Phenylacetate CoA oxygenase Paal subunit
Phenylacetate CoA oxygenase/reductase PaaK subunit
Phenylacetate degradation enoyl CoA hydratase PaaA
Phenylacetate degradation enoyl CoA hydratase PaaB
3 hydroxyacyl CoA dehydrogenase PaaC
Phenylacetic acid degradation protein PaaE
Phenylacetic acid degradation protein PaaY
Hypothetical protein

SEC C motif domain protein

Retron type reverse transcriptase

3 oxoadipate lactone hydrolase carboxymuconolactone
Pca regulon regulatory protein PcaR

Probable transcriptional regulator

Ferric iron ABC transporter iron binding protein
Ferric iron ABC transporter ATP binding protein
MFS permease protein

TesB like acyl CoA thioesterase 5

Transcriptional regulator

Hydroxymethylglutaryl CoA lyase

Methylcrotonyl CoA carboxylase biotin containing
Methylglutaconyl CoA hydratase

Methylcrotonyl CoA carboxylase carboxyl transferase
Isovaleryl CoA dehydrogenase

Transcriptional regulator LiuX, AcrR family
Acetoacetyl CoA synthetase / Long chain fatty acid
SAM dependent methyltransferases

Lipolytic enzyme

Transcriptional regulator LysR family

Hypothetical protein

Hypothetical protein
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858
859
863
864
865
868
871
892
896
897
898
904
908
909
910
914
915
918
919
924
933
934
935
936
937
940
941
942
943
944
948
951
953

41.71
16.23
2.93
2.79
4.93
2.36
2.19
2.54
2.36
2.25
2.16
2.10
7.73
2.19
2.46
5.84
2.29
5.76
3.58
5.95
2.23
2.03
3.48
3.88
2.63
2.78
2.88
2.46
2.03
2.61
5.25
2.57
5.27

Holin like protein CidA

CidA associated membrane protein CidB

MES permease

Hypothetical protein

Malonate decarboxylase alpha subunit
Malonate decarboxylase beta subunit

Malonyl CoA acyl carrier protein transacylase
Transcriptional regulator

Arsenate reductase

Arsenical resistance operon repressor

Arsenical resistance protein ACR3
Hypothetical protein

L asparaginase

Proton/glutamate symport protein

Asp aminotransferase

Arginine exporter protein ArgO

N succinyl L L diaminopimelate aminotransferase
Putative

Putative membrane protein

Membrane protein

Glutathione S transferase

Glutamate Asp periplasmic binding protein Gltl
Glutamate Asp transport system permease GltJ
Glutamate Asp transport system permease GItK
Glutamate Asp transport ATP binding GItL
Hypothetical protein

Acyltransferase family protein

Putative transcriptional regulator (TetR family)
Hypothetical protein

Phage integrase
Cytosine/purine/uracil/thiamine/allantoin permease
Transcriptional regulator LysR family

Fimbrial adhesin precursor
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954
955
956
959
978
979
980
982
983
985
986
989
990
991
993
994
995
998
1006
1007
1010
1016
1017
1018
1019
1023
1025
1026
1030
1033
1041
1042
1043

2.88
2.07
3.63
2.87
2.20
2.85
40.54
3.27
11.83
3.89
2.00
2.88
241
3.01
2.13
2.87
2.51
3.98
2.19
2.29
2.01
2.32
2.98
2.51
2.45
2.54
2.13
3.47
3.21
3.24
2.25
2.40
2.06

Type 1 fimbriae anchoring protein FimD

P pilus assembly protein chaperone PapD
Fimbrial protein precursor

Biotin synthase

tRNA (uracil(54) C5) methyltransferase
Hypothetical protein

Transcript repressor of PutA and PutP / Proline
PutR transcriptional activator of PutA and PutP
Proline/sodium symporter PutP

Glycine cleavage system H protein
Transcriptional regulator AraC family
Nucleoprotein/polynucleotide associated enzyme
Conserved hypothetical protein putative membrane
Sodium/dicarboxylate symporter

Putative transcriptional regulator (TetR family)
Putative cytoplasmic protein

Maf/Y ceF/YhdE family protein

Hypothetical protein

Chromosome (plasmid) partitioning protein ParB
MotA/TolQ/ExbB proton channel family protein
Tetraacyldisaccharide 4' kinase

General secretion pathway protein G

General secretion pathway protein |

General secretion pathway protein J

General secretion pathway protein K

tRNA specific adenosine 34 deaminase
Cytidylate kinase

SSU ribosomal protein S1p

Hypothetical protein

ATPase AFGL1 family

Dipeptide binding ABC transporter periplasmic
Dipeptide binding ABC transporter periplasmic
Thimet oligopeptidase
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1044
1045
1048
1052
1053
1054
1055
1060
1062
1066
1067
1096
1106
1107
1112
1115
1124
1125
1133
1134
1139
1152
1153
1156
1160
1162
1171
1172
1186
1187
1195
1196
1205

2.82
241
3.04
2.78
291
3.90
3.58
244
2.12
2.46
2.48
2.01
3.15
2.07
3.21
241
2.10
3.44
2.04
2.15
2.68
2.64
2.61
22.56
2.07
2.35
2.00
2.82
441
2.35
3.88
3.46
2.95

Dipeptide transport system permease protein DppB
Oligopeptide transport system permease protein OppC
Hypothetical protein

LSU ribosomal protein L11p

LSU ribosomal protein L1p

LSU ribosomal protein L10p

LSU ribosomal protein L7/L12

Hypothetical protein

Putative Na+/H+ antiporter

Succinyl CoA ligase [ADP forming] alpha chain
Succinyl CoA ligase [ADP forming] beta chain
Exonuclease putative

Carbonic anhydrase

3 oxoacyl [acyl carrier protein] reductase
Conserved hypothetical protein putative signal peptide
Nickel cobalt cadmium resistance protein
Hypothetical protein

Arginine permease RocE

UDP acetylmuramoylalanyl glutamyl ligase
Phospho N acetylmuramoyl pentapeptide transferase
Type IV pilus biogenesis protein PilN

Type 1V pilin PilA

Hypothetical protein

Bacterioferritin associated ferredoxin

Guanylate kinase

Type 1V fimbrial biogenesis protein FimT

tRNA (Guanine37 N1) methyltransferase

LSU ribosomal protein L19p

Multidrug translocase MdfA

Putative efflux (PET) family inner membrane YccS
Hypothetical protein

Arginine permease RocE

Xaa Pro aminopeptidase
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1206
1211
1212
1217
1233
1234
1238
1242
1243
1244
1245
1246
1247
1248
1272
1273
1281
1283
1288
1289
1294
1295
1300
1302
1313
1316
1336
1337
1338
1339
1341
1365
1379

3.81
2.13
5.57
2.25
2.99
2.72
2.96
3.34
3.88
6.00
5.64
4.60
2.72
2.06
129.98
2.08
19.18
2.04
2.90
2.40
3.03
2.56
2.02
2.38
2.25
247
3.69
3.11
50.17
4.00
2.78
242
2.26

Di /tripeptide transporter

Hypothetical protein

Hypothetical protein

NADP dependent malic enzyme

Translation elongation factor Ts

Hypothetical protein

Hypothetical protein

Hypothetical protein

NADPH dependent 7 cyano 7 deazaguanine reductase
ABC type multidrug transport system permease
ABC type multidrug transport system ATPase
Hypothetical protein

Exodeoxyribonuclease X

Lysophospholipase

Hypothetical protein

Mutator mutT protein pyrophosphorylase like protein
IroE protein

Cyclohexadienyl dehydrogenase synthase
UPF0246 protein YaaA

Hypothetical protein

Hypothetical protein

Cold shock protein CspA

Phosphohistidine phosphatase SixA
Hypothetical protein

Hypothetical protein

Serine/threonine protein kinase

Rhomboid family protein

NfuA Fe S protein maturation

TonB dependent receptor ferrienterochelin and colicins
Hypothetical protein

Carbonic anhydrase

Isocitrate lyase

Putative signal peptide
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1382
1386
1398
1401
1404
1405
1406
1407
1417
1418
1430
1435
1438
1440
1463
1464
1465
1482
1484
1485
1487
1488
1489
1490
1491
1492
1493
1497
1511
1527
1533
1534
1540

2.68
2.46
211
2.04
2.74
2.23
3.68
2.51
211
3.51
2.13
2.18
2.25
2.88
2.88
3.00
2.67
3.34
2.07
2.37
5.18
5.59
12.20
13.09
2.24
7.63
5.22
2.34
2.90
3.13
2.43
2.74
244

Hypothetical protein

Putative signal peptide

DedA protein

DNA recombination and repair protein RecF

LSU ribosomal protein L34p

Ribonuclease P protein component

Protein YidD

Inner membrane protein translocase component YidC
Similarity to glutathionylspermidine synthase group 1
Hypothetical protein

Hypothetical protein

Hypothetical protein

Peptidyl prolyl cis trans isomerase PpiA precursor
Transcription regulatory protein opdE

Beta lactamase like protein

Oxidoreductase (flavoprotein)

Cell division protein DivIC (FtsB) stabilises FtsL/RasF
Asp ammonia lyase

Hypothetical protein

Putative transcriptional regulator (LysR family)
Acetyl CoA acyltransferase

Short chain fatty acids transporter

Acetyl CoA:acetoacetyl CoA transferase beta subunit
Acetyl CoA:acetoacetyl CoA transferase alpha subuni
LysR family transcriptional regulator

D beta hydroxybutyrate permease

D beta hydroxybutyrate dehydrogenase

Putative acetyltransferase

CBS domain protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Permease of the drug/metabolite transporter (DMT)
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1541 3.32 LysR family transcriptional regulator STM3121
1544 2.05 Gamma tocopherol C methyltransferase

1565 2.77 Hypothetical protein

1567 3.22 Outer membrane protein

1586 2.14 NADH:flavin oxidoreductases Old Yellow Enzyme
1591 2.18 Single stranded DNA specific exonuclease RecJ
1597 6.16 Ferrichrome iron receptor

1598 2.11 Probable TM protein

1602 2.17 Peptidase M23/M37 family

1612 3.84 Hypothetical protein

1613 20.38 Ferrichrome iron receptor

1616 2.72 Arsenate reductase

1633 2.07 Hypothetical protein

1636 2.09 Hypothetical protein

1637 4.87 Hypothetical protein

1638 3.33 Hypothetical protein

1646 2.04 Multi antimicrobial extrusion protein Na(+)/drug
1653 2.05 Hypothetical protein

1665 2.20 Transcription termination protein NusB

1669 2.08 N acetylglucosamine 1 phosphate uridyltransferase
1670 2.59 Glucosamine fructose 6 phosphate aminotransferase
1673 2.81 Formiminoglutamase

1674 5.40 Imidazolonepropionase

1675 4.24 His transport protein (permease)

1676 3.95 His ammonia lyase

1677 5.14 Urocanate hydratase

1678 2.46 Conserved hypothetical protein

1680 3.07 O antigen acetylase

1681 29.47 Putative metal chaperone Zn homeostasis GTPase of
1682 18.26 Hypothetical protein

1683 86.14 Aromatic amino acid transport protein AroP

1684 101.58 Fumarylacetoacetase

1685 226.44 Maleylacetoacetate isomerase transferase
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1686
1687
1688
1689
1694
1703
1711
1721
1730
1733
1734
1735
1750
1753
1754
1757
1758
1759
1762
1773
1775
1780
1781
1782
1783
1784
1785
1786
1787
1788
1799
1802
1803

124.92
2.81
111.18
2.04
2.03
2.02
2.12
2.15
2.29
2.62
2.54
2.20
2.39
4.64
5.81
2.55
244
3.50
2.54
2.17
3.81
2.76
291
2.81
3.72
2.43
2.78
212
2.13
2.01
2.54
4.66
2.15

Glyoxalase family protein

Transcriptional regulator IcIR family

4 hydroxyphenylpyruvate dioxygenase

Purine nucleoside phosphorylase

Putative lipoprotein 34 precursor (NIpB)

HIT family hydrolase

Hypothetical protein

RND efflux membrane fusion protein

Ribosomal RNA small subunit methyltransferase B
Hypothetical protein

Hypothetical protein

Glutathione S transferase unnamed subgroup
Hypothetical protein

Branched chain amino acid transport system carrier
Hypothetical protein

Phosphoenolpyruvate protein phosphotransferase
1 phosphofructokinase

PTS system fructose component |I1B & 1IC
Hypothetical protein

Acetyltransferase GNAT family

Hypothetical protein

Regulatory protein RecX

TPR repeat putative periplasmic protein

Acyl carrier protein UDP acetylglucosamine
Hydroxymyristoyl acyl carrier protein dehydratase
UDP glucosamine N acyltransferase

Outer membrane protein H precursor

Outer membrane protein assembly factor YaeT
Intramembrane protease RasP/YIuC, FtsL cleavage
1 deoxy D xylulose 5 phosphate reductoisomerase
Hypothetical protein

D amino acid dehydrogenase small subunit

Hypothetical protein

215



Appendix D

Peg Number Fold Change Gene Name

1804 4.05 Hypothetical protein

1806 7.59 Fumarate hydratase class Il

1810 2.34 Hypothetical protein

1811 2.12 tRNA 2 thiouridine synthesising protein E

1815 2.74 Molybdopterin biosynthesis protein MoeA

1817 2.16 Molybdenum cofactor biosynthesis protein MoaE
1827 3.38 Error prone lesion bypass DNA polymerase V
1828 5.96 3 dehydroquinate dehydratase |1

1829 5.16 Biotin carboxyl carrier, of acetyl CoA carboxylase
1830 5.45 Biotin carboxylase of acetyl CoA carboxylase
1832 2.26 Nucleoside:H+ symporter MFS

1834 2.26 4 hydroxybenzoate transporter

1846 5.39 Molybdenum transport system permease protein ModB
1847 291 Molybdenum transport ATP binding protein ModC
1848 279.37 Dehydrogenase siderophore

1849 244.74 Isochorismatase of siderophore biosynthesis

1850 35.76 Hypothetical protein

1854 2.72 Coenzyme PQQ synthesis protein B

1855 2.01 Coenzyme PQQ synthesis protein C

1856 2.03 Coenzyme PQQ synthesis protein D

1857 2.20 Coenzyme PQQ synthesis protein E

1858 2.84 Microsomal dipeptidase

1871 3.10 P pilus assembly protein chaperone PapD

1880 7.65 Ferrichrome iron receptor

1884 2.01 RNA polymerase sigma 54 factor RpoN

1891 2.21 Para aminobenzoate synthase aminase component
1894 2.34 Hypothetical protein

1895 2.39 Long chain fatty acid transport protein

1896 2.19 FilE

1897 2.86 FilF

1900 2.13 Carbonic anhydrase family 3

1907 2.98 Putative hydrolase

1914 2.13 Glutamate N acetyltransferase / N acetylglutamate
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1938
1942
1943
1945
1946
1947
1950
1952
1954
1955
1957
1958
1963
1964
2009
2010
2012
2020
2021
2022
2023
2029
2031
2032
2033
2034
2043
2056
2057
2061
2062
2063
2066

2.70
4.74
2.20
2.22
2.00
3.22
2.09
2.61
3.27
2.88
2.01
2.18
2.38
2.21
2.50
2.25
2.61
3.05
3.81
2.96
3.72
242
3.65
5.34
2.13
2.68
2.25
2.53
2.26
2.57
2.33
2.84
2.33

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Phosphoadenylyl sulfate reductase thioredoxin
Hypothetical protein

Chromate transport protein ChrA
Ribonucleotide reductase of class la (aerobic) beta
Hypothetical protein

Putative Heme regulated two component system
Biotin protein ligase / Biotin operon repressor
Protein of unknown function DUF81
Chromosome partition protein smc
Adenosylmethionine aminotransferase

8 amino 7 oxononanoate synthase

Biotin synthesis protein BioC

Dethiobiotin synthetase

COG1399 protein clustered with ribosomal protein
Malonyl CoA acyl carrier protein transacylase

3 oxoacyl [acyl carrier protein] reductase

Acyl carrier protein

Hypothetical protein

Ribose phosphate pyrophosphokinase
Hypothetical protein

Positive regulator of Tartrate dehydrogenase enzyme
Benzoate 1 2 dioxygenase

Succinate semialdehyde dehydrogenase
Ferredoxin

Hypothetical protein
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2067 2.69 Pirin like

2068 2.34 Protoporphyrinogen IX oxidase novel form HemJ
2069 2.49 3 oxoacyl [acyl carrier protein] synthase KASI
2073 2.10 Translation elongation factor G

2077 2.36 Hypothetical protein

2083 2.52 Hypothetical protein

2085 2.18 Hypothetical protein

2088 2.17 Hypothetical protein

2089 5.52 Hypothetical protein

2092 2.22 Hypothetical protein

2093 2.07 Uncharacterised protein YfiR precursor
2103 2.38 Hypothetical protein

2114 2.47 Hypothetical protein

2115 2.79 Hypothetical protein

2116 242 Hypothetical protein

2134 2.32 Hypothetical protein

2135 3.89 Hypothetical protein

2140 2.58 LSU ribosomal protein L13p (L13Ae)
2144 2.02 Hypothetical protein

2159 2.64 Hypothetical protein

2161 2.70 Universal stress protein

2162 3.48 Sulfate permease

2164 2.02 TET efflux protein TetA

2168 3.18 Aminoglycoside 3' phosphotransferase StrB
2169 2.64 Aminoglycoside 3' phosphotransferase
2170 2.17 Hypothetical protein

2179 4.65 Hypothetical protein

2180 2.33 Hypothetical protein

2181 2.23 DNA polymerase 111 chi subunit

2187 2.01 Helix turn helix Fis type

2191 2.31 Threonine synthase

2193 2.32 Thiol:disulfide interchange protein DsbC
2194 3.11 Tyrosine recombinase XerD
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2195
2196
2197
2204
2210
2211
2217
2218
2229
2232
2234
2235
2236
2240
2247
2259
2262
2263
2264
2267
2269
2276
2284
2304
2306
2314
2315
2316
2337
2341
2342
2362
2366

10.59
5.50
2.79
3.80
2.70
2.48
2.62
3.01
2.24
2.77
2.30
2.13
7.01
2.01
3.17
2.21
2.58
2.48
2.53
2.68
2.26
5.53
3.87
2.68
2.03
2.01
3.02
4.50
2.50
2.22
2.22
2.50
5.69

Ferrous iron transport protein

Ferrous iron transport protein B

Hypothetical protein

Thiamin biosynthesis protein ThiC

Probable Fe(2+) trafficking protein YggX
Argininosuccinate lyase

Hypothetical protein

Putative 4 hydroxybenzoyl CoA thioesterase
Membrane fusion of tripartite MDR
Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Ribose phosphate pyrophosphokinase
Dimethylmenaquinone methyltransferase family
Nitrate/nitrite transporter

Hypothetical protein

Hemolysin

Channel forming transporter activator of TpsB
N acetyl L L diaminopimelate deacetylase
Putative Glutathione potassium efflux system KefB
Predicted transcriptional regulator Rrf2 family
Lipase

Dihydropteroate synthase

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Sugar transport

Hypothetical protein
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2383 2.11 Aromatic ring hydroxylating dioxygenase beta subunit
2397 2.13 Transcriptional regulator LysR family

2402 2.70 Hypothetical protein

2416 2.90 Methyl erythritol 4 phosphate cytidylyltransferase
2419 3.66 Enolase

2420 2.75 2 Keto 3 deoxy D manno octulosonate 8 phosphate
2431 2.22 Protein of unknown function UPF0060

2436 3.05 Hypothetical protein

2448 2.94 Transposase and inactivated derivatives

2449 3.25 Histone acetyltransferase HPA2 acetyltransferases
2451 2.52 Vitamin B12 ABC transporter BtuC

2452 2.49 Vitamin B12 ABC transporter component BtuF
2470 3.54 Organic hydroperoxide resistance protein

2476 2.22 Integral membrane protein YggT extracytoplasmic
2477 2.22 Pyrroline 5 carboxylate reductase

2478 2.23 tRNA(Ile) lysidine synthetase

2479 2.69 Acetyl coenzyme A carboxyl transferase alpha chain
2482 2.08 Transcription termination factor Rho

2489 2.58 Uncharacterised domain COG3236

2492 2.00 MES permease

2498 2.38 Sodium dependent phosphate transporter

2505 2.49 Late competence protein ComEA DNA receptor
2518 4.77 NAD(P) transhydrogenase subunit beta

2519 3.69 NAD(P) transhydrogenase alpha subunit

2520 3.82 NAD(P) transhydrogenase alpha subunit

2535 7.91 Hypothetical protein

2536 2.88 Putative transcriptional regulator (TetR family)
2537 4.54 Transcriptional regulator TetR family

2538 2.77 Diguanylate cyclase/PDE with PAS/PAC

2546 2.35 DNA polymerase |11 delta subunit

2550 3.17 Enoyl acyl carrier protein reductase [NADH]

2552 2.02 Oligoribonuclease

2556 2.22 Protein export cytoplasm chaperone protein SecB
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2557
2558
2559
2565
2566
2568
2571
2572
2573
2574
2575
2576
2591
2595
2596
2597
2598
2599
2603
2607
2608
2627
2629
2630
2631
2632
2635
2636
2640
2644
2654
2663
2664

2.98
4.09
2.60
2.22
2.46
2.02
2.24
2.61
2.54
2.46
3.68
2.36
2.49
3.39
4.17
4.96
2.24
2.48
2.45
2.26
3.46
244
6.07
12.23
13.43
3.05
3.12
2.90
2.33
2.75
4.92
231
2.84

4' phosphopantetheinyl transferase

Excinuclease ATPase subunit

3 oxoacyl [ACP] synthase

Membrane protein exporter

Putative TM protein

Putative His ammonia lyase protein

Conserved hypothetical protein

FI1G017861: Hypothetical protein

Acyl carrier protein (ACP2)

Acyl carrier protein (ACP1)

Glycerol phosphate acyltransferase

3 oxoacyl [ACP] synthase

O Methyltransferase in polyketide biosynthesis
Glyceraldehyde 3 phosphate dehydrogenase putative
Gluconokinase

Gluconate transporter family protein
Deoxyphosphogluconate aldolase
Phosphogluconate dehydratase

Conserved hypothetical protein putative signal peptide
Cell division trigger factor

Ferrichrome iron receptor

Putative membrane protein

Biopolymer transport protein ExbD/TolR
MotA/TolQ/ExbB proton channel family protein
Ferric siderophore transport system periplasmic TonB
Formyltetrahydrofolate deformylase

LSU ribosomal protein L28p

LSU ribosomal protein L33p zinc independent
Hypothetical protein

Hypothetical protein

Glutamate Asp carrier protein

Hypothetical protein

Hypothetical protein
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2669
2670
2671
2678
2680
2685
2695
2696
2713
2722
2746
2753
2755
2760
2761
2762
2763
2772
2777
2781
2783
2787
2803
2804
2805
2806
2807
2808
2809
2810
2811
2814
2820

11.73
6.48
3.97
2.06
2.14
2.13

62.10
3.42
211
2.07
2.18
2.43
2.67
2.00
2.20
2.81
3.78
291
4.86
2.04
2.12
2.22
4.13
3.09
242
2.48
2.62
2.43
2.55
2.51
2.07
3.65
2.62

Hypothetical protein

Cys regulon transcriptional activator CysB
Hypothetical protein

LysR family transcriptional regulator STM3121
Glutathione S transferase

Ribonuclease E

LSU ribosomal protein L31p zinc independent
Type Il effector HopPmal

General secretion pathway protein G
Polyribonucleotide nucleotidyltransferase
Translation initiation factor 2

Leader peptidase methyltransferase

Permease of the drug/metabolite transporter (DMT)
UPF0301 protein YqgE

Putative Holliday junction resolvase YggF
Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hydroxychromene carboxylate isomerase/DsbA
Hypothetical protein

His permease YuiF

Glutathione peroxidase

Hypothetical protein

ATP synthase epsilon chain

ATP synthase beta chain

ATP synthase gamma chain

ATP synthase alpha chain

ATP synthase delta chain

ATP synthase B chain

ATP synthase C chain

Zinc ABC transporter periplasmic binding ZnuA
Hypothetical protein
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2827 2.20 Hypothetical protein

2828 2.64 Transcriptional regulator PadR family

2833 2.01 DedA protein

2839 2.39 Phosphopantetheinyl transferase

2843 244 Long chain fatty acid CoA ligase

2844 5.09 Acyl carrier protein

2845 32.71 Acyl CoA dehydrogenase short chain specific
2846 5.78 Long chain fatty acid CoA ligase

2847 5.18 Regulatory protein LuxR

2850 2.02 Permeases of the major facilitator superfamily
2851 2.45 3 hydroxyisobutyryl CoA hydrolase

2858 5.01 D serine/D alanine/glycine transporter

2859 491 D serine/D alanine/glycine transporter

2860 3.31 Translation initiation inhibitor

2863 2.37 Transcriptional regulator for Irp regulon (AsnC family)
2864 27.09 Hypothetical protein

2865 24.84 Ferrichrome iron receptor

2870 2.76 Major facilitator family transporter

2871 2.26 Transcriptional regulator TetR family

2872 20.08 Short chain dehydrogenase/reductase SDR

2874 2.20 MutT/nudix family protein

2875 3.11 Hypothetical protein

2877 2.10 Hypothetical protein

2882 2.52 Biosynthetic Aromatic amino acid aminotransferase
2883 12.36 D Lactate dehydrogenase

2884 12.88 L lactate dehydrogenase

2885 20.61 Lactate responsive regulator LIdR /GntR

2886 56.81 L lactate permease

2892 3.15 UTP glucose phosphate uridylyltransferase

2893 2.40 Lipid carrier UDP acetylgalactosaminyl transferase
2894 4.16 Glycosyltransferases involved in cell wall biogenesis
2895 8.71 Glycosyl transferase family 2

2896 10.45 Conserved hypothetical protein
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2897 7.02 Hypothetical protein

2898 4.76 Hypothetical protein

2899 3.43 Potential multiple membrane spanning domains
2900 2.05 N acetylneuraminate synthase

2901 2.38 GCNBS related N acetyltransferase

2902 2.26 N Acetylneuraminate cytidylyltransferase
2904 2.14 Bacillosamine/Legionaminic acid biosynthesis
2905 3.76 UDP acetylglucosamine dehydratase

2906 2.02 UDP glucose dehydrogenase

2908 2.23 Low molecular weight, tyrosine phosphatase Wzh
2909 2.83 Tyrosine protein kinase Wzc

2919 2.20 Possible linoleoyl CoA desaturase

2922 2.11 Transcriptional regulator TetR family

2941 2.05 FKBP type peptidyl prolyl isomerase SIpA
2943 2.27 Hypothetical protein

2950 2.52 Hypothetical protein

2951 3.21 Hypothetical protein

2959 3.59 Mobile element protein

2960 3.20 Mobile element protein

2967 2.58 Hypothetical protein

2973 2.96 Secretion activator protein

2974 13.02 TonB dependent receptor

2989 3.61 Transporter LysE family

2997 2.14 Hypothetical protein

3005 12.24 Ferrichrome iron receptor

3011 2.85 Peptidase M48 Ste24p

3012 2.45 Thymidylate kinase

3013 281 Methionine ABC transporter substrate binding protein
3016 2.72 Transcriptional regulator TetR family

3020 2.15 Hypothetical protein

3021 6.70 Hypothetical protein

3022 3.94 Hypothetical protein

3024 3.49 Hypothetical protein
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3028 2.19 Putrescine importer

3032 4.62 Aminobutyraldehyde dehydrogenase
3034 3.08 Succinylornithine transaminase

3035 5.53 Arginine succinyltransferase

3049 2.78 TonB protein

3059 2.74 Nitroreductase family protein

3061 3.35 Phosphoserine phosphatase

3069 2.22 Hypothetical protein

3073 4.01 LSU ribosomal protein L17p

3075 3.62 SSU ribosomal protein S4p (S9e)
3076 3.68 SSU ribosomal protein S11p (S14e)
3077 3.34 SSU ribosomal protein S13p (S18e)
3078 2.59 LSU ribosomal protein L36p

3080 2.60 LSU ribosomal protein L15p (L27Ae)
3081 3.22 LSU ribosomal protein L30p (L7€)
3082 2.93 SSU ribosomal protein S5p (S2e)
3083 3.05 LSU ribosomal protein L18p (L5e)
3084 3.19 LSU ribosomal protein L6p (L9e)
3085 2.57 SSU ribosomal protein S8p (S15Ae)
3086 2.62 SSU ribosomal protein S14p (S29e) zinc independent
3087 2.10 LSU ribosomal protein L5p (L11e)
3091 2.08 LSU ribosomal protein L29p (L35e)
3092 2.46 LSU ribosomal protein L16p (L10e)
3093 2.83 SSU ribosomal protein S3p (S3e)
3094 3.19 LSU ribosomal protein L22p (L17¢)
3095 3.03 SSU ribosomal protein S19p (S15¢)
3096 2.70 LSU ribosomal protein L2p (L8e)
3097 2.67 LSU ribosomal protein L23p (L23Ae)
3098 240 LSU ribosomal protein L4p (L1e)
3099 2.03 LSU ribosomal protein L3p (L3e)
3125 2.63 ATP dependent RNA helicase NGO0650
3130 2.03 Shikimate dehydrogenase | alpha
3131 2.69 Hypothetical protein
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Peg Number Fold Change Gene Name

3144 2.49 Transcriptional regulators LysR family

3148 2.34 Conserved hypothetical protein putative signal peptide
3150 3.23 Succinylglutamate desuccinylase

3151 5.78 Succinylarginine dihydrolase

3152 4.41 Succinylglutamic semialdehyde dehydrogenase
3153 4.44 Arginine succinyltransferase

3154 3.22 Succinylornithine transaminase

3155 10.30 NAD specific glutamate dehydrogenase

3165 2.13 Transcriptional regulator TetR family

3173 2.35 Putative cytochrome

3174 3.24 Putative lipoprotein

3175 2.73 Ribonuclease HII

3190 4.13 poly (glycerol phosphate) alpha glucosyltransferase
3191 3.98 Mur ligase middle region

3192 2.48 Hypothetical protein

3195 2.66 CHL acetyltransferase

3196 2.12 Transcription elongation factor GreA

3200 2.14 Hypothetical protein

3205 2.75 Hypothetical protein

3206 3.60 Hypothetical protein

3209 2.29 Hypothetical protein

3211 2.09 Dicarboxylate MFS transporter

3214 2.44 Phosphoenolpyruvate carboxykinase [GTP]
3216 2.09 Putative 3' 5' cyclic nucleotide PDE

3217 3.03 Hypothetical protein

3233 2.80 Hypothetical protein

3239 3.75 Oxidoreductase short chain dehydrogenase/reductase
3249 3.25 Hypothetical protein

3250 3.10 D serine/D alanine/glycine transporter

3251 2.36 Lipoprotein

3257 2.09 Electron transfer flavoprotein alpha subunit
3263 3.24 ABC type multidrug transport system permease
3264 2.96 ABC type multidrug transport system permease
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3265 2.27 Predicted membrane protein (MFP) efflux pump YbhG
3272 2.76 Permease of the drug/metabolite transporter (DMT)
3275 2.70 DNA internalisation related protein ComEC/Rec?2
3279 2.83 Phosphoribosylglycinamide formyltransferase
3283 2.50 Rhombosortase

3284 2.67 Hypothetical protein

3297 2.23 N acetyl diaminopimelate deacetylase

3300 2.56 dNTP triphosphohydrolase broad substrate specificity
3311 2.11 Hypothetical protein

3312 2.34 Queuosine Biosynthesis QueC ATPase

3313 3.95 Queuosine Biosynthesis QueE Radical SAM

3325 2.30 Thymidylate kinase

3333 2.14 Ribonuclease 11

3336 2.01 DNA recombination and repair protein RecO
3338 2.19 tRNA (ms[2]io[6]A) hydroxylase

3342 2.64 Gfa like protein

3345 2.36 Putative GGDEF family protein

3349 2.64 RarD protein

3350 3.40 NADPH glyceraldehyde phosphate dehydrogenase
3351 2.34 Hypothetical protein

3352 3.45 Hypothetical protein

3373 2.21 tRNA pseudouridine synthase A

3375 4.29 Hypothetical protein

3377 2.43 Major facilitator family transporter

3380 2.65 Phenazine biosynthesis protein PhzF like

3381 3.45 Hypothetical protein

3391 2.93 Membrane protein putative

3392 217 Unsaturated fatty acid biosythesis repressor FabR
3395 2.78 Hypothetical protein

3396 2.05 Hypothetical protein

3400 29.84 Aldehyde dehydrogenase

3401 12.31 Transcriptional regulator AsnC family

3402 93.58 Pyruvate decarboxylase Indole 3 pyruvate
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3403
3405
3406
3409
3411
3412
3416
3418
3419
3421
3422
3427
3429
3430
3435
3440
3452
3456
3464
3465
3466
3467
3468
3470
3471
3472
3473
3474
3475
3476
3477
3478
3479

54.22
2.39
2.67
2.03
3.20
2.13
3.55
3.35
2.12
2.33
2.38
3.87
2.29
2.21
2.63
2.04
2.35
2.18
5.91
9.32

156.46
144.70
209.43
859.13
120.69
218.55
160.97
92.69
209.03
57.48
385.05
904.52
156.21

Aromatic amino acid transport protein AroP
Phosphate transport system permease protein PstC
Phosphate transport system permease protein PStA
Hypothetical protein

Adenylosuccinate lyase

Hypothetical purine metabolism
Carboxypeptidase

Hypothetical protein

Nucleotidase Surk

Transcriptional regulator LysR family

ATP dependent protease La Type Il

PAS/PAC domain

Lysyl lysine 2 3 aminomutase

Translation elongation factor P

Hypothetical protein

Methylmalonate semialdehyde dehydrogenase
Permease of the drug/metabolite transporter (DMT)
Muconate cycloisomerase

Threonine dehydratase catabolic

YheO like PAS domain

Iron chelator utilisation protein

Siderophore biosynthesis non ribosomal

Non ribosomal peptide synthetase

Iron transport protein

Iron compound ABC up-take transporter permease
Iron(111) dicitrate transport ATP binding protein FecE
Iron compound ABC up-take transporter binding
Ferrichrome iron receptor

Siderophore biosynthesis protein monooxygenase
Non ribosomal peptide synthetase modules
Dihydroxybenzoate AMP ligase

Isochorismatase

His decarboxylase
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3481
3482
3483
3484
3485
3488
3489
3490
3494
3507
3511
3512
3513
3516
3517
3518
3519
3520
3521
3529
3530
3531
3532
3533
3534
3535
3536
3537
3538
3539
3540
3546
3551

199.82
182.70
83.19
142.53
640.18
2.13
2.14
3.56
3.07
2.33
3.39
3.16
2.93
4.46
5.55
244
2.75
4.46
2.27
169.94
134.43
154.40
21.02
40.07
9.74
16.89
20.42
10.66
8.90
10.38
416.81
291
2.06

Transport ATP binding protein CydCD

ABC transporter related

Putative thioesterase

Phosphopantetheinyl transferase entD

Isochorismate synthase of siderophore biosynthesi
Hypothetical protein

Hypothetical protein

Putative outermembrane protein

Xanthine dehydrogenase molybdenum binding subunit
Hypothetical protein

Ferredoxin Fe

Chaperone protein HscA

Chaperone protein HscB

Cysteine desulfurase IscS subfamily

Iron sulfur cluster regulator IscR

Hypothetical protein putative membrane protein
Polyhydroxyalkanoate granule associated protein Phal
DNA binding protein HU beta

Peptidyl prolyl cis trans isomerase ppiD
Uncharacterized siderophore biosynthesis AcsD
Probable Lysine hydroxylase siderophore biosynthesis
Permease of the MFS siderophore biosynthesis operon
Uncharacterised siderophore biosynthesis AcsC like
Uncharacterised siderophore biosynthesis AcsA like
Atr protein

Putative siderophore biosynthesis protein

Outer membrane receptor siderophore up-take TonB
Hypothetical protein

Putative iron regulated membrane protein
Hypothetical protein

Siderophore synthetase acetyltransferase

Alpha ribazole 5' phosphate phosphatase

Hypothetical protein
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3552
3553
3554
3569
3570
3578
3579
Down regulated
62
68
92
119
121
148
187
190
206
253
285
302
318
332
333
334
335
340
341
353
371
390
400
448
449

7.12
15.93
6.46
3.86
3.40
3.32
2.03

-2.36
-5.22
-4.19
-4.45
-7.18
-3.57
-3.63
-3.04
-3.52
-2.00
-2.79
-2.02
-39.75
-2.29
-3.62
-5.20
-4.85
-21.49
-1.76
-3.06
-2.72
-6.96
-2.28
-8.77
-13.60

Iron regulated membrane protein

Hypothetical protein

Outer membrane receptor for ferric rhodotorulic acid
Hypothetical protein

TolA protein

Ribonuclease D

Hypothetical protein

Proposed lipoate regulatory protein YbeD
Transcriptional regulator HxIR family

Ammonium transporter

Phosphoadenylyl sulfate / Adenylyl sulfate reductase
Hypothetical protein

Hypothetical protein DUF454

PhnB putative DNA binding 3 demethylubiguinone
Sulfite reductase [NADPH] hemoprotein beta
Alkyl hydroperoxide reductase subunit C like protein
Putative sensory transduction HK

ClpB protein

Hypothetical protein

Ferredoxin

Hypothetical protein

Hypothetical protein

Hypothetical protein

Phage putative head morphogenesis protein
Hypothetical protein

Hypothetical protein

UspA related nucleotide binding protein
Hypothetical protein

Uncharacterised zinc dehydrogenase ybdR
Allophanate hydrolase

L Asp beta decarboxylase

Putative transport protein
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461 -5.14 Hypothetical protein

471 -8.04 Hypothetical protein

473 -6.29 Hypothetical protein

476 -2.20 Hypothetical protein

478 -2.01 Hypothetical protein

498 -2.98 Hypothetical protein

517 -2.56 Potassium transporting ATPase C chain
535 -2.77 Hypothetical protein

542 -4.17 tRNA dimethylallyltransferase

564 -30.97 Hypothetical protein

576 -3.86 Hypothetical protein

577 -4.93 Hypothetical protein

582 -10.01 Hypothetical protein

583 -3.94 Hypothetical protein

584 -6.23 Protein ycgK precursor

586 -2.13 Putative universal stress protein family
590 -2.57 Mg(2+) transport ATPase P type

621 -3.08 Hypothetical protein

627 -2.09 L lysine permease

643 -2.78 Putative hemerythrin like protein

670 -2.03 Dihydrodipicolinate synthase

686 -2.02 Hypothetical protein

822 -16.10 Hypothetical protein putative exported protein
823 -4.20 Hypothetical protein

825 -46.79 Hypothetical protein

826 -328.12  Hypothetical protein

827 -6.94 CinA like protein

828 -5.41 Hypothetical protein

829 -8.21 Catalase

830 -7.52 Oxoacyl [acyl carrier protein] reductase
831 -8.97 Hypothetical protein

832 -141.72  General stress protein

838 -2.32 Two component hybrid sensor and regulator
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842
843
844
845
846
851
852
876
877
878
879
880
881
885
886
887
888
889
928
930
931
932
945
949
969
977
1058
1059
1110
1128
1146
1147
1155

-3.93
-4.42
-3.96
-3.85
-2.17
-5.07
-4.13
-5.81
-2.67
-2.54
-3.13
-3.31
-4.13
-27.07
-76.81
-38.06
-26.92
-9.13
-2.49
-4.39
-2.75
-4.02
-11.71
-4.38
-4.09
-7.20
-2.98
-12.28
-5.68
-2.53
-3.50
-3.78
-7.13

ABC type amino acid transport system permease
GInQ protein

Putative amino acid transporter periplasmic
Lysine arginine ornithine binding periplasm precursor
Hypothetical protein

Serine acetyltransferase

Rhodanese like domain protein

Hypothetical protein

Putative Cytochrome bd2 subunit Il

Putative Cytochrome bd2 subunit |

Hypothetical protein

Hypothetical protein

Acyl CoA dehydrogenase probable

Taurine binding periplasmic protein TauA
Taurine transport ATP binding protein TauB
Taurine transport system permease protein TauC
Alpha ketoglutarate dependent taurine dioxygenase
Hydantoin racemase

Methionine ABC transporter substrate binding protein
Coenzyme dependent tetrahydromethanopterin
Acyl CoA dehydrogenase

Dehydrogenase dibenzothiophene enzyme
Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein putative signal peptide
Hypothetical protein

Hypothetical protein

Sulfate binding protein Sbp

Glutamate synthase [NADPH] large chain
Glutamate synthase [NADPH] small chain

Bacterioferritin
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1177 -2.99 Hypothetical protein

1192 -3.14 Hypothetical protein putative signal peptide
1220 -2.16 Methylenetetrahydrofolate reductase

1221 -3.88 Adenosylhomocysteinase

1237 -3.59 Putative PRS2 protein

1256 -2.73 Extracellular solute binding protein family 3
1258 -2.14 His ABC transporter permease protein HisM
1262 -7.32 Putative protease

1285 -2.14 Aminoacyl His dipeptidase (Peptidase D)

1321 -19.69 Hypothetical protein

1322 -4.32 Acyl CoA dehydrogenase/oxidase domain protein
1323 -2.81 LmbE like protein

1324 -2.73 Methyltransferase type 12

1325 -2.05 Glycosyl transferase family protein

1326 -17.44 Hypothetical protein

1332 -17.05 Hypothetical protein

1357 -3.43 Hypothetical protein

1358 -3.78 Sulfate adenylyltransferase subunit 2

1359 -2.76 Sulfate adenylyltransferase subunit kinase

1369 -3.81 Urease accessory protein UreD

1370 -2.22 Urease gamma subunit

1371 -2.17 Urease beta subunit

1372 -2.55 Urease alpha subunit

1385 -3.08 NADP specific glutamate dehydrogenase

1392 -2.90 Probable iron binding protein HesB_IscA_SufA
1396 -2.33 AdeT

1412 -3.70 Hypothetical protein

1432 -2.80 Heat shock protein GrpE

1436 -2.13 Arabidopsis thaliana genomic DNA chromosome
1450 -4.28 Hypothetical protein

1455 -5.27 Acetoin dehydrogenase E1 component alpha subunit
1456 -3.79 Acetoin dehydrogenase E1 component beta subunit
1457 -3.45 Dihydrolipoamide acetyltransferase component
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1458 -3.28 Dihydrolipoamide dehydrogenase

1459 -3.31 Butanediol dehydrogenase S alcohol forming acetoin
1460 -2.81 Butanediol dehydrogenase alcohol forming acetoin
1475 -2.06 Organosulfonate ABC transporter substrate binding
1522 -2.35 Hypothetical protein putative signal peptide

1546 -3.18 Pirin

1564 -2.08 Excinuclease ABC subunit A

1576 -3.57 Coenzyme methylene tetrahydromethanopterin
1590 -2.60 Hypothetical protein

1647 -3.23 Hypothetical protein

1652 -2.41 Hypothetical protein

1699 -6.36 PQQ dependent oxidoreductase gdhB family

1701 -19.04 Conserved hypothetical protein putative menbrane
1728 -2.07 Dihydroxy acid dehydratase

1731 -6.78 Hypothetical protein

1737 -2.20 Cytochrome d ubiquinol oxidase subunit |1

1738 -2.65 Protein ybgE

1743 -2.34 Hypothetical protein

1744 -21.98 Hypothetical protein

1764 -12.87 Putative universal stress protein

1766 -2.35 Hypothetical protein

1805 -4.80 Hypothetical protein

1808 -2.33 tRNA 5 methylaminomethyl synthase TusD

1824 -2.21 Nitrite reductase [NAD(P)H] large subunit

1833 -3.12 BenABC operon transcriptional activator BenR
1859 -9.59 Hypothetical protein

1860 -8.24 Hypothetical protein

1864 -17.87 Hypothetical protein

1865 -3.13 Catalase

1885 -5.57 Ribosome hibernation protein YhbH

1911 -2.59 Cobalt zinc cadmium resistance protein CzcD
1934 -47.73 Hypothetical protein

1935 -38.95 5 methyltetrahydropteroyltriglutamate
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1936 -8.60 Predicted flavin reductase RutF pyrimidine catabolism
1941 -4.08 Hypothetical protein

1944 -2.44 Quinate/shikimate dehydrogenase

1965 -2.09 NADH ubiquinone oxidoreductase chain A

1983 -15.30 Hypothetical protein

1992 -9.51 Hypothetical protein

2015 -12.13 Bacterioferritin

2016 -3.21 Putative transport protein (permease)

2017 -13.33 Alpha trehalose phosphate synthase [UDP forming]
2018 -19.87 Trehalose 6 phosphate phosphatase

2109 -2.58 Putative bacteriophage protein

2148 -2.08 Geranyl CoA carboxylase carboxyl transferase subunit
2150 -2.76 3 hydroxy 3isohexenylglutaryl CoA:acetate lyase
2207 -2.45 Permease of the drug/metabolite transporter (DMT)
2260 -156.76 ~ Hypothetical protein

2278 -2.88 ThiJ/Pfpl family protein

2281 -2.75 Putative integral membrane protein

2282 -2.51 2 4 dienoyl CoA reductase [NADPH]

2308 -2.87 Hypothetical protein

2327 -6.05 Hypothetical protein

2340 -2.68 Phage capsid protein

2355 -2.85 Hypothetical protein

2372 -2.13 3 oxoadipate CoA transferase subunit B

2374 -2.08 Beta ketoadipate enol lactone hydrolase

2412 -2.37 3 carboxy cis cis muconate cycloisomerase

2455 -2.62 Transcriptional regulator

2530 -4.30 Aconitate hydratase

2587 -5.76 Membrane associated phospholipid phosphatase
2588 -3.22 Glycosyltransferase

2600 -2.24 Acetate kinase

2602 -4.16 Fumarate hydratase class | aerobic

2610 -3.59 Isopropylmalate synthase

2634 -2.62 Aldehyde dehydrogenase
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2638 -6.23 Hypothetical protein

2643 -3.23 Hypothetical protein

2667 -2.06 3 isopropylmalate dehydratase small subunit
2692 -2.27 Acyl CoA dehydrogenase family protein
2693 -2.12 Acyl CoA dehydrogenase dibenzothiophene enzyme
2711 -2.23 Protein secretion chaperonin CsaA

2712 -9.60 Hypothetical protein

2717 -2.29 Chaperonin (Heat shock protein 33)

2719 -2.30 DnalJ class molecular chaperone CbpA

2720 -4.51 Hypothetical protein

2776 -3.69 Putative peptide signal

2778 -4.49 Hypothetical protein

2786 -7.00 Outer membrane protein W precursor

2832 -2.14 Inner membrane protein YqjF

2834 -2.43 Cmau

2862 -2.24 D amino acid dehydrogenase small subunit
2869 -2.13 Acid resistant locus

2876 -2.80 Hypothetical protein

2926 -2.54 Putative oxidoreductase

2930 -7.10 Alkanesulfonates binding protein

2931 -3.38 Alkanesulfonates binding protein

2932 -5.75 Alkanesulfonate monooxygenase

2934 -2.43 Alkanesulfonates ABC transporter ATP binding
2954 -3.02 Hypothetical protein

2958 -3.04 GEN acetyltransferase

2987 -9.13 Co/Zn/Cd efflux system

2988 -14.90 Cobalt zinc cadmium resistance protein CzcD
3041 -2.91 Hypothetical protein

3042 -2.60 Hypothetical protein

3063 -2.18 Oligopeptidase A

3104 -7.28 Flavohemoprotein (Nitric oxide dioxygenase)
3129 -6.11 Coproporphyrinogen Il oxidase aerobic
3134 -9.60 Putative stress responsive transcriptional regulator
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3235
3286
3287
3290
3304
3321
3347
3384
3388
3424
3426
3454
3461
3463
3527
3541
3542
3550
3568
3581

-2.32
-2.15
-3.72
-3.47
-2.12
-31.38
-2.53
-2.36
-2.09
-2.22
-2.13
-3.53
-2.46
-0.84
-2.16
-3.83
-4.40
-6.95
-3.98
-41.91

Transcriptional regulator TetR family
Hypothetical protein

Putative RNA polymerase sigma factor
Hypothetical protein

Hypothetical protein

Hypothetical protein

Excinuclease ABC subunit B
Adenylate cyclase

Isochorismatase DhbB
Lactoylglutathione lyase

50S ribosomal protein L31
Hypothetical protein

Transcriptional regulator TetR family
Hypothetical protein

Hypothetical protein

CbbY family protein

Hypothetical protein

Putative sulfate permease
Hypothetical protein

Hypothetical protein
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Appendix E: Gene expression of the AstkR mutant compared to the WT in blood

Peg Number

Fold Change Gene Name

Up regulated
571
744
840
1163
1236
1451
1478
1479
1918
2337
2344
3069
3304
3316

Down regulated
29
292
334
390
448
449
471
553
554
577
670
798
822
825
826

3.69
2.53
6.56
2.24
2.02
2.01
2.00
3.23
221
2.08
2.28
241
2.24
2.07

-2.02
-2.43
-2.04
-2.38
-3.79
-4.11
-3.70
-2.15
-2.49
-2.04
-3.02
-2.09
-3.03
-3.24
-3.81

Hypothetical protein

Phenylacetate CoA oxygenase PaaH subunit
Hypothetical protein

Type 1V fimbrial biogenesis protein PilV
AzIC family protein

Transcriptional regulator TetR family

FOG HEAT repeat

Hypothetical protein co-occurring HEAT repeat
Transcriptional regulator LysR family
Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Alkanesulfonate utilisation operon LysR-family

Alpha/beta hydrolase

Outer membrane lipoprotein omp16 precursor
Hypothetical protein

Zinc-type alcohol dehydrogenase ybdR
L-Asp-beta-decarboxylase

Putative transport protein

Hypothetical protein

Ethanolamine ammonia-lyase heavy chain
Ethanolamine permease

Hypothetical protein

Dihydrodipicolinate synthase

Enoyl-CoA hydratase amino acid degradation
Hypothetical protein putative export protein
Hypothetical protein

Hypothetical protein
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829
830
901
1085
1238
1258
1321
1322
1323
1324
1326
1371
1412
1455
1456
1457
1458
1459
1460
1471
1554
1625
1699
1701
1859
1911
1920
1983
1984
1994
2017
2109
2124

-2.55
-4.82
-2.55
-2.65
-2.50
-2.97
-3.22
-2.00
-2.42
-3.12
-3.27
-2.04
-2.01
-5.50
-4.38
-4.22
-3.60
-3.40
-2.18
-2.11
-3.09
-2.38
-2.04
-2.37
-2.53
-2.00
-2.97
-2.05
-2.22
-2.13
-2.43
-2.55
-2.08

Catalase

3-oxoacyl-[acyl-carrier protein] reductase
Chromate transport protein ChrA

Aquaporin Z

Hypothetical protein

His ABC transporter permease protein HisM
Hypothetical protein

Acyl-CoA dehydrogenase/oxidase domain protein
LmbE-like protein

Methyltransferase type 12

Hypothetical protein

Urease beta subunit

Hypothetical protein

Acetoin dehydrogenase E1 alpha-subunit

Acetoin dehydrogenase E1 component beta-subunit
Dihydrolipoamide acetyltransferase component
Dihydrolipoamide dehydrogenase
22C3-butanediol dehydrogenase S-alcohol forming
22C3-butanediol dehydrogenase R-alcohol forming
Chromate transport protein ChrA

Hypothetical protein

Decarboxylase

PQQ-dependent oxidoreductase gdhB family
Conserved hypothetical protein putative protein
Hypothetical protein

Cobalt-zinc-cadmium resistance protein CzcD
Sialic acid transporter (permease) NanT
Hypothetical protein

Small-conductance mechanosensitive channel
Hypothetical protein

Alpha alpha-trehalose-phosphate synthase UDP
Putative bacteriophage protein

Hypothetical protein
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2130
2168
2207
2306
2377
2386
2797
2800
2801
2953
2954
3143
3315

-2.04
-2.53
-2.27
-2.18
-2.14
-2.50
-2.06
-2.03
-2.03
-2.04
-2.07
-2.11
-2.37

Probable bacteriophage protein STY1048
Aminoglycoside phosphotransferase STR
Permease of the drug/metabolite transporter (DMT)
Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Resolvase

Hypothetical protein

Permease of the drug/metabolite transporter (DMT)

Outer membrane protein G1b
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RESEARCH ARTICLE Open Access

Identification of genes essential for pellicle ® e
formation in Acinetobacter baumannii

Sarah K Giles!, Uwe HL Strocher”, Bart A Bijfelkarnp' and Melissa H. Brown!

rlhllﬂl.‘t

strins were rmotile.

Background: Acinciobacter Baumaneii is an opponunistic pathogen, which bas the ability 1o persist = the cBnical
enviranment, causing acute and chronic infecicns. A possible mechanism contibuting (o servival of A Baumani
is its ability to form a biofilmdike structure an the aiguid interface, knowm as a pellicle. This study aimed 1o identify
and characterise the moleoular mechanismes rogured for pellicde formation in A baomani and o assess a broasd
range of clinical A, baurnanoi strains for their ability to form these multicellula sinectures,

Results: Random transposon mulagenesis was undertaken on a previowsly identified byper-metile variant of A
i ATCC 17978 designated 1 7978hm. In total theee genes critical for pellicke formation weere identified;
i, a phosphodiestersse reguired for degradation of cpclic adenosine menophesphate (cAMP), and A15_0112
and A15_0015 which are invedved in the production of a secondany metabolite. While motility of the
ANS_0112:Tn and ATS_001152Tn matant straims waes abalished, the gpadA=Tn mutant straan displayed a minoe
alteration in its motility patterm. Deterrmiration of CAMP levels in the gpdA-Tn strain revealed a ~24-4old inoease
irn celhular cAMF, confirming the role CpdA plays in catabolising this secondary messenger molecue. Interestingly,
transcriptional anabysis of the gpdAzTn strain showed significant downeregulation of the operon harborirg the
AN5_0112 and A15_0115 genes, revealing a link between these theee genes and pellide formation. Examination
of cur collection of 54 clinical A baurnanni strains resealed that cight formed a measurable pellice; all of these

Conclusions: This study shows that pellicle formation is a rare trait in A baurnagrit and that a limited number of
genes are essential for the expression of this phenotype. Addstionally, an association between pellicle formation
and maotility was identified. The bevel of the sgnalling molecule cAMP was found 1o be controlled, in pan, by the
A gere product, in addition 1o playing a aitical role in pellide ormation, cellule Bydrophobicty and motilit.
Furthenmore, cAMP was identified as a novel regulator of the operon A15_0112-0115.

Keywords: Cyclic AMP, Motility, Virdence, Biofilm, Hydrophobacity

Background

Acinetobacter baumannii is an opportunistic Gram-
negative human pathogen that causes severe nosocomial
infections primarily in immune-compromised patients;
disease states inclade preamaonia, meningitis and bacter-
aemia [1-5]. The bacterium can be found in intensive care
units and is frequently isolated from medical devices
[6-4]. The capacity to survive in these environments is
possibly due to the ability of this erganism to survive
desiceation and resist a broad spectrum of antibictics

* Comrspondonce: molss brovengilinder pduag
"school of Bokagacal Sconoes, Hirdors Unkordty, PO Bow 71005001
Adelaide, Sh, Mstrlia

Faill kst aof austhar inforemation is available ai the ond of the amde

() BioMed Central

and disinfectants, As a resuli, A. barmganii has entrenched
itsell in the dinical environment [10-12),

Given the occurrence of A, b ii in inb
care units and its high level of intrinsic and ad.wplnd re-
sistance, there is increased pressure to identify novel
drug targets. Therefore, understanding the molecalar
mechanisms contributing to virelence in A, bawsranmii
is essentinl. Similar to numerons other organisms, A
baumanmii has the ability to grow a mubticdlular struc.
ture known as a biofilm (reviewed by Longo ef al, 2014)
[13] of which the pellide i a specialised form, The pel-
licde is localisesd to the interface betwesn air and liquid,
and is a structure of connected cells surrounded by a
matrix of extracellular polymeric substance [14, 15]. The

ﬁ-xllhl:.l‘.-ir! al I'I'uﬁmth'mhmm aftichs dearitaned wnedor the e of the Caeative Commone Ansbuiion Lo
(hmgein Aomatl 0, which pacvies. unsearioed wie, dribaion, and ropecdudion i any medam,
Pmdlmaigﬂﬂiﬂﬁmm Tha: Crvatias Comaraes Pulsbe Donman Dodacanion woress fnjud

i T ) il 1o e it ieade sadable in it aice, unken ofhefmior Staldl
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formation of a pellicle allows a=robic bacteria to have ac-
cess ina sagnant enviromment to high levels of oxygen
and nutrients [16). The pellick: cn increase bacterial
sarvival under antibiotic pressure as well as contribute
to longer than wswoal persistence in a hostile environ-
ment, such as under drying conditions [17=19].

There are numerous molecular mechanisms potens
tally involved in pellicle formation by A bawwanmiil
One soch medhanizm & the ocwABABCDE pilus
chaperonesusher assembly system which is responsible
for the production of pili and i essential in the forma-
tion of a bioflm on solid sarfaces [L %, 20]. In a swdy
on Baciilus sultilis, 288 regulatory and potential regulas
tory genes were associated with pellicle formation |21
Recent analyses of A benmmmii bacteria in the pellide
state have revealed alterations in the expression of at
least 52 membrane proteins (32 uperegulated and 20
downe=regulated) [22, 23], These 52 proteins were found
to be invalved in; irom wptake systems, lipid and car-
bohydrate transport, cellular metabolism, starvation, in
addition to porins and pili.

As bacteria encounter a wide range of environmental
conditions, there is a requirement to respond to thess
changes, such as changing from a plankionic state to
living within a biofilm andfor pellicle; this can involve
deployment of a number of signalling molecules [24,
25]. Cydic adencsine monophosphate (cAMP) is a
uhiquitows signalling molecule used in conjunction with
a variety of regulators for modulating gene expression
in both prokaryotes and eukaryotes |36, 27]. In bacteria,
it has been found to alter multiple virulence characteris-
tics. For example, in Vibrio cholerae cAMP has been
implicated in the regulation of cholera toxin, the toxin
co=regulated pilus and other pathogenic factors [28). In
Serratia marcesers the importance of the cAMP recep-
tor protein (CRP complex) in the fcemation of bioflm
has been established [26). In this case the type |
fimbriaesdependant hiofilm is tightly regulaied and a
deletion in the phosphodiesterase gene was found to in-
crease cAMP within the bacteria cell and consequently
decrease biafilm formation. Conversely, when increased
copies of the phosphodiesterase gene are intreduoced
into the bacterial cell, the bacteria enter into what i de-
scribed as @ “hyper bioAlm™ state [26]. Simiardy in
Perndoenonas aergginos, cAMP has been identified ax a
key component in biofilm formation, where increased levels
of cAMP can inhibit adherence capabilities [29]. Further-
more, in this organism cAMP fundions as a co=factor of
the vimlence factor regulator Vin where the cAMPAE
complex regulates type [ ssoretion systems involved in
plex also regulates vindence factors such as type IV pill, the
lrs quorum sensing system and exotomin A [32, 33 Al-
though a wielke gene = present in the A basmemr
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gename, its rale in regualation of virdlence fctors and inter-
actian with cAMP has not been reported.

The proteomic aralyses by Marti ef ai. (2001) and Mait
Chabane & a&f. (2014) suggested that pellicle formation
in A Bbawwauni is not the result of a singls gene or op-
eron [22, 23|, Instead, it is likely that pellicde formation
s multiactorial, requiring surfceerposed molecular
structures and an adeguate level of transcriptional rega-
lation. The aim of this sody & to provide insight into
the genetic elements that contribute to the ability of A
baumarmil to migrate to a surface and form a pellicle as
well a5 to aszesc the prevalence of pellicle formaticn in a
number of clinkcally-relevant A. banmumii strains.

Redults and discussion

Pellicke formation is a rane trait in clinical A Faumanni
strains

In this study, we have defined the pellide as a robust ayer
of connected cells covering the sarface of a liguid. To as-
sexs the prevalence of pellicle farmation, owr collection of
phenotype. Pellicle formation was asseszed using glass and
polypropylene  tubes, as these materials are used for a
number of mplements within the hospital environment
and have different surface properties, which may influence
the initial attachment and formation of a pellicle. Prelim-
ary assessment of pellide biomass was condwcted at
growth temperatures of 25 *C and 37 %C {(data not shown),
which revealsd that pellicls growth predominantly oce
curred at 25 *C; these results coincide with Marti ar al
(2011) [35), as such. all subsequent analyses were pers
formed at 25 C. OF the 54 clinical strains tested only sighe
formed a robust pellicle, suggesting that this is ot a ubi-
quitows phenotype [Table 1L These eight strains produced
varying amounts of total pellicle hiomass when comparing
glazs and palypropylene strata (Table 1). Pellide formation
was cabegormed into three groups dependent on the
amount of pellicle material measured at O Dgog where a;
“smiall pellicle” & considered »0.19, "maderate pellicle” i
considered »0.20 and <050 ard “well-developed pellicle™
s >»0.5]. In glass tubes, strains ATCC 179978, 17978hm,
WGEL, 145027 and AYE produced a well-developed
pellicle, while, ABODST, 11986752 and X295 prodoced
a maderate to small pellicle. Analysis in palypropylens
tubes showed that only two strains, 17978hm  and
04145027, produced a strong pellicle, while four straines,
ATCC L7978, 11986752, 2320495 and WHMYEL, produced
a moderate to small pellicde. Both AYE and ABMGT
formed a pelicle in glass tubes, but failed to form a meass
urable pellicle in polypropylens tubes. Hence, the ability
to farm a pellicle was not conserved across glass and paoly-
propylene surfaces. These observed differences could be
due to a number of fctors related to the specific adher-
ence strategies of each strain, such as the producion of

242



Appendix F

Gk of ol BMC Microbiolngy (101 5) 15106 P %l 14
Table 1 Pelick: formarion in glass ard palypropyiene, cell hydrophobiciry, matibty status and kalation ske

A baumanad salate Gt PobEsopyians (D0l Hyrophoicny ) [ Iscdarion sina:
Pulick: foeming A baumanad ©aies

MICC 17PE LR A Qa4+ 08 313:025 * Morinoite
1FFahm 108 0Dl LB Tar) A0 * Morinoite
TigEETsl LUEEY 1T} Q07 L0 L il + Fut
TS LELES T ] 028+ 0106 R dali + Fut

S 10 2 02 LERET i) w2000 + Lz
o lasiay QET L0 Ler B T 100 o0 + el
HHE LR A R d emaceed £ 00T * Urirary
SRS 04T = L6 R denacTed a + ==
Surdace film Fiming A Dol vl Trans

ETTIISE mr ED a + Fut
SBSTIE ] ED a + SR
P ] BD Q + Unikrecss v
SHTTAEG ] ED FET i) + Spunsm
SHMIES ] BD 007 + Spunam

* BO = bwless diwiwciion hresl

pili and other sarface-exposed macromalecules. A number
of strains, 6772166, GRSGTIS, PW0lc, GETTEEY and
BET015S produced a weak surface film that could not be
extracted wsing our protocol, attempts to do so by other
means such as draining the planktonic growth resulted in
destruction of this weak surface flm. Structures such as
pilinelike proteins and exopolysacchandes have been
shown to be present in pellicles [23] and # is possble that
these structures are expressed at a reduced level in thess
sirains resulting in only a weak surface film. Interestingly,
all pellicle foeming strains and those that formed a weak
surface film have been shown to be motie [34]. This

finding highlights the possibiity that the molecular meche
anisms imvolved in motility and pellicle formaticn are
linked.

Hydrophobicity across the dinical A bawmanni strains is
not directly linked to pellide formation ability

In a number of bacterial species, including A, banman-
nfi, a positive association between ol surface hydropho.
bicity, hiofilm formation and adherence capabilities has
been reported [J6=38]. We evaluated our set of clinical
A bawwanrii strains for cell surface hydrophobicity and
identified major differences (Fig. 1L Using the divisions
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of the hydrophabicity index as established by Poar er al
(2001} [36], 42 of the strains displayed a hydrophilic
character, nine were found to have a strong hydrophobic
character and three showed an intermediate level of cell
surface hydrophobicity. OF the eight strains that formed
a pellicle in glass (Table 1) five (11986752, 320455,
Whi9gs, 040453027 and AYE) were found to have a
strong  hydrophobicity index of >70 %, two [(ATCOC
17978 and 17978hm) showed an intermediate hydrophos
bic character and ABOQ5T was found to be hydroophilic.
There are numerows proteins embedded within the owter
membrane of Gram-negative bacteria that have a vaniety
of functions incheding pili for adherence and paossibly
pellicle formation as well as other physical characteris-
tics. Surface proteins can alter the surface chemistry of a
cell and affect the surface hydrophobicity [39. 40). The
aforementioned resulis suggest a high bevel of correls
ation between the ability to form an extractable pellide
and an increase in cell surface hydrophabicity. The level
of hydrophobicity may have an influence on what sur-
face and how strongly bacteria interact due to a vanety
of proteins on the cell surface |41, 42). Interestingly, the
sirains identified as producing a weak swrface film all
show a hydrophilic natwre.

A15_0112 A15_0115 and cpdA are essential for pellice
formation in A boumanni 17978hm

Ta further investigate the pellicle phenotype, we used
our previossly characterised A banmuomi 17978hm
strain (harhoring an insertion in s} [43], which has the
ability to prosduce increased amounts of pellicle material
compared to the ATCC 17978 parent strain. This strain
was chasen as it allows good discrimination betwessn the
pellicle and nonspellicle phenotype allowing ready idens
tification in large scale soreening procedures. To identify
genes associated with this potential vilence fctor a
transpason bank of mndom mutants was constructed in
the 17978hm strain using the plasmid plOF miniz-
Tnlikghrkan [44). Approximately 4000 individual trans-
pason insertion mutants were examined in microtitne
trays for their ability to form a pellicle. Initial soreening
identified nine transposon insertion mutants that were
incapable of pellicle formation. Subsequent evaluation of
these strains in polypropylene and glass tubes condfirmed
the complete loss of the pellicke phenotype (data not
shiown). The exact insertion site of the ndividual trans-
pasan insertions were dentified by cloning the kanamys
cn resistance gene associted with the transposon
[mimizTndgfpdan) and subsequent sequencing. Insers
tions were found to be within three genes ALS_(249
[cpaid), 3 cAMP phosphodiesterase; A15_0012, acyl-Cos
synthetase/adenosine monophosphate (AMF) acid ligase
Il and ALS_B115, which is anmotated to be involved in
amino ackd adenyhtion. The precise insertion site of the
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transposon is given as the noclentide position relative to
the A. baummemnii ATCC 17978 genome sequence (Gens
Bank CPOO0521) (Additional Gle 1) Seven transposon
insertions were identified to be within the A15_0115
gene. A single representative of each of the three distinct
inzertions, designated transposon mutants L 2 and 5,
was taken for farther investigation (Additicnal file 1)L

Transposon mautant | was identifisd as containing an
insertion within gpdA, gpald=Tn. Bactera finely modus
late intracellular cAMP lewels throngh adenylabe oy
clases [synthesis) and cAMP phosphodiesterases, such
as Cpda, which converts cAMP to AMP (degradation)
[45). Therefore, as the insertional inactivation of cpdd
l=d to a Joss of pellicle, this insertion identifisd the re-
guirement for cAMP regulation in this process. To cone
firm that the observed phenotype can be attributed to
disruption of gedA. the cpdA=Tn mutant strain was
complemented by cloning a wildetype copy of cpdA
into the empty shuttle vector pWHI1266 |46], produ-
cing pWHO24%. The pWHO24% plasmid was subse-
guently electroporated into the cpdd:Tn mutant strain
generating the sirain cpdA:Tn{024%) (Table 2p This
strain was found to successfully produce a pellicle in
contrast to both the gpdA=Tn mutant strain or the
cpdAzTn control strain harboring the empry pAWWHL 266
vectar, cpdArTn( L1266} (Table 2; Fig. 2).

Transposon mutant 2 ALS_0112:Tn and transposon
mutant 5 ALS_0115=Tn have insertbons within the open
reading frame (ORFs) ALS_0112 and ALS_115. which
are located in a large operon comprised of seven genes,
AlS_0112-0018 (Fig. 3). This operon has previously been
assocated with cell motility, potentilly by prodection
and secretiom of a biosurfactant via a type-l ssoretion
system or another mechandsm [47, 48). A recent report
has shown that the genes within this operon are signifis
cantly wperegulated in biofilm cells in A Baumamil
ATOC 17978 and a site-spedific knockout of ALS_0114
abolished bioflm formaticn [49). Eforts to complement
the ALS 0102:Tn and AL1S_0115:Tn transpason mstant
strains with copies of the wildstype genes cloned into
pWHI256 (Table 2), were unsuccessful possibly due to
polar effecis of the tansposon insertions. In order to ens
sure that the lack of complementation was ot due to a
lack of transcription of our complementing genes. we
undertonk qRT-PCR that revealed adeguate transcripe
tion ocourred for the wild-type ALS_0112 and A1S_0115
genes cloned into the empty pWH1266 vector [Table 3,
Additicnal fle ¥). As menbioned, pellicle formation was
not restored in these mutants, possibly becawse, these
ORFs are part of an operon which must be transoribed
as a polycistronic message making complementation of
of Clemmer ef ail (2001} who previoosly solated transs
poson mutants in this region which abolished motility and
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Table 2 A baumannd 17578hm mesant derfvatives constructed in this study

Abbroviated rame Dewrigtion”

qieTn Tn Mugfgshan insamicn in codd, kan’®

AT TnA0gfshan insenicn in cpdA containing pWHI249, tanf, amg®

AAeT{1268) T A0pshan Insenion in cudA contaning Utk wOor PWH1 266, kan®, amg”, wec*
AIS_0N2Tn Tn)Dgfodan insenion in A15_0112, kan”

AIS_0N2Tnp0112) TnA0gfodan insomicn in A15_0112 containing p@HO12, kan®, amg®
AIS_0N2T0[1266) Tni0:gfeshan insanticn in A15_0112 containing shumtle vecion pWHI 246, kan', amg’, tet”
A15_011STn Tn)0gfshan insention in A15_0115, kan®

AIS_01STni11S) Tn0gfshan insamicn in A15_0115 containing pWHONS, kan®, amg®
A1S_0NSTn{1266) TnA0gfosan insaicn in A15_0115 containing thutthe vector g1 266, kan’, amg?, se*

* kan”, kararrycin seutitance ot 50 poimi; amp”, ampiclin sedstance ot 100 ggfml; tet”, tetracyciine sestance ot 125 ggfml

due to the nature of this operon were also unable to come
plement the mutants [47].

Characterisation of pellicle-deficient mutant strains
cpdAzTn, A1S_0112=Tn and A15_0115:Tn

The three transposon insertion mutant strains de-
scribed above were examined for potential growth pers
turbations in Luria-Bertani (LB) liquid cultures. All
three A. baumannii transposon mutant strains showed
comparable growth to the parent 17978hm strain
(Additional file 3), indicating that the loss of the

Fig. 2 Pollick formamon by A baumanad 173978hm parere,
OAETAI4Y) and cpdl=Tr{1 266} Saing. A baumanali Srains weng
Grown in LureBernani beoth and andlysed ater 3 72 h incubason &
25°C in he axence of light Policke matorial wee ssestad visually )
179780hm pasent straing () GadeTr(ID49) comglomantad mutane sain
Powing dovelopad peliides & e innadace betwoon e guid and
&, and Q) cpadeTed) 2656} matant sain rocadve lor pelbck
formanion. Amows idondly the polbc matarial

pellicle is not due to a general growth defect. Since
pellicle formation is only one type of biofilm, the abil-
ity to form a biofilm at the liquid-surface interface was
also examined. The three transposon mutants were
assessed for both their planktonic growth potential
and their ability to form a biofilm on polypropylene
(Fig. 4a and b). All transposon mutants showed an in-
crease in planktonic growth compared to the parent
and cpdA=Tn{0249) complemented derivative (p-value
<0.001) (Fig. 4a). The transposon insertion mutants were
able to form a significantly increased amount of biofilm in
polypropylene tubes compared to the parent strain
(cpdA=Tn, ALIS_0115:Tn and AIS_0112:Tn; pavalues of
0.05, 0.05 and 001, respectively) (Fig. 4b), while, the come
plemented pdA=Tn{0249) mutant strain returned the
phenotype to that of the parent (Fig. 4). Carriage of wild-
type copies of A1S_0112 and A1S_0115 in their respective
Tn mutant derivatives did not result in functional comple-
mentation (data not shown).

The three pellicle deficient transposon mutants all
displayed a >80 % reduction in cell surface hydro-
phobicity compared to the parent strain, to essentially
a hydrophilic nature {epdA:Tn, A1S_0112:Tn and
AlS_0115:Tn; pevalues of 0.001, 0.01 and 0.01, re-
spectively) (Fig. 5). This indicates that hydrophobicity
is affected when cpdA, A1S_0112 or A1S_0115 genes
are insertionally inactivated. The presence of the wild-
type cpdA gene in the A baonannii cpdA:Tn(0249)
derivative not only complemented the hydrophobicity
character, but increased the hydrophobicity index to
&0 % which is above the parent strain {pevalue <0.001)
(Fig. 5); this would indicate that cAMP is involved in
madulating cell surface hydrophobicity. The increase
in hydrophobicity above the level seen with the parent
strain is likely due to a copy number effect of the
wild-type cpdA determinant residing on the pWHI1266
plasmid.

Traditionally, A bawmannii has been considered none
maotile due to its lack of flagella; however, two forms of
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motility known as swarming and twitching have now
been described in this spscies |34, 50, 51]. While sliding
muotility in non-fagellated bacteria can ooocur by sarfac.
tant production in other bacteria (48], twitching motility
within A. baumummi is mediated by the extension and
retraction of type IV pili as a form of sarface transloca-
tion |5]. We have shown previously that A hooweanri
straim 1 7978hm is motile via swarming on LE medium
containing 025 % agar |34). Therefore, we applied these
conditions to examine the motility phenotypes of the
three pellichendeficient transposon muotant strains. The
ALS 0012 Tn and ALS_0115=Tn mutant strains proved
to be nonemotile as they only grew at the initial oo
lem site on the agar plate (Fig. 6). The ALS_0112=Tn
and ALS_DI15:Tn mutant strains harboring either a
wildetype copy of ALS_0112 or ALS_0115 or an empty
wvector pVH 1266 alsn gave a negative resale {Fig. 6. Our
data corroborate the findings by Clemmer &t al (3011)
[47]. that the A15_0112«0118 operon is required for mos
tility as insertions within this operon were found o be
non=matile (Fig. ). However, the loss of motility seen in
the transposon mutant strains & mob universal becauss

Table 3 Fold change in gene sxpeesion of trarspason mutant
wrains compared ta the 17473hm parent siain

Tran A15_z AI5_0115 AlS_Ol1E
At ETFTE] Mo Wo
T 15044 W HD
deTn{1255 SE£0HED Mo HD
A15_AI1=Tn " SISAE 147 38462133
AIS_ONETOONIY 49 130 SEAITE14 1A 1T
AIS_QINZTN{1266)  ~17135% 188 EISSI£1I7  -BEA3 148
ATS_AIS=Tn AL M B339 130
AIS DSOS <108 06+ L3 «IEGT+ 154
AIS_QIISST{1266) <009 132 STHE1ER FE50:104
WA= ot applicable

W} ot done

*micat frorn thres biciogiesl seplicates

the epad AT variant remained miotile despite presenting
a vismmlly different motility pattern compared to the
17978hm parent strain [Fig. 6). The cpdA@Tn and
cpArTnil266) strains presented a spoke like motility
pattern, whereas the parent strain formed an even sure
Boe film of motile cells. The gpadAzTo{0249) muwtant
strain returned the motility phenotype to that of the pare
ent covering the 025 % agar plate with motile bacterial
cells (Fig. 6L As such, motility was not substantially afe
fected, however the manner by which the bacterial cells
exercised their motility phenotype in the guald2Tn strain
was altersd. These results connect the clinical A. baue
meurii strains with the mutant derivatives of the
17978hm strain, im that, all pellicle forming strains ins
cluding those that form a weak surface film are motile
and when the pellicle is disrupted there is either an ale
teration in the motile phenotype as s=en in the
cpdA=Tn mutant or complete abolishment of motility.

Bacterial adherence is a critical virulence factor and aids
in host and surface colonisation. The adherence of the A.
baumurani muotant strains to human lang epithelial cels
[ A549) was assessed; all three tansposon insertion strains
had adherence capabilities that were not significantly dife
ferent to that of the 17978hm parent strain (data mot
shown). This suggests that the mechanisms used by A
baurmanmii for pellicle formation are not essential for ad.
herence to A 549 human epithelial cells.

The levels of cAMP in the gpdd=Tn mutant strain ane
significantly increased compared to the 17978hm parent
strain

The maintenance of intracelular cAMP levels i largely
a result of controlling cpdA expression [52]. Therefore,
if cpald is inactivated, cAMP levels are expected to ine
crease in the bacterial cell (uantification of cAMP
levels was achieved wsing a cpdic nuclentide XF encymatic
immunoassay kit. The gpdd=Tn mutant strain was found
tn have a level of cAMP approximately 2dsfold greater
than in the 17978hm parent straim {05 nM and 12 nM,
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WAGROLON IPSSTTON Ml ST Poed recucod ool
Feycinophobidiny compaiad 10 i paiaiil arain Thi: goadS=Trilia
PRI SR wilh 3 wildnypa copy of odd Ros 3 Peacnophobicing
gragier than tha 1797Ehm paskem siain B indcam tha sandasd
crsiarion of thrae i & it indicaw dqnificant
cifeserces Two denoiis a pevalus SROD and Thissr 3 pevalus <0007,
s dimerminesd By o ok baes

and Wi a3 pevahual <I001, 25 dearrined By 3 Sk sonr

respectively) (p-valee <0001} (Fig. 7). This confirmesd that
gpdlA i invohed in cAMP homeostasis within the cell and
that the disruption of this gene dramatically affects the ace
cumalaticn of this secondary sigralling molecule. Examine
ation of cAMP levels in strains cpdA=Tn(024%) and

cpdA=Tnd 1266} showed that the phenotype could be spe-
cifically attributed to the inactivation of gpdd (Fig. 7).

Transcriptional profiling of the cpdd=Tn mutant strain
under metility conditions
To assesz the association between pellicle formation
and maotility qQRT-PCE was undertaken on the A. bau-
maarii 17978hm parent and the gpad4=Tn transposon
mutant strain grown under previously identified meaotils
ity conditions, Le on semi-salid LB agar [43]. Analysis
of the operon AL5_0112-0118 (Fig. 3] was undertaken
by quantifying the transcription of the A15_0112 gene,
which is the first gene in the operon. In the cpdA=Tn
strain, the tanscoption level of ALS_DII2 was 2E-fold
dowmeregulated compared to the 17978hm parent {Table 3]
Thix indicated that CpdA via cAMP pliys a role, =ither dir-
ectly or indirectly, in regalation of the A 15 01120118 ope
eron. This potential regulatory role of CpdA and cAMP on
the ALS_0012-0118 operon could explain the altered meo-
tility phenotype seen in the gpald=Tn mutant strain, poss
sibly due to alteration in the production of a biosarfactant
or through another unknown mechanism(s)i

The ALS_0112-00118 operon described akove has pre-
vinusly been shown to be activated by guormmesensing
signals in the form of homoserine botone (abal,
ALS_0109) [47]. Furthermaore, Saroj and Rather (2013)
have shown that downeregulation of asbal leads to a
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A1S_0115:Tn

A1S_0115:Tn(1266)

A1E_0115=Tn|0115)

A1S_0112:Tn A1S_011Z2Tn(1266) A1S_0112:Tnj0112)

ATCC 17978

17978hm

Fig. 6 Moty of A boumand ATCC 108, 179780, and Yaneooion nganion mutans qoddeTn, AIS_01122Tn and AIS_0115Tn Ovemight gromn
bacsenal colls werd wsod 10 inooube Luda-Borani meda containing QIS % 20, plaes were grown ovamidin 3 37 T The A1S_0115Tn, AIS_01150115)
and A15_0115{1256) marapoecn mutane syaing and the AFS_0112:Tr, A1S_01122TrdD112) and AFS_0112:Tn{1 266) tarapoeon mutnt syaing anly ow
gowth & 1 indial noodum 9 X the e of P plind Gring 2 NoNeotle chendlype. However, Tha Gudd=Tn, a¥eTrilDed) and QaeTn(1256)
TRGHOGON LT STCENG RLained motliyy. The complamentod Qrain QoadsTni340) dolavod & moeiity pamam dvog identical 1o the 17973 garond,

whiseas oadeTn and goadeTnll 266) disobived & "ookodie” motiity pamenn, ATCC 17978 & induded 36 3 contrdd displining 2 nonsmitile phenotype

reduction in motility in A masocomialis strain M2
[53, 54). Therefore, to examine whether the insertional
inactivation of ¢pdA in the gpdA=Tn mutant had 2 regu-
latory effect on the quorum sensing gene abal when
grown on motility media, we assessed the levels of trane
scription of abal using gRT-PCR. The results revealed
that, despite the altered motility phenotype of the de-
rivative, abal is expressed at a level comparable to the
parent strain (~1.2.fold increase). This suggests that the
AlS_0112-0118 operon is regulated independently by
two different factors; quorumesensing (Abal) and cAMP.

Levels of cAMP act as one of the major signalling male-
cules within the cell and have been show to regulate nu-
merous genes in other bacterial species such as P
aeruginosa and Escherichia coli, possibly throagh activae
tion of Vir [33]. In P. acruginosa, vfr is autoeregulated
and upon inactivation of gpdA, v expression increases
by 12-fold (33, 45). We investigated this possibility in
our ¢pdA=Tn mutant strain by examining the transcript
of the putative vfr gene (ALS_1182). The qRT-PCR re-
sults showed a 1.7-fold decrease in wfr expression in the
cpdA:Tn mutant strain compared to the 17978hm
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Fig. T Dewmmination of inocellibs CAMP keek. Bacterial colls wase
Eorn 1 @ DDy of L7, disrupned and cAMP ksals donaimined
Ly The Tl Mudiontics WP Ensymanic Imeunocaiy ke The:
amia of CANP B give in Nk RpnEsiing a saim ple comspoeding
1 1 g of il colbilor peonain. o indicans the srandaed diedanion of
thiss s axpafiments The oadd=Tn 1Enpoion muland has

12 i off c AWF oo 1o the porant | Ehm S which hee
05 i af CARF within the cell The coad=Tril3S maranT siran
el the CAMP ksl oo thar ol the 1 7008hm pamat serain. The
TN mant sirain hashoring the emply secon Pl 1255 had ro
et o the CHMP Kol Aaetahs indicae sigrican dfoesmnoe

[p=akie <0001) 25 daermined by ey Ao

parental strain, that, by a student tetest, was determined
to be statistically insignificant. Thus, althaugh a 1.7-fald
reduction in ¥ transcription was observed it is not
known whether cAMP and VEr work in ooncert in AL
I

Whaole transcriptome anatysis of the Cpd& mutant
compared to the 17978hm A boumanail parent strain
Alterations in the level of intracellular cAMP are known
to affect a plethora of phenotypes, including alterations
in metabolic processes, biohlm formation and ol surface
hydrophabicity [52]. Therefore, EMA sequencing was used
to investigate the transripiome of the cpadA=zTn muwtant
grown in Mueller Hinton brath, in order to assess the ime
pact high levels of cAMP have within the bacterial cefl.
Transmriptome ssquencing revealsd that many genes were
differentially expressed in the gpadA:Tn mutant compared
to the parent. OF the approximiately 3400 annotated genes
in ATCC 17978, 184 genes were more than Zefold wp-
regubited and 494 genes were more than 2efold downe
regulated {Fig. 8L The most highly uperegalated gene is
identifisd as an alcolol dehydrogenase (A15_1774) which
showed a 3defold increase in expression, whereas the
greatest downeregulated gene is a putative transcriptional
regubitor [A15_1256) showing a Xefold decrease of exe
pression { Fig. 8.
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A number of the genes downeregulated in the
cpdArTn muatant include genes encoding phage-relatsd
proteins [ALS_B021.2033), patative acyl carrier pros
teins, ferric enterobactin receptors, porins, signal pep-
tides, membrane proteins and numerows hypothetical
OFRFs with no known function (Fig. 8). Yarations in the
expression of multiple potential transcriptional regula-
tors were also observed; this may be due to the signifis
cant alterations that cAMP levels have on the general
metabolism of the cell. Genes of particular interest in
this study that are downeregulated inclode the CsuAf
BABCDE system {AlS_2213.2218) (% to 20-fold), the
frms operon which consists of three genes designated
ALS_2160 to A1S_162) (10 tol 2=fold), and a chaperone
usher system  (ALS_L507-1510) (2efold). Protens
encoded by the csie cluster and chaperone usher system
have been identified in pellicle and biofilm formations
|2 30, 22, 23, 34, 55, 56]. Interestingly. a single pobys
nuocleatide polymorphism keading to truncation of the
csufl gene potentially inactivating this cperon has been
identified within ATCC 17978 [ 22, 56]. Within the
hms operon two proteins (ALS_2160 and ALS_2161)
share an average of 44 % identity with the PgaBC pro-
teins (ALS_0938«053%), the third protein within Hms
(ALS_2162) has been designated as a biofilm synthesis
protein and shares no homaology to the Pga proteins in
A baueemai ATOCD 17978, The Pga system has pres
viously been identified as being important in biofilm fore
maticn [57]. Interestingly. a recent paper by Wait Chabane
et al (2004} [23] found that CsnA/BABCDE, PgaABC
proteins and the chapermne usher system described above,
are over represented within A, & i strains display
ing a pellide phenotype. This suggests that the Hms
chaperone usher piles proteins conld be key components
in the formation of the pellide matric.

Mumeraus genes which are uperegulated encode pro-
teins involved in oxidative phosphorylation {Fig. &) In
particular, these include those encoding ubigquinel oxi-
dase subunit 1 and 11 {A15_1434 and ALS_1433) which
are 5.7 fold amd 4.9-fold up-regulated, respectively.
Other genes imvolved in oxidative phosphorylation ine
clude the WADH dehydrogenase complex (A15_0762-
0764) and the ATP synthetase complex {(Al5_0148-
0156). One of the most highly uperegolated gemes
(ALS_1387) 5 an oxidoreductase {18-fold); this class of
enzymes is often involved in the FAD ta FADH; cones
version, where FADH, plays a major role in oxidative
phosphorylation. Therefore, many of the wperegulated
genes are involved in the energy, and by extension, the
metabolic statues of the oell which is not surprising
given the central role cAMP plays in cell metabalism.

Other genes of interest which were significantly ups
regulated are those involved in 505 and 305 ribosome
assembly. The potential role of these wperegulated
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ribosomal proteins maybe in the assembly of 100S ribo-
somes, as these are required for cells to survive long
term nutrient stress in situations where glucose is low
and cAMP is high [58]. Other uperegulated genes ine
cuding those involved in fatty acid oxidation, trehalose
synthase, membrane proteins, dehydrogenase proteins
and a number of proteins which are annotated as hypo-
thetical ORFs.

A small operon consisting of 4 genes (A1S_2088.2091)
was identified as having 4-fold increase in expression. Pro-
teins encoded by this region have recently been found in
extracted pellice material [23]. Since, gadA=Tn is not
capable of pellide production it would seem unlikely that
the AIS_2088.2051 operon is involved in this phenotype,
however, cpdA=Tn does show an increase in biofilm forma.
tian compared to the parent strain and as such this operon
may cantribute to liquid/surface béofilm i

The previously described motility operon A1S_0112-
0118 (47| is uperegulated approximately 3.8-fold in the
pdA=Tn mutant transcriptome, which is in contrast to
RT-PCR data (Table 3). These RT-PCR studies were cone
ducted on motility agar to look at the influence of matile
ity on the change in transcription of this operon. On

matility agar both cAMP and quorum sensing may play
a role in the control of this operon, however in liquid
culture grown to mid-og phase used for the RNA-
sequence analysis, cAMP appears to be salely respon.
sible for the regulation of A1S_0112-0118.

Condusions

This report has shown that pellicle formation is a
phenotypic trait seen in a limited number of A. bau-
mannii strains. For the first time, the secondary signal-
ling molecule cAMP has been shown to play a critical
role in pellicle formation as well as motility in A. bau-
mannii. Additionally, this study has shown that insers
tions in CpdA, AlIS_0112 and AlS_0115 completely
abolish pellicle formation. Furthermore, transcriptional
analyses identified that cAMP effects the expression of
the AlS_0112.0118 operon essential for motility,
thereby altering the migration pattern seen in the
cpdA:Tn mutant strain grown on semi-sold agar; inser»
tions in the above operon in AIS_0112 and AIS_0115
resulted in a nonemotile phenotype. We thus speculate,
that pellicle and motility phenotypes of A. haomannii
are linked wia the expression of cAMP and the
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ALS_D112-0118 operon. Increased cell surface hydroe
phobicity was identified as an indicator of pellicle for-
mation ability in the cinkcal strains tested hersin
‘Whale transciptome analysis has identified an abune
dance of ORFs affected by the increase in cAMP within
the cpadAzTn mutant. A number of these correlate with
genes previously known to be invalved in pellicle formas
tion including the hms loous and a chaperone usher sys-
term as well as the ALS_0112-0118 region identified in
this study. Considering the importance of pellicle for-
matian in the persistence and transmission of namerous
bacterial species, this study has contributed to our une
derstanding of the regulatory mechanisms behind thess
significant virulence traits in A. Berrommmil,

Methods

Bxcterial strains

The 54 clinical A. baummanri bacteral strains wsed in
this study and the hyper-maotibe derivative of A, B
rariaii ATOD 17978 designated 17978hm have been
described previcushy [34, 58], All A baworannil strains
were cultured on LE media containing 1 % agar ower-
might at 37 ", and single colonies transferred to LB
hroth for subsequent wse in assays, unless otherwise
stated. For maintenance, conjugation, cloning and repli-
cating plasmids £ coli DHH5a, SMI0 or M09 cells
were wsed |Gl=dd].

Assessment of pellide formation

The pellicks formation assay was adapbed from previoushy
described proboced [35]. In brief, ovemight bacterial cule
tures were dilabed 1:100 in 5 mL of LB broth and grown
stagnant in polypropylene or glass tubes for 72 hoat 25 °'C
without shaking im the dark |63, 64]. Chantitative measune:
ment of the pellice material was assessed by the addition
of | mL of ethanal into the tube underneath the pellicke
pended in phaosphate buffersd saline (PBS) and the Ol
measured wsing a spectrophotometer (Beckman DL G0
Cuantitative data were collected from at beast theee experie
ments on three different days.

Miotility assays

Motility was assessed by migration on semissolid sure
faces using media containing 0.25 % agar as described
previously [34]. Briefly, an osernight colony was cole
lected wsing a sterile loop and used to moculate the
centre of LB medium containing 0025 % agar. The plate
was then incubated owvernight at 37 *C. Strains were cone
sidered motile if any movement of growth from the arie
ginal inoculation site was observed.
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Eukaryotic cell adherence assays

A buowanrii cell adherence to AS49 (human type 2
preumacytes) was mvestigated as previowsly described
[34]. In brief, cell lines were grown in Dulbecco’s Modis
fied Eagle medium [Invitrogen, Australia) supplemented
with 10 % foeal bowine seram (Bovogen, Australia).
Washed ASY monolayers im 24ewell tissoe culture
plates were infected with bacterial inoculums contin.
ing ~1xllF colony forming units. After incubation at
37 °C for 4 h the cultore medivm was removed and the
marslayers washed with PES, The cell monclayers were
detached fram the plate using a treatment of W0 pl of
025 % trypsin in PES. Eukaryotic cells were subssquently
ly=sd by the addition of 400 pl. 0,025 % Triton X-1040 and
serial 10-fold didutions were spread plated on LB agar to
determine the member of colony forming units of adhers
ent bacteria per well. The colluited dam for the adherence
asmay were obtained from at least three independent exe
periments and represent the data points from each experis
meenit in quadruplicate wells,

Cell surface hydrophobicity tests

Cell surface hydrophobicity was examined as described
previously [65) In brief, overnight cultures were diluted
in LB broth and incubated at 37 *C for 2 h. Potassium
urea magnesium buffer was used to wash the cells twice,
before incubation at 30 °C for 30 min. The cell suspension
was adjusted to ODge~ 0.25 in the same buffer in glass
vials before the addition of xylene (3 mL). The sample was
vartexed for 20 sec and the agueous phase transferred to a
L5 mL tube. The ODyg of the cell suspension was deter-
mined before (00, and after (0D, ) the addition of
xylene. The hydrophobicity index, expressed as a percent-
age, is abulated as  (ODygm = D e O 1.
Cuantitative data were collected fram at bmst three expers
imenes fram thres different days.

Transpasan mutagenesis

Transposon mulagenesis was undertaken wsing a modis
fied mini Tn! transposon {mini:Tnd Ggfpkan) carried
on the plasmid pLof [66]. The plof mini:Tnldgfpkan
plasmid was transformed inte the donor E coli 5310
strain and mated with the A bewwanai 17978hm ree
cipient at a 1:10 ratio for 4 h at 37 *C on LB agar excone-
jugates were resuspended m 5 ml of LB broth and
plated onio selective media containing 50 pgfml. kanae
mycin and X5 pgiml chloramphenicol to select for
transposition events and countereselect against the E
oali SMID donor strain. Approximately, 4000 exconjo.
gates were individually picked using sterile toothpicks to
inoculate 200 pl. of LB broth in % well microtitre plabes.
The cells were grown at 25 °C in the dark for 72 h and
assessed visually for pellicle lnss.
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ldentification of minizTn 1 gfkan insertion in the
chromosome

Chromosamal DA isolated from A bawwawnil 17978hm
containing the mini:Tnidgfoker was digested with ree
striction endonucleases Xbal and Sacll for 4 b at 57 *C
DHgested products were cloned into pBheesoript SK 11 {Agie
lent techmologies, CA, USA) and clones were confirmed by
sequencing  (Australian  Genome  Research  Facility,
Adelaide, South Auwstralia). The insertion site of the
transposons in the chromosome was determined by
Sanger sequencing using an oligonuclectide designed to
read out of the end of the transposon (see Additional
file 2.

Complementation of transposon insertions

For genetic complementation of the non=pellicle forming
A bawmanri muo@nts, the geness corresponding to
ALS_ 0012, ALS_ 0015 and gedd were PCR amplified,
coned into the shattle vector pWHI12G6, transformed
imbo DH50 £ colf cells and sequenced. Plasmids were
extracted and subsequently transformed via

ation wsing a MicroPulser [Bio-Rad, CA, USA) at 1.5 |:‘|."
00 ohms and 25 microfarads into their respective A,
Iarormmi b insertion strains [46]). PCR was
achieved with VELOCITY™ DNA palymerase (Bicline,
Vic, Australia] and the oligonudeotides {Additional file
1) using the following PCR protocols. For amplification
of cpdd, cycling conditions were 2 min at %4 *C, 30 cy-
cles of 45 s=c at 94 %C, 45 sec at 55 °C, and ) sec at
72 *C, followed by a final extension of 4 min at 72 *CC
Amplification of A5 0113 psed the same conditions
with the exception of the annealing temperature which
was increased to 60 *C For amplification of ALS_0115,
the cycling conditions were 2 min at 94 *C, 30 cycles of
G0 sec at 94 *C, 90 sec ab 60 *C, 4 min at 72 *C and a
final extension of & min at 72 %,

Measurement of intracellular cAMP levels

Aszesement of cAMP levels within A bawwaimi strains
patAzTn, cpd Ax Tl 0249), cpad ATl 1266) and 17978hm
was performed with cells were grown to an ODyge of
0.7, Cells were pelleted by centrifugation at 4500 g for
15 mim, resnspended in PBS and disropted ai 50,000 1b
per square inch using the One Shot Head from the TS
series bench top dissuptor (Constant Systems, United
Kingdom). The resulting cellular material in the call hsis
solution was clarified by centrifugation at 4500 g for 30
min and the supernatant removed and stored at =80 8O
until regquired. The concentration of cAMP was mea-
sured using the Cyclic Nucleotide XP Enzymatic lme
munoassay kit (Cell Signalling Technology, MA, USA)
accarding to the manufacturer’s instructions. In beief, 50
pL of horseradish perocidaseslinked cAMP solution and
50 pl of mmpls were added to the supplisd 96=well tray,
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which was then covered and incubated at room
temperature for 3 b on a horizental orbital plate shaker.
The contents of the plate were dizscarded and the plate
was washed 4 times with 200 pliwell of wash baffer.
Mext, 100 pL of 3,3°.55 stetramethylbenzidinesubstrate
solution was added and incubated for 30 min at room
temperature, after which 100 pl of stop solutiocn was
added and the absorbance measared at 450 nm. Using
the imverse for the standards derived from a standard
curve and adjusted for the amount of total protein
added, the amount of cAMP was calculated. Total pro-
tein concentrations were quantified using the Lowry
protein assay (Bio-Rad, CA, USA) following the manu-
Eecturer’s instructions.

Isolation of total cellular Afd

To measure transcriptional levels for either RT-PCR or
in Hiseq ENA transcriptome analysis conducted by SA
Pathalogy (Central Adelaide kocal Health Network via an
llumina platform], cells were solated and BENA exe
tracted as below. Bacterial cells were harvested from ei=
ther semi-solid media (025 % LE agar} for RT-PCR
using, pre=chilled PBS or harvested from Musller Hinton
broth at (¥Dgsq of (6 for Hissq. Bacterial cells were pels
leted by centrifogation at 4500 g for 15 min and ly=sd in
I mL TRlzol reagent (Life Technologies, Australia) and
Iy pl. of chloroform. Following phase separation, the
aqueous layer was oollected and BNA solated using the
Izalate ENA Mini Kit (Bicline, NSW, Australia) follow-
ing the manufecturers recommendations. Samples for
ET«PCRE were subsequently treated with DiNasel {Pro=
mega, W1, U5A) for 30 min at 37 °C and 1 pL of stop
solution was added before a final inoubation for 10 min
at 65 "L Trplicate samples were poaled and sent to 54
Pathology for Ribosomal BMA reduction using Epicentre
Ribo-Zero kit and ENA library bar-coding was unders
taken on RNA for HiSeq. Samples were man on the loe
mina HiSeq pltorm [1X50 base pair single reads).
These data are accessible through GEC Series accession
number GSEG49E5  (hetp fwww.nchinlmenih. govigeaf
querylaccogifacc= GSEGI9E5).

Bininformatic analysis

The quality of the cDMNA reads obtained from the HiSsq
was checked wsing Fastge” [hitpyfwww bioinformatics.=
babraham.ac.ukfprojectsffastgef). FEeads were suhsequently
mapped to the reference genome using howtie” aligner
{bttpaffbowtie-biosourceforgenetfindex. shtml). For the
reads obtained, approximately 95 % were mapped to
the ATCC 17978 genome of which 78 % mapped to the
coding regions. In order to determine changes in gene
expression the namber of reads obtained for each ORF
was normalised wsing reads per kilobase of transcript
per million reads mapped.
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M=MLY  reversestranscriptase (Promega) and random
hexamiers (Gene¥Works, SA, Ansiralia) were ussd to syn-
thesise complementary deoxyribonucleic acid [cDINA)
following the manufomrers recommendations. gET-
PCE was performed on three biological replicates using
[yiAmo SYBR green qRT-FCR kits [ThermoScientific,
Vic, Australia) in conjunction with a BEotor-(zene RG=
00 (Corbett Life Scence, Australia). A typecal gRT-
PCE man was as follows: 1 min at 95 *C, 40 cyces of 10
sec at 95 "C. 15 sec at 55 *C and 20 sec at T2 "C |67
Transcriptional differences were calculated wsing the
AAC, method [68]. The 165 rEWA (AL15_r0l) and
papDH (ALS_2501) transcription levels were used as a
reference.
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Measurement of Intracellular cAMP Levels Using the Cyclic Mucleotide XP Enzymatic
Immunoassay Kit in Bacterla
Sarah ¥ Giles, Uwe H Stroeher and Melissa H Brown’

Schood of Bloksgical Sciences, Flinders University, Adelaide, Australia
“For cormespondence: melissa browniffinders.edu.au

[Abstract] Cyclic AMP (cAMF) I8 a ublguitous secondary signaling moleculs, commonly
associated with many bacterisl processes, incuding the regulstion of virulence fectors, such
as biofilms, pellides and moblity (Woligang, 2003). The quantity of available cAMP Is
controlled by the interplay betaean the synthesis of adenosine nphosphate (ATF) o cAMP by
adenylyl cyclases, and the degradation of cAMP by phosphodiesterase (McDonough ef &l
2012). Adequate gquantification of cAMP levels within & bacterial call i an important step in
identfying the impact that secondary signaling molecules play on the regulatory patvway
within the cell. The principle of this method is to measure total cAMP levels within & bacterial
cell, using crude bacterial whole cell lysate. The Cyclic AMP XP™ Aszsay kit used in this
protocol was onginally designed 1o be used for detesmining the level of cAMP in eukaryotic
cells, however, the antibodies used in coating the wells will react with cAMP from any species
and thus can be wmed for determining levels in bacterial cells. The measurement of cAMP in
prokaryotic cells described here I8 a simple and cost effective method of producing
quanifiable resulis.

Materials and Reagents

1. 1 mi cuvetes (SARSTEDT AG & Co., eatalog nember: 67.742)

2. 15 mi wibes (Falcon Tube) (DKSH, catalog number: LPO21015)

3. 50 ml tubes (Falcon Tubes) (DKSH, catalog number: LF210:50)

4 BE-well microtitre tray (issue culture plate) (DKSH, catalog nurmber: LPO3108E6)

5. Aluminurm fod

6. EBacterial cell culture

7. Mueller Hinton {MH) broth |(prepared ss per manufacturer's instrectons) (Osoodd
Australia, catalog nember: Ch0M05)

8. MH agar media |25 mi{Pefri dish) (prepared as per manufacturers instructions) (Csoid
Awustralia, eatalog nember: ChAOEIT)

9. Cyclic AMP XP™ Azsay kit (Cell Signaling Technologies, cataloy number: 4338)

10. Protein assay DIC™ resgents A & B (Bio-Rad Laboratories, catalog number: S00-121)

11. Protein assay bovine ssrum albumin (BSA) standards (0, 0.125, 0.25, 0.5, 1, 25, 5
migfml of profteln

12, Ml O watar
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13. Sodium Chiorde [KMaCl) (Chem Swupply. catalog nurmber: SAD46-5 kg)
14_ Potassiem Chioride (KCI) (Thermo Fisher Sclentific, Ajax Finechem, catalog nember:

A383-500 g)

15 Sodiurn  Phosphate  (NazHPOW) (Merck Millipore Corporation, cataslog memer:
T558-T9-4)

16. Potassiuem  Phosphat  (KH:POW) (Merck Millipore Corporation, cataksy rsmber:
TTra-T7-0)

17. Phosphate buffered saline (FBS) (see Recipes)
Equipment

1. V15 specirophotometer able to read 00w nm [e.g. DU®G40 (Beckman Coulter)]

2. ELISA plate reader able to read absorpton at 450 nm |e.g. Multiskan EX onginal
{Adelab Scentific))

3. French pressure cell able to operate gt 30,000 psi or cell disuptor [e.g. One Shot
Head from the TS series bench top disnepior (Conatant Systems))

4 lce bucket

5. Sterile incculating keop

6. Shaking incubator (37 *C, &t 300 rpm)

7. Centrifuge (able to hold 50 mi wbes, spin at 8,000 x g and hold & pre-cocked
temperature of 4 *C) [e.g. Benchiop Centrifuge Hermle Z383K (DHSH))

8. Horizontal crbital shaker (at ~30 pm) [e.g. OMS (Ratek, Adelab Sclentific)]

Softwars

1. Software for use with the ELISA plate reader that can export raw ODem nm values {e.g.
Microsoft Excel)
2. Graphpad prism (Graphpad Software Inc)

Procadure

1. Grow an ovemight cutbure (~16 h) of the required strain on an ager plate, including any
antiblotic selection if required. Prepare MH broth media for culture and atenils PBS.

2. Mext Day: Under sterile conditions, using & sterile incculating loop remove & singls
codony from e agar plate and inoculate 5 mil of MH broth in a 50 mi ke including any
antibiotic selection if required. Grow culiure evernight (~16 h) at 37 *C at 200 rpm.

3. Mext Day: Make a 1:100 dilution of the overnight culture into 15 mil of MH broth in a 50
mil tube. Grow culbwne st 37 *C shaking at 200 rpm until the culture reaches an Olem =
0.7 (approximately 3-4 h), measare using a spectrophotometer.
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4. 'While the bacterisl culture is growing, pre-cool the centrifsge o 4 °C, prepare ice
bucket, pre-cool PBS on ice.

5. Remove bacteral cells from incubator and put on ice, centrifuge sample for 20 min,
4 °C at B,000 x g. decant supemnatant and keep cell pellet on lce; sample can be
frozen at -20 *C for up o 6 months.

6. FResuspend the pellet in 3 mi of cooled PBS buffer and keap sample on loe.

7. Set up cell disruptor with & one shot head (pre-cooled io 4 *C); set to 30,000 psi, and
process sample, collect lysed cells into a new 15 mi tube on kce.

8. Centrifuge sample at 8,000 x g for 20 min at 4 *C, remove the supematant and siore at
-B0 *C unitil reguired, up 10 6 months.

9. Remove 10 gl of sample to quantify total protein in sample using the Protein asaay
OE™ kit following manufacturer's instrucions.

10. Using a microtitre tray, add 30 i of Reagent A across T wells of row A; this s to be
used fior the BSA standard samples. Add 20 l of Reagent A across 3 wells of row B,
this s to be used for youwr sample.

11. To the 20 pl of Reagent A in row A, add 5 pl of esch BSA protein standand (0, 0,125,
0.25 0.5, 1, 2.5, 5 mgfmi} to the 7 individual wells. To the 20 pl of Reagent Ain row B,
add 5 pl of your sample to each of the three wella.

12. Subsaquently sdd 200 pl of Reagent B into all wells used and l=ave samples 1o react
for 3 min at room temperabune.,

13. Measure the absorbance of the wells using & Multiskan at 600 nm; create a standand
camve using the BSA protein standseds in an Excel spread sheet. Then using the
equation of the lne calculate the amownt of probedn in your sample. See Mote 3 for
gxparimental details, as well a3 Table 1 and Figure 1 &3 a represantative example.

14. Using the calculated protein concentration of your samples from asiep 13 adjust the
final protein concantration to 1 mgiml in PES for cAMP analysis.

15. Put all Cyclic AMP XP™ zssay kit solutions and the cAMP XP™ Rabbit mAb coated
rrscrowell strips at room termperature.

16. Dillute the 20x wash buffer in Milli-0 to 1x buffer.

17. Prepare a 1x cell lysis buffer from the 10x stock solution provided in Milll-G water, then
add 1 mM of phemdmetidsutfonyd fluoride provided.

18. Make fresh cAMP standards in 1:x cell lyais buffer: In 450 pl of 1x cell Iysis buffer add
50 pd of cAMP standard (2.4 M) to make 240 nM of cAME

19. Using the 240 nM cAMP soluion make a 1:3 serial dilution in the cell lysies buffer
producing the following concentrations: 80 nM, 267 nk. 8.9 nkd, 3.0 nk. 1 nM, 0.3 nk
and 0 k.

20. For the wnknown samples add 50 i of the crude protedn ecaract (&t 1 mgfml) in
triplicate imto the microwell strips. Subsequently, sdd 50 pl of provided horseradish
percxddase-linked cAMP solution to all standards and sarmples. Cover with aluminum
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fodl and incubate &t room temperature for 3 hoon & horizontal orbital plate shaker (~30
Fpm .

21. Tip out the solution in the microwell strips and wash 4 times with 200 plfweld of 1x
wash buffer; discard all liquid each Bme bl do not allow wells 1o dry.

22 Add 100 pl of 3, 3, 5, S-tetramethylbenzidinesubatrate solution provided in the kit and
incubate the plate at room temperature for 30 min. Continue to monltor the wells as
ey will have a ranaparent color at the start of the reaction which will chenge 10 &
yeliow. Monitor wells for color change and when an intense yellow color s sean the
reaction should be sbomppsesd; this may be necessary o do poor to the 30 min incubation
tme-frarme described In the kit

23, Add 100 pi of stop solution and then Immediately measure the absorbance at 450 nm
g representative data 3 for example (Table 2 and Figure 2).

24_ Using the inversa for the standards derived from & standard curve, and adjusted for
the amownt of total protein added from the protein assay; calculate the amount of
CAMP in b mg of crude proteln extract.

Representative data

1. A representative expeniment demonsirating quantificaton of cAMP in the bacterium
Acingtobacter baumannl can be found In Giles et all (2015) Investigation of genes
egsantal for pellicle formation in Acnetobacter baumannil.

2. Below ls an example of the excel B5A standard curse.

Table 1. BSA protein standards and their relative absorbance at ODge

BEA
Standard Ol
(gl {nam)
=] 0.404
25 0.235
1 0.157
0.5 0.108
0.25 0.088
0125 0.07g
o 0.063

sAhsorbance was determined using a Protein Assay DC™ kit and read using a
Fultiskan EX. Data was subseguently plotied as seen in Figure 1.
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Figure 1. BSA protein standard curve. The absorbance at ODge (nm) was

determined for a range of BSA protein standards from 0-5 mg/ml. Protein
concentration was determined using the Protein Assay DC™ kit. The line of best fit
was plotted using y=mx+c (Excel 2003, Microsoft™).

3. Arepresentative of the cAMP standards diluted In 1x cell lysis buffer is on page 1 of

the Cyclic AMP XP™ assay kit manufacturer's instruction; an example (Table 2 and
Flgure 2) i also provided below.

Table 2. cAMP standards and their relative absorbance at OD.se (nm)

cAMP standards ODyso
(nMy (nm)

80 0.09

26.7 0.14

89 0.24

3 0.375

1 0.5

0.3 0.6375

*The amount of cAMP (nM) was determined using the Cydic AMP XP™ Assay
kit and absorbance read using a Multiskan EX. Data was subsequently plotted

as seen in Figure 2.
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Figure 2. cAMP concentration standard curve. The absorbance at ODesa (nm)
was determined for 8 range of cAMP standards from 0.3-80 nM. cAMP
concentration was determined wsing the Cyclic AMP XP™ Ascsay kit The ling of
best fit was plotted using y=min{xj+c (Excel 2003, Microsoft™). Using this
standard curve the quantity of cAMP can be determined for cell lysatas.

This protoced s optimized for messuring intracaliular cAMP levels in Acinstobscter
baumannd. For other bacterla, use the appropriate groswth mediurm, antiblotics, and
gronwth conditions.

The method for reading O0wme: Under sterile condiions pipette 1 mi of cultwre into & 1
rrd cuvatte and messure cellular density at an ODeee length in the spectrophotometsr;
repeat this ewery 1 h or until the culture reaches the required ODee= 0.7,

Protein assay using the Multiskan st ODes: after walting 3 min at room femperabure
reasure e samples in the microtitre fray, then output the dats to an excel spresd
ghest for data manipulation and save. Spread sheet 1 should contain your Multiskan
raw data. Then in spread sheet 2 column A row 1 type In B5A standard, colemn B type
in ODeng; In column A rows 2-8 type in the BSA standards numbers, in column B type
in the Multiskan reads for the B5A standards (see Table 1) Then highlight &l the data
and make & scatier plot with no merkers, add a trend line, add the equation of the s
as well 3 o tifle and axis labels (see Figure 1). Your samples ane in tniplcats, aversgs
your samples, then insert your sverage number ko the eguation of the line as the ¥
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intersect and find X: example ¥ = 0.066 ¥ + 0.0732: ¥ ¥ k& 02, then 0.2 - 00732 =
0. 1268/0.066 =1.92 maimi of protein in wour sarmple.

4 When walting for the color change io occur from clear o yeliow before adding the stop
solution, it i imperative that the microwell plates are continually monitoned throughout
this reaction. After approximately 15 min, depending on the concentration of cAMP
within a sample, the development of an intense yellow color will ocowr. Onee the entire
well i3 yellow add the siop solution.

5. Cyclic AMP s stable for long pericds of time when frozen (approdmately & months at
=20 *C), it can be stored for 2 weeks atd *C.

6. The use of the Constant System one shol head resulis in reliable dsrupton of
Acinstohacter haumannil cells. The efficiency of cell dismuption using ather mechanical
of chemical methods or the use of differing species will need to be deterrmined
ampiricaly.

Recipes

1. Phosphate buffer saline [PBS)
For 500 il
4.0 grams MaCl
0.1 grams KCI
0.7 grams MaHPO,
0.1 grams KHzPOs
Add dH=0 up to 500 mi
pH sample with HCI pH 7-4 final
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