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Abstract 

Staphylococcus aureus is a major human and animal bacterial pathogen that causes an array of 

diseases. The main aim of this thesis is to investigate the key host-pathogen interactions that 

underpin S. aureus infection. S. aureus abundantly secretes two isoforms of the enzyme lipase into 

the extracellular milieu, where they scavenge upon polymeric triglycerides. It has previously been 

suggested that these lipases may interfere with the function of innate immune cells, such as 

macrophages and neutrophils, but the impact of lipases on phagocytic killing mechanisms remains 

unknown. We showed that there were no differences in the survival of S. aureus USA300 LAC wild 

type and its lipase-deficient isogenic mutant after incubation with human whole blood or neutrophils. 

Furthermore, there was no detectable lipase-dependent effect on phagocytosis, intracellular 

survival, or escape from both human primary and immortalised cell line macrophages, even upon 

supplementation with exogenous recombinant lipases. Therefore, we showed that S. aureus lipases 

do not inhibit bacterial killing mechanisms of human macrophages, neutrophils, or whole blood.  

Furthermore, the capacity of S. aureus to adapt to distinct host-species ecologies is a major public 

health and economic concern. Approximately 60 years ago, a human-to-poultry host jump and 

adaptation of S. aureus belonging to the widespread CC5 clade, led to the avian-adaptation and 

global expansion of S. aureus in broiler poultry. Our research aims to combine transposon (Tn) 

mutagenesis of S. aureus with experimental models of infections to identify the immune cell 

repertoire and bacterial genes involved in avian host-adaptation. To determine the avian immune 

cell tropism for S. aureus, mCherry-integrated clones from common avian (CC385, CC5) and 

human (CC8) S. aureus clonal lineages were screened in blood extracted from the transgenic 

chicken line Runx1-eGFP. We demonstrate that monocytes and heterophils generate the first-line 

response to S. aureus infection, with avian strains exhibiting differential uptake by heterophils 

compared to a human strain. Furthermore, our analysis demonstrated that avian S. aureus strains 

may have adapted to the avian host through the inhibition of degranulation of heterophils as a novel 

survival mechanism. TraDIS analysis of genes involved in the fitness of S. aureus during infection 

of peripheral blood leukocytes demonstrated that regulators of the Type VII secretion system and 

Spl-proteases were required for survival of S. aureus in the face of the innate immune response of 

PBLs. Taken together, these studies provide new insights into the evolution of S. aureus and the 

key host-pathogen interactions underpinning S. aureus infections. 
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Lay Summary 

Staphylococcus aureus is a major human and animal bacterial pathogen that can cause an array of 

different disease types. This thesis aimed to understand how S. aureus can cause disease in 

different host species by characterising the genes that are involved in interacting with the host 

immune response.  

S. aureus abundantly secretes two enzymes called lipases that promote bacterial survival by 

cleaving lipids, the building blocks of cells that also function as energy-storing molecules. Lipases 

have previously been attributed to interfering with the host immune system, but the impact of lipases 

on phagocytic killing by immune cells remains unknown. To investigate this, we employed a lipase-

deficient genetically modified epidemic strain in experimental infection assays to determine if 

lipases can inhibit innate immune phagocytic killing mechanisms. The killing activity in whole blood, 

human neutrophils, and macrophages was analysed but there were no differences in the survival 

between the native S. aureus strain in comparison to its lipase-deficient mutant, and there was no 

lipase-dependent effect on phagocytosis, intracellular survival, or escape from macrophages. 

Therefore, we showed that S. aureus lipases do not inhibit bacterial killing mechanisms of human 

macrophages, neutrophils, or whole blood.  

The ongoing COVID-19 pandemic has taught us how detrimental pathogen host-jumping events 

can be to the global population. Until approximately 60 years ago, there was a lineage of S. aureus 

that was restricted to the human host. A host-jump event into poultry lead to the rapid, global spread 

of novel adapted strains in the broiler chicken industry. Our research combined transposon (Tn) 

mutagenesis of S. aureus with experimental infections to identify the immune cells and bacterial 

genes involved in avian host adaptation. To determine the avian host responses towards S. aureus 

infection, fluorescent strains from common avian and human S. aureus strains were screened in 

blood from a transgenic chicken line that facilitates the visualisation of different immune cells in the 

blood: Monocytes, heterophils (the avian equivalent of neutrophils), basophils and eosinophils. We 

demonstrated that monocytes and heterophils generate the first-line response to S. aureus 

infection, and that heterophils were involved in the adaptation to the avian host. We next aimed to 

create a Tn-mutant library to screen for the essential genes required for the adaptation of S. aureus 

to the avian host. Tn-mutagenesis is a technique whereby mutants are made in every gene of the 

S. aureus genome, enabling the assessment of genes that are essential for bacterial survival in 

different growth conditions. Analysis of genes involved in the survival of S. aureus in the face of the 

avian innate immune response revealed that regulators of the Type VII secretion system and Spl-

proteases were required for optimal survival. Overall, these studies provide novel insights into the 

evolution of avian-adapted S. aureus and the key host-pathogen interactions underpinning S. 

aureus infections of chickens. 
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1.1 Staphylococcus aureus in disease 

1.1.1 Staphylococcus aureus infection in humans and animals 

Staphylococcus aureus is a Gram-positive, multi-host community and nosocomial acquired 

bacterium which can exist both as a commensal and a pathogen. In humans, S. aureus is 

typically a commensal associated with the epithelial microbiota on the skin or in the 

nasopharynx. It is estimated that approximately 30% of the global population are 

permanent carriers of S. aureus, with 60% of the population being intermittent carriers 

(Krismer et al., 2017). In animals, the prevalence of S. aureus carriage varies depending 

on the host species, ranging from up to 90% for chickens to 29% for sheep (Nagase et al., 

2002). In humans, S. aureus can cause a multitude of diseases, such as common skin and 

soft tissue infections (SSTIs), to invasive diseases such as Staphylococcal osteomyelitis, 

necrotising pneumonia and infective endocarditis (Lowy, 1998). In livestock, S. aureus is 

the aetiological agent of mastitis, leading to huge economic losses in the global dairy 

industry. In addition, S. aureus is associated with skin and intramammary infections in 

rabbits (J. Ross Fitzgerald, 2012). In pigs, several clones (notably ST398) have acquired 

resistance to β-lactams (livestock-associated methicillin-resistant; S. aureus LA-MRSA) 

and have the capacity to cause disease in their handlers from the United States, Canada, 

and Western Europe (Ward et al., 2014). ST398 LA-MRSA have the capacity to infect a 

broad scope of taxonomically varied hosts, including cows, chickens, horses, and turkeys 

and to cause zoonotic disease in humans (Matuszewska et al., 2020; Price et al., 2012; 

Rasigade et al., 2010; Smith et al., 2009)  

In poultry, S. aureus can reside as a commensal in the upper respiratory tract, on the skin 

and has been isolated from the house dust and in bird feed leading to S. aureus being 

isolated from the dorsal and plantar surface of the feet (Cooper & Needham, 1976; Nagase 

et al., 2002; Peton & Le Loir, 2014). S. aureus related disease in poultry arises as a result 
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of damage to the skin barrier, such as wounds inflicted through accidents, acts of 

cannibalism or damage to the umbilicus (Omphalitis) which can be aided by predisposing 

factors such as immunosuppression, viral infection, stress, and, starvation (Bystroń et al., 

2010; Peton & Le Loir, 2014; Wobeser & Kost, 1992). S. aureus disease in birds includes 

septic arthritis, septicaemia, gangrenous dermatitis, and bumblefoot, which is the swelling 

and ulceration of the plantar pads (McNamee & Smyth, 2000; Peton & Le Loir, 2014). 

Furthermore, S. aureus is the leading aetiological agent of bacterial chondronecrosis and 

osteomyelitis (BCO) in the broiler industry. BCO causes lameness as a result of bacterial 

lesions in the femur and tibiotarsus which, in severe cases, causes bird morbidity 

(McNamee & Smyth, 2000). It has been estimated that S. aureus induced lameness was 

responsible for losses of 0.75% of all broilers, costing the UK broiler industry £3 million 

annually (McNamee & Smyth, 2000). 

1.1.2. Antibiotic resistant S. aureus 

To date, efforts to develop a vaccine to control human or animal infections due to 

S. aureus have been unsuccessful (Parker, 2018). Consequently, antibiotics remain the 

most common method of control, which is of global concern due to the emergence of 

resistant strains in the population. It has been suggested that some antibiotic resistant 

strains, such as the community-associated methicillin-resistant epidemic clone 

S. aureus USA300, have enhanced virulence that may have contributed to their global 

dissemination and success (Deleo et al., 2010). 

Resistance to antimicrobials can emerge through the acquisition of genes by horizontal 

gene transfer (HGT), or, through mutations that alter drug binding sites on molecular 

targets and increase the expression of exogenous efflux pumps (Foster, 2017). For 

example, resistance to β-lactam antibiotics, which target S. aureus peptidoglycan, is 
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conferred by the Staphylococcal chromosomal cassette mec (SCCmec) (Shore & 

Coleman, 2013). SCCmec contains the mecA gene which encodes for penicillin-binding 

protein 2 (PBP2), a peptidoglycan-associated protein with reduced affinity for β-lactams 

(Łeski & Tomasz, 2005; Shore & Coleman, 2013).  

Antimicrobial resistance may also emerge via mutations of existing genes. For example, 

fluroquinolone resistance (e.g., Ciprofloxacin) arises due to a single spontaneous mutation 

in the genes encoding the antibiotic target, topoisomerase IV or DNA gyrase (Ng et al., 

1996). Indeed, such mutations can be the root of the phenomenon termed SARM (silencing 

of antibiotic resistance by mutation) which is a transient phenotype whereby a reversion in 

an antibiotic resistance gene renders the bacterium temporarily sensitive to an antibiotic 

(Kime et al., 2019). This effect has been identified in genes conferring resistance to 

aminoglycosides, β-lactams, and tetracycline antibiotics, and can lead to issues in the 

efficacy of antimicrobial treatment. Ergo, this phenomenon can result in the re-emergence 

of S. aureus infection, having severe implications on patients undergoing antibiotic 

chemotherapy (Kime et al., 2019).   

In a similar manner, S. aureus persisters are quiescent bacteria that adopt a transient, non-

growing phenotype upon antibiotic stress, which gives rise to chronic antimicrobial tolerant 

infections. The S. aureus stringent response contributes to the molecular switch that leads 

to a persisters phenotype, which is modulated through the synthesis of 

hyperphosphorylated guanosine derivatives (p)ppGpp (Peyrusson et al., 2020). In 

S. aureus, (p)ppGpp inhibits the metabolism of peptidoglycan and its reconstruction of the 

cell wall, removing penicillin binding protein as the functional target for β-lactam antibiotics 

thus resulting in the formation of persistent populations of tolerant bacteria (Das & Bhadra, 

2020; Wu et al., 2010). It has been speculated that biofilm formation can be facilitated by 
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adherent persister populations, which also gives rise to chronic, antimicrobial resistant 

S. aureus infections (Waters et al., 2016).  

It has been shown that mobile genetic elements (MGEs) that carry antibiotic resistance 

genes, SCCmec and Tn916 (which harbours tetracycline resistance), also play a crucial 

role in zoonotic S. aureus infection, with livestock representing a major reservoir for 

antibiotic-resistant human infections (Matuszewska et al., 2022; Ward et al., 2014). The 

stable maintenance of these two MGEs is a concern in the context of the continuing threat 

of LA-MRSA to public health (Matuszewska et al., 2022; Ward et al., 2014).  

Consequently, therapeutic alternatives are now required for the treatment of 

S. aureus infections, either to be used alone or in tandem with current antibiotics. 

Therefore, in the advent of the “post-antibiotic” era, the identification of targets for the 

development of novel control strategies for controlling S. aureus diseases is urgent. 

1.1.3 Polymicrobial S. aureus infection 

Coinfections of S. aureus with other pathogens are commonly associated with endemic 

nosocomial infections (Tong et al., 2015). For example, in a recent study of COVID-19 co- 

and secondary infections, it was demonstrated that antimicrobial-resistant S. aureus was 

the predominant pathogen to cause deep respiratory and bloodstream infections in 

hospitalised COVID-19 patients (Russell et al., 2021). In addition, it has been previously 

shown that S. aureus is a common cause of secondary infections in patients with influenza 

(McCullers, 2014). It was recently shown that S. aureus lipase 1 can enhance replication 

and aid in the release of Influenza A viral particles from chicken embryo fibroblasts 

(Goncheva et al., 2020). 

S. aureus is a predominant colonizer of the nasopharynx and thus has to compete with the 

complex microbiota that exists in that niche (Nair et al., 2014). The type VII secretion 



                                                                                                          Chapter 1: General Introduction 

 

    

6 
 

 

system (T7SS) facilitates the translocation of antimicrobial toxins into the extracellular 

environment and is a key mediator of S. aureus competition with other microbes (Cao et 

al., 2016). The T7SS was first described in Mycobacterium tuberculosis (Stanley et al., 

2003), and then later in S. aureus (Burts et al., 2005). In S. aureus, the T7 machinery is 

regulated through the orchestration of four integral membrane proteins (EsaA, EssA, EssB 

and EssC), two cytosolic proteins (EsaG and EsaB), five secreted proteins (EsxA, B,C, D 

and EsaD) and EsaE, that is hypothesised to stabilise EsaD (Cao et al., 2016). The EssC 

domain is a high molecular weight multimeric ATPase that forms the integral T7 pore, 

whereby ATP hydrolysis results in conformational changes that facilitate the translocation 

of toxins across the membrane (Burts et al., 2005). The T7SS secretes two toxins into the 

extracellular environment, a nuclease protein EsaD and TspA, which has membrane 

depolarisation activity (Cao et al., 2016; Ulhuq et al., 2020). Both toxins have cognate 

antitoxins, EsaG and TsaI respectively, to provide immunity from self-toxin killing (Cao et 

al., 2016; Ulhuq et al., 2020). It is currently unknown how the nuclease EsaD can protect 

S. aureus in polymicrobial infections, as there is little structural evidence to imply that it 

alone can access the cytoplasm of competitor bacteria (Cao et al., 2016). Cao, and 

colleagues, therefore speculated that EsaD binds to the receptors of competitor cells, 

traverses into the cytoplasm and degrades DNA in a similar manner to contact-dependent 

growth inhibition toxins and bacteriocins (Cao et al., 2016).  

The presence of the T7SS is conserved across the S. aureus bacterial species, and is 

encoded on a locus composed of four modules, including a conserved module one which 

has been identified in all bar one S. aureus isolates examined (S. aureus ASASM86) 

(Warne et al., 2016). Module two contains the essC genes that are conserved at the 5’ end, 

but exhibit lineage-specific sequence divergence at the 3’ end (Bowman & Palmer, 2021; 

Warne et al., 2016). It is known that strains that harbour the essC1 allele encode numerous 
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variants of the EsaD nuclease, and intergenic recombination has resulted in the expansion 

of novel anti-toxin EsaG homolog genes which offer protection from these variants (Garrett 

et al., 2022). Module three encodes a complicated arrangement of predicted genes mixed 

with hypothetical proteins which vary dependent on lineage (Warne et al., 2016). Finally, 

module four encodes two conserved hypothetical transmembrane proteins (Warne et al., 

2016). In addition to intraspecies competition, the T7SS has also been shown to play a 

crucial role in maintaining S. aureus membrane homeostasis by preserving integrity 

against host antimicrobial fatty acids (Tchoupa et al., 2020). Furthermore, the T7SS has 

been demonstrated to be important for bacterial virulence and deletion studies in T7SS 

regulators have shown reduced abscess formation, reduction of mortality in zebrafish, 

impaired S. aureus intracellular survival and reduced neutrophil lysis (Bowman & Palmer, 

2021; Burts et al., 2008; Dai et al., 2017). Therefore, the T7SS is a critical mediator of S. 

aureus colonization of competitive niches, in addition to a role in bacterial virulence.  

1.2 S. aureus host-pathogen interactions  

An understanding of the critical host-pathogen interactions underpinning 

S. aureus infection can reveal novel therapeutic targets. Protective immunity in 

S. aureus infection is not observed, implying that the innate immune response is salient in 

the clearance of S. aureus from the host (Kim et al., 2012; McCarthy & Lindsay, 2013). 

However, S. aureus has developed an array of strategies to evade the innate immune 

response (Flannagan et al., 2016; Foster, 2005; Kim et al., 2012; Spaan et al., 2013) 

The avian immune system differs substantially to that of mammals (Table 1.1) and 

consequently S. aureus has evolved distinct mechanisms to facilitate survival in different 

host species. As the avian immune response differs at a cellular, molecular and genetic 

level, traditional mouse models cannot be applied to study avian physiology (Kaiser & Balic, 
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2015; Wigley, 2014). Most of our understanding of bacterial interactions with the avian 

immune system stem from studies of the Gram-negative Salmonella enterica serovar 

Typhimurium, and consequently there is a complete lack in our understanding of S. aureus 

interactions in birds (Wigley, 2014).  
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 Table 1.1 Comparison of avian and mammalian components that orchestrate immune responses. 

 

 

 

 

 

 

 

 

 

 

 

 

Component of immune 

system 

Mammals Avian Reference 

Antibodies 

Multiple V,D and J segments 

Single V and J segments, 

Pseudogene V segments (Härtle et al., 2013) 

IgA, IgE, IgD, IgG, IgM IgA, IgM, IgY 

Antigen Presentation 

Lymph Nodes Local (Cecil Tonsils or Meckel’s Diverticulum) 
(Cooper et al., 1965; 

Kaiser & Balic, 2015) 

Several isotypes of polygenic MHC class II genes 

BF-BL region on the B locus, one isotype 

containing both class I and II genes 

(Parker & Kaufman, 

2017) 

Antimicrobial defensins α, β, γδ β, γδ, CATH-like 
(Higgs et al., 2005; 

Rowan et al., 2004) 

B cell development Bone Marrow Bursa of Fabricius (Cooper et al., 1965) 

Chemokine Receptor CXCR2, CCR1, CCR2, CCR3, CCR5, CCR4 CCRa, CCRb, CCRc, unknown (Kaiser & Balic, 2015) 

Interleukin Family 

Repertoires 

IL-1α, IL-1rn, IL-1β, IL-18, IL-33,IL-36RN, IL-36α, IL-

36β, IL-36γ, IL-37,IL-38, 

IL-1β, IL-RN, IL-18, IL-36RN (Kaiser & Balic, 2015) 

Polymorphonuclear 

granulocytes 

Neutrophils Heterophils (Montali, 1988) 

Toll Like Receptors (and 

agonists) 

TLR1/6/10 Lipoproteins TLR1 A/B Lipoproteins 

(He et al., 2006; Kogut 

et al., 2005) 

TLR2 Peptidoglycan TLR2 A/B Peptidoglycan 

TLR7/8 ssRNA Pseudogene ssRNA 

TLR9 CpG TLR21 CpG 

Absent LPS/lipoprotein/CpG TLR15 LPS/lipoprotein/CpG 
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1.2.1 Host recognition of S. aureus 

1.2.1.1 Mammalian host recognition  

Pathogen associated molecular patterns (PAMPs), such as S. aureus peptidoglycan, 

lipoteichoic acids (LTA), lipoproteins and formyl-peptides, are recognised by pattern 

recognition receptors (PRRs) such as Toll-like (TLR), and G-protein coupled receptors 

(GPCR) that decorate the surface of both innate and non-innate immune cells (as reviewed 

in Suresh & Mosser, 2013). There are many PRRs which trigger an immune response 

against S. aureus, such as extracellular TLR2 and FcγR, intracellular NOD-like receptors, 

and scavenger receptors, MACRO and SR-A (Askarian et al., 2018; Blanchet et al., 2014; 

Botos et al., 2011; Deshmukh et al., 2009; Herra et al., 1996; Peiser & Gordon, 2001; 

Pietrocola et al., 2011; Yimin et al., 2013; Zheng et al., 2019).  

1.2.1.2 Avian host recognition   

It has been demonstrated that, in a similar fashion to mammals, PRRs are ubiquitously 

expressed on avian immune cells. In the case of avian TLR3, 4, and 5, these receptors 

recognise the same agonist as their mammalian counterpart, dsRNA, LPS, and flagella 

respectively (Table 1.1). There are also cases of duplications of genes, for example 

TLR2a/b, which are orthologues of their mammalian alias and recognise the same bacterial 

PAMP as their mammalian counterpart, peptidoglycan (Table 1.1). Furthermore, some 

avian PRRs display cellular restriction, such as TLR5 which is expressed by avian 

heterophils but has not been detected on avian monocytes (He et al., 2006; Kogut et al., 

2005). In response to S. aureus LTA, which is also recognised by TLR2, chicken 

monocytes have demonstrated upregulation of nitric oxide production indicating that 

PAMP recognition by some avian TLRs can mirror the response of mammalian cells (He et 

al., 2006).  
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1.2.2 Complement system  

1.2.2.1 Mammalian complement system  

The complement system is divided into 3 pathways: the classical, alternative and lectin 

pathway, which in total encompasses more than 30 serum proteins. Despite differences in 

their target substrate, they all share a common theme in the proteolysis of complement 

protein C3 to C3b (Fig 1.1, (Noris & Remuzzi, 2013; van Kessel et al., 2014)). In 

S. aureus infection, complement can mediate bacterial opsonisation which facilitates 

internalisation by professional phagocytes. Opsonisation is the process whereby 

complement molecule C1q is deposited on the surface of S. aureus, stimulating bacterial 

coating with complement factor C3 and IgG (Johannessen et al., 2012). By coating 

S. aureus in host proteins, opsonins act as molecular bridges and facilitate the binding of 

professional phagocytes via the C3b receptor. Following a second signal, through either 

the interaction of the Fc region of IgG molecules (FcγR) or C5a fragments, phagocytosis is 

activated and the oxidative burst enables phagocytic killing of the bacterium (Hiemstra & 

Daha, 1998). In a study by Cunnion et al. C3 complement protein was depleted in mice 

using cobra venom factor thus preventing S. aureus complement-mediated opsonisation 

leading to increased mortality of the mice, indicating the importance of complement 

proteins in the clearance of bacteria (Cunnion et al., 2004).  

1.2.2.2 Avian complement system 

There is strong evidence of an avian complement system (Figure 1.1). Importantly, the 

avian C3 has been shown to be present in both the serum and also in the yolk but in 

contrast to human C3, it exists in 3 molecular forms (Laursen & Koch, 1989; Mavroidis et 

al., 1995). For the classical pathway, an avian C1q molecule has been identified which is 

structurally similar to that of the human counterpart. Furthermore, genes encoding C2 and 

C4 have been identified in the chicken genome, with C4 shown to have activity in avian 
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serum and to be cross-reactive with the human C4 (Kjalke et al., 1993; Wathen et al., 1987). 

Regarding the lectin pathway, avian MBL has been identified and demonstrated to deposit 

C4 on the avian MBL-associated serine proteases (MASP-2, MASP-3, and, MASP-19), 

which differ to the mammalian MASP-1 and MASP2 complex (Laursen et al., 1995). 

Currently, there is limited evidence of an avian alternative pathway, with factor B being the 

only alternative complement protein identified to date. However, avian factor B has been 

confirmed to stimulate C3 convertase activity, which implies it may be able to stimulate 

C3b production (Laursen & Koch, 1989). In mammals, opsonisation further relies on the 

decoration of S. aureus with IgG alongside C1q. It has been demonstrated that birds do 

not possess an IgG, and avian IgM is the only antibody that shares homology to its 

mammalian counterpart (Härtle et al., 2013). However, avian IgY is believed to be the avian 

equivalent to mammalian IgG as it shares functional similarities to both mammalian IgG 

and IgE (Härtle et al., 2013). 
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Figure 1.1. Evidence of a dynamic avian complement pathway. Schematic of the mammalian complement pathway, in 

which complement proteins shared between birds and mammals are coloured in yellow. Schematic created using 

Lucidchart.com. 
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1.2.3 Polymorphonuclear leukocytes 

1.2.3.1 Mammalian neutrophils  

Neutrophils are short-lived granulocytes that are derived from bone marrow pluripotent 

hematopoietic stem cells and are critical for the initial clearance of S. aureus in the early 

stages of infection (van Kessel et al., 2014). Neutrophils can kill bacteria through the 

following mechanisms: phagocytosis followed by killing through oxidative bursts, the 

production of neutrophil extracellular traps to entrap, and kill, S. aureus and the release of 

antibacterial granules into the extracellular environment.  

Upon entry into the blood stream, PAMP induced pro-inflammatory cytokines, such as IL8, 

alongside pathogen molecules, complement proteins and host cells generate a 

chemotactic gradient that guides surveying neutrophils towards the site of infection (van 

Kessel et al., 2014). Neutrophils are decorated with receptors that are used to sense 

chemoattractant substances, such as the GPCR formyl peptide receptor (FPR), which 

recognises N-formylated peptides secreted by S. aureus. Surveying neutrophils migrate 

along the blood vessel endothelium through low-affinity interactions between PSGL-1 on 

neutrophils and P-selectin on the surface of the endothelial cells (van Kessel et al., 2014). 

Upon neutrophil extravasation, primed neutrophils recognise surface-bound or secreted 

bacterial proteins (Rigby & DeLeo, 2012). This recognition facilitates pseudopod 

projections from the neutrophil to engulf the bacteria, where it is encapsulated into a 

membranous vacuole, the phagosome. The phagosome subsequently recruits, and fuses 

with the lysosome, forming a phagolysosomal compartment. Phagolysosomal membrane-

associated NADPH-oxidases generate reactive oxygen species such as myeloperoxidase 

(MPO), generating hydrogen peroxide which associates with chloride ions to form 

hypochlorous acid, promoting the killing of internalised bacteria through respiratory bursts 

(van Kessel et al., 2014). 
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Bacteria can also be killed through neutrophil extracellular traps (NETs) that are 

protrusions of extracellular DNA that form a net-like structure which immobilizes bacteria, 

facilitating killing by phagocytes in the environment. NETs are released through a process 

called NETosis, which occurs when actin polymerisation is arrested and filament 

depolarisation is triggered, thus stimulating the disassembly of the nuclear envelope 

(Brinkmann et al., 2004). Consequently, nuclear chromatin is released into the cytosol and 

becomes extracellular via plasma membrane permeablisation (Brinkmann et al., 2004; 

Rigby & DeLeo, 2012). S. aureus induced NETosis occurs through either direct bacterial 

activation of TLR2, or immune complexes on opsonised bacteria activating the FcγR 

receptor (Papayannopoulos, 2017).  

Neutrophils are very robust in their mechanisms of S. aureus clearance and can further 

eliminate bacteria through the release of heterogeneous bactericidal granules into the 

extracellular environment. Granules are released in sequence, with the initial granules 

released containing proteins required for neutrophil adhesion and migration, followed by 

antimicrobial granules required for bacterial killing by matrix metalloproteases (Borregaard 

et al., 2007). It has been demonstrated that both opsonised and non-opsonised 

S. aureus can be readily killed by azurophilic granules of β-D-glucuronidase alongside very 

pronounced secretion of lysozyme, which demonstrated no effect on neutrophil viability 

(Ferrante et al., 1989). 

1.2.3.2 Avian heterophils  

Heterophils are the avian equivalent of human neutrophils, eliciting a response more 

similar to that of a reptile than a mammal (Montali, 1988). It has been observed in chickens 

that chemotactic gradients, as a response to S. aureus, stimulate a flux of heterophils to 

the site of infection (Andreasen et al., 1991). Like mammalian neutrophils, heterophils 

detect invading bacteria using PRRs decorating the cell surface, which subsequently 
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facilitates the phagocytosis of opsonised bacteria. Once intracellular, non-oxidative AMPs 

are important mediators for killing S. aureus, as heterophils lack MPO and therefore do not 

produce high levels of hydrogen peroxide and superoxide anions (Cuperus et al., 2013). 

Mammalian neutrophils have a diverse repertoire of α- and β-defensins which are 

important for phagolysosomal killing, however in birds, α-defensins are absent and β-

defensins and cathelicidin-like (CATH-like) proteins are the predominant AMPs (Higgs et 

al., 2005; Rowan et al., 2004). In chickens, there are 14 known isoforms of β-defensins 

which vary between bird species and in their ability to kill bacteria (van Dijk et al., 2008). 

For example, chicken β-defensin Gal-11 has the capacity to kill a broad array of bacteria, 

with profound effects being observed against Listeria monocytogenes and S. Typhimurium 

but no effect on S. aureus (Higgs et al., 2005). In contrast, other avian AMPs such as 

chicken heterophil peptides (CHP1 and 2), and turkey heterophil peptide 1, demonstrated 

bactericidal activity for S. aureus, but not for other bacterial species (Evans et al., 1995; 

Higgs et al., 2005). Furthermore, three novel CATH-AMPs were identified based on 

genome sequence analysis, including fowlcidin, which had the ability to protect mice from 

a lethal dose of MRSA, suggesting a possible role in heterophil bactericidal activity 

(Bommineni et al., 2010). Like their neutrophil counterparts, chicken heterophils are 

capable of producing heterophil extracellular traps (HETs) as a defence mechanism. HETs 

are structurally similar to NETs, and are composed of histone-DNA complexes and elastase 

from heterophil cytoplasmic granules (Chuammitri et al., 2009).  

Heterophils also secrete granules as a method of bacterial elimination, but they are not as 

well defined as their mammalian counterpart. It has been reported that avian granules have 

the capacity to eliminate bacteria by containing antimicrobial defensins Gal1 and Gal2, 

alongside enzymes including β-D-glucuronidase (Genovese et al., 2013). In a study 

analysing the function of various TLRs expressed on chicken heterophils, it was observed 



                                                                                                          Chapter 1: General Introduction 

 

    

17 
 

 

that peptidoglycan from S. aureus (TLR2) was the most potent inducer of bactericidal 

granule β-D-glucuronidase (Kogut et al., 2005). Whether this enhanced release of β-D-

glucuronidase translated to elevated bacterial killing by heterophils was not determined.   

1.2.4 Macrophages 

1.2.4.1 Mammalian macrophages  

Macrophages are long-lived, myeloid progenitor cells that circulate in the blood as 

monocytes but differentiate upon tissue extravasation as a result of the cytokine colony 

stimulating factor 1 (CSF-1) (Hume & MacDonald, 2012). Once inside tissues, 

macrophages will either reside permanently or are recruited to a new niche in the body 

(van Furth & Cohn, 1968). Macrophages are equipped with an armamentarium of PRRs, 

and are able to kill bacteria by phagocytosis induced by either PAMP recognition towards 

SR-A, MARCO, or, opsonised bacteria binding to the FcγR receptor (Cole et al., 2014; 

Hirayama et al., 2017). Intracellular killing is facilitated in a similar manner to neutrophils, 

with the orchestration of F-actin and microtubule networks facilitating the intracellular 

encapsulation of the bacterium (Hirayama et al., 2017). It is generally accepted that 

S. aureus is a facultative intracellular bacterium that can survive within macrophages by 

suppressing killing mechanisms (Flannagan et al., 2016). Once inside the macrophage, 

S. aureus is transported into the LAMP-1-positive phagolysosome, where it can replicate 

intracellularly >6 h post-ingestion (Flannagan et al., 2016; Kubica et al., 2008). It has 

recently been demonstrated that infected macrophages promote uptake of extracellular 

macromolecules by membrane ruffling, that are delivered to the phagolysosome 

supporting bacterial replication (Flannagan & Heinrichs, 2020). Subsequent membrane 

blebbing and caspase 3 activation facilitates the release of viable staphylococci from 

macrophage cells, which for non-tissue residing macrophages could be in a new niche in 
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the body, thus facilitating dissemination of S. aureus in a Trojan-horse like delivery system 

(Flannagan et al., 2016). 

Furthermore, tissue-resident macrophages are equipped with the major histocompatibility 

complex (MHC-II) molecules on their surface which are essential for antigen presentation 

in the lymph nodes, triggering chemokine and cytokine responses (Yimin et al., 2013). 

Brown et al. demonstrated that, in the absence of macrophages, S. aureus prevents 

memory Th cell activation inhibiting the resolution of S. aureus infection in mice (Brown et 

al., 2015). Furthermore, evidence suggests that macrophages are important in the 

prevention of biofilm formation, which is a key mechanism deployed by S. aureus to 

establish itself and persist in the host (Lister & Horswill, 2014). A study by Thurlow et al. 

showed that in the absence of pro-inflammatory macrophages, bacterial persistence in 

biofilms increases (Thurlow et al., 2011).  

1.2.4.2 Avian macrophages  

Avian macrophages are similar structurally and functionally to mammalian macrophages, 

and also require CSF-1 for proliferation and differentiation. Yolk-sac derived macrophages 

and erythrocytes are the earliest haematopoietic cells to develop in the chick and are 

widely distributed in developing embryos (Balic et al., 2014). Chicken macrophage 

development post-hatch does not differ significantly to that in mice, with the main 

difference being an abundance of avian macrophages in the skeletal muscle, suggesting a 

role in muscle development (Balic et al., 2014). Furthermore, it has been demonstrated 

that blood monocytes patrol blood vessels in chicken embryos, in a manner that is 

reminiscent of the response observed in mice (Balic et al., 2014). Using reporter transgenic 

chickens, it was observed that these patrolling macrophages were able to engulf zymosan 

particles which mirror that of a microbial infection (Balic et al., 2014). It has been observed 

that avian macrophages can readily phagocytose avian S. aureus isolates (Parr, 2018). A 
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study using the S. aureus human strain 6850 combined state-based mathematical models 

alongside flow cytometry to simulate the interactions of S. aureus with avian whole blood 

cells over time. Specifically, these models simulated the different transitional states of 

killing in infection (such as single extracellular killing mechanisms via HETs or multiple 

extracellular killing mechanisms such as HETs and bactericidal granules). This was applied 

to model the immune mediators involved in whole blood S. aureus, Candida albicans and 

Escherichia coli killing (Sreekantapuram et al., 2020). It was observed that monocytes were 

predominantly associated with S. aureus, followed by heterophils and to a very low extent, 

T cells, B cells and thrombocytes (Sreekantapuram et al., 2020).   

Similar to mammalian macrophages, avian macrophages display a MHC complex on their 

cell surface for antigen presentation which in birds is believed to be local to the site of 

infection, and in either the cecal tonsils or the Meckel’s Diverticulum (Kaiser & Balic, 2015). 

However, the avian MHC is small and simple in comparison to the polygenic mammalian 

MHC which has been reported to associate with S. aureus in infection models (Cotter et 

al., 1987; Joiner et al., 2005).  

1.3 Staphylococcus aureus virulence and pathogenesis 

1.3.1 Regulators of virulence factors 

S. aureus can sense environmental cues and coordinate the appropriate response using 

quorum sensing systems (Le & Otto, 2015). Two component regulators are fundamental 

in sensing the environment, which through phosphorylation cascades, facilitate the 

expression of genes which are essential for survival, such as those involved in virulence 

(Le & Otto, 2015). The best studied quorum sensing regulator in S. aureus is the accessory 

gene regulator (agr), which controls the transcription of virulence factors through the 

action of two RNA molecules, RNAII and RNAIII (Peng et al., 1988). The RNAII transcript is 
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derived from an operon encoding genes, agrA, agrB, agrC, agrD which encode for the 

quorum sensing machinery driven by the P2 promoter (Arvidson & Tegmark, 2001; Peng 

et al., 1988). The major effector and transcriptional regulator in this system is RNAIII which 

is driven by the P3 promoter. Accumulation of an auto-inducing peptide (AIP) in the 

extracellular environment leads to the activation of this agr-system and the upregulation of 

virulence genes (Novick & Muir, 1999). Proteins synthesised under this regulator include 

extracellular toxins such as the TSST-1, α, β,γ-hemolysin and lipases 1 and 2 (Nguyen et 

al., 2018; Novick et al., 1993). Further two-component systems which regulate virulence 

protein expression include the S. aureus exoprotein expression (sae), the staphylococcal 

respiratory regulator (srrAB) and the autolysis regulated locus (arlRS) (Jenul & Horswill, 

2018).  

Important regulators of virulence which are not two component systems include the SarA 

protein family and the alternative sigma factor. SarA synthesis is controlled from three 

different promoters, which form a complex to its own promoter to facilitate auto-

upregulation (Cheung et al., 2008) . SarA is important for the repression of genes for 

secreted proteases, which in turn influence biofilm formation (Beenken et al., 2003). 

Furthermore, sigma factors such as sigma B (σb) facilitate the ability of S. aureus to adapt 

to distinct environments, in particular S. aureus stringent responses. In S. aureus, the sigB 

gene is part of an operon formed with rsbU, rsbV and rsbW. SigB expression is driven by 

SigA which leads to the whole operon being transcribed (Senn et al., 2005). Taken 

together, these regulators facilitate the transcription of virulence proteins which coordinate 

the pathogenesis of S. aureus. Currently, there are over 38 characterised immune evasion 

virulence factors within the S. aureus genome overall implying that there is still much to 

understand of how S. aureus evades the immune systems and initiates infection.  
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1.3.2 Host recognition and chemotaxis 

A predominant mechanism that S. aureus employs to evade the host is through 

antagonising host receptors or enzymes, perturbing chemotactic gradients employed to 

recruit immune cells to the site of infection.  

Staphylococcus superantigens (SAg), such as TSST-1 and SElX, are a class of secreted 

proteins that induce Vβ-dependent T cell proliferation leading to immune dysregulation, 

and can be associated with severe infections such as toxic shock syndrome (TSS) and 

necrotising pneumonia (Hermans et al., 2012; Proft & Fraser, 2003; Tuffs et al., 2017). 

Furthermore, S. aureus encodes superantigen like (SSL) genes, which are arranged in 

tandem repeats either on the genomic island vSaα, or, in immune evasion cluster 2 (IEC2). 

SSL proteins, SSL5, 6, 8, 11, and, 13, are involved in inhibition of chemotaxis (McCarthy 

& Lindsay, 2013). For example, SSL5 binds to P-selectin and PSGL-1 which in turn inhibits 

interactions with surveying neutrophils and the blood endothelium lining (Bestebroer et al., 

2007; Walenkamp et al., 2010). In addition, it has been demonstrated that SSL3 and 4 

inhibit TLR 1 and 6 heterodimerisation with TLR2, which significantly reduces the ligand 

binding spectrum in S. aureus diseases (Hermans et al., 2012; Yokoyama et al., 2012). 

The secreted chemotaxis inhibitory protein of S. aureus (CHIPS) has been shown to bind 

directly to and subsequently block classical chemoattractant receptors, complement 

receptor C5aR and FPR. This in turn impairs the chemoattractant gradient used to recruit 

of monocytes and neutrophils to the site of infection (de Haas et al., 2009). 

It has also been demonstrated that lipoic acid A supresses binding to macrophage TLR2 

receptors through the addition of lipoyl moieties to the E2 subunits of metabolic complexes 

(Grayczyk et al., 2017). Furthermore, S. aureus lipase 2 abrogates TLR2 macrophage 
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activation through cleavage of S. aureus lipoproteins, which in turn diminishes the inherent 

pro-inflammatory response by macrophages (Chen & Alonzo, 2019).  

1.3.3 Inhibition of the complement cascade 

There are several classes of virulence factor which inhibit proteins involved in the 

complement cascade, many of which are encoded on the immune evasion cluster 2 (IEC2). 

Immune evasion cluster 2 is a cluster of immune evasion genes specifically encoded in 

human linages and carried on β-Hemolysin-Converting Bacteriophages (φ3) (McCarthy & 

Lindsay, 2013; Van Wamel et al., 2006). The largest family of complement inhibitors is the 

SCIN family, which is composed of allelic variants SCIN, SCIN-B and SCIN-C (McCarthy & 

Lindsay, 2013). SCIN proteins bind and inhibit C3 convertase activity, which subsequently 

prevents production of C3, which in turn inhibits opsonisation of S. aureus (Figure 1.1) 

(Rooijakkers et al., 2005). 

Other complement inhibitors includes extracellular fibrinogen binding protein (Efb), which 

generates a “capsule-like” shield around S. aureus, preventing complement molecules 

binding to the cell surface, and thus recognition by phagocytic receptors (Ko et al., 2016). 

Furthermore, collagen binding microbial surface components recognising adhesive matrix 

molecules (MSCRAMMs), such as Cna, can bind to the collagenous domain of complement 

protein C1q (Kang et al., 2013). Consequently, this blocks the classical pathway through a 

mechanism called the “collagen hug” which is critical for the downstream activation of pro-

inflammatory cytokines (Kang et al., 2013). Moreover, the Staphylococcal binder of 

immunoglobin (Sbi), can bind to IgG, C3 and Factor H, which in turn inhibits the alternative 

pathway, as well as interfering with C1q thus blocking the classical pathway (Burman et 

al., 2008). 
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1.3.4 Evasion of killing by professional and non-professional phagocytes 

1.3.4.1 Inhibition of phagocytosis  

Once recruited to the site of infection, phagocytes can ingest bacteria through pseudopod 

extensions, which may lead to killing of ingested bacteria. S. aureus secretes factors that 

inhibit uptake by both professional and nonprofessional phagocytes. It has been 

demonstrated that the MSCRAMM clumping factor A (ClfA) can inhibit phagocytic killing 

through fibrinogen binding, which is hypothesised to inhibit phagocytosis through steric 

hindrance (Higgins et al., 2006). ClfA has been demonstrated to be involved in 

pathogenesis in a range of disease models, such as murine sepsis, and, rat and rabbit 

endocarditis (Benne et al., 1997; Crosby et al., 2016; Higgins et al., 2006; Josefsson et al., 

2001; Moreillon et al., 1995; Resch et al., 2013). S. aureus strains deficient in capsular 

polysaccharide have reduced burden in a model of bacteraemia, implying that capsule 

may prevent decoration of the bacterium by opsonisation molecules (Thakker et al., 1998). 

One of the most well characterised S. aureus surface proteins is staphylococcal protein A 

(SpA). SpA can bind to both the Fc and Fab regions of IgG, thus preventing the 

opsonisation of S. aureus. Sbi, unlike SpA, can only interact with Fc domains of IgG 

molecules thus preventing IgG decoration facilitating opsonisation (Burman et al., 2008).  

Furthermore, S. aureus coagulase and von Willebrand factor-binding protein containing a 

coagulase domain, both associate with prothrombin to generate staphylothrombin, which 

in turn can cleave fibrinogen into fibrin to generate a mesh which protects S. aureus from 

phagocytosis and can promote abscess formation (Panizzi et al., 2006). 

1.3.4.2 Inhibition of intracellular killing mechanisms 

S. aureus is a facultative intracellular bacterium, which facilitates its intracellular survival 

through secretion of factors that prevent killing by respiratory bursts in the phagolysosome. 

Alongside inactivation of S. aureus TLR2 PAMPs, it was demonstrated that lipoic acid 
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synthesis limits the production of reactive oxygen species in macrophages through 

interference of NADPH oxidase and iNOS (Grayczyk & Alonzo, 2019). It has further been 

demonstrated that staphylococcal peroxide inhibitor (SPIN), inhibits the action of MPO to 

diminish the production of reactive oxygen species (De Jong, Ramyar, et al., 2017).  

It has been demonstrated that genes of the dltABCD operon, which are responsible for the 

addition of D-alanine residues on teichoic acids, making them cationic, renders them less 

sensitive towards antimicrobial peptides (Peschel et al., 1999). Furthermore, 

Staphylokinase (SAK) is an S. aureus exoprotein which is encoded by certain β-converting 

phages (Bae et al., 2006). SAK forms complexes with the host plasminogen to cleave fibrin 

and extracellular matrix proteins, alongside abrogation of host α-defensins by binding and 

neutralizing their effects (Jin et al., 2004).  

1.3.4.3 Stimulation of host cell death  

Finally, S. aureus encodes an array of secreted proteins that mediate host cell death. 

S. aureus toxins can be divided into two main groups, the β-barrel pore forming toxins, 

namely α-toxin and leukocidins, and the smaller, detergent like α-helices, including the 

phenol-soluble modulins (PSM) (Yoong & Torres, 2013).  

The β-barrel pore forming toxins insert into the membrane, creating a pore which leads to 

leakage and lysis of the host. The first β-barrel pore forming toxin identified in 

S. aureus was α-toxin, also known as α-hemolysin (hla), which targets a zinc dependent 

metalloprotease ADAM-10 on host cells. Binding of α-hemolysin induces lipid raft formation 

which facilitates clustering of α-hemolysin molecules that mediate lysis (Wilke & Bubeck 

Wardenburg, 2010). It has also been demonstrated that α-toxin synergistically enhances 

inflammation via IL-1α and IL-6, but not TFNα, which in turn damages the primary host 

defence mechanisms by inducing over secretion of cytokines (Onogawa, 2002) 
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Leukocidins are bi-component pore-forming toxins which stimulate cell lysis through 

binding to chemokine receptors and perforating the cell membrane. Leukocidins are 

assembled into two subunits, F and S, in which the S component binds to specific 

proteinaceous cell surface receptors, allowing secondary binding of the F-component 

(Koymans et al., 2015). Importantly, leukocidins have been shown to play an important role 

in adaptation to specific host species. In human S. aureus isolates, up to five bi-component 

leukocidins are encoded: Panton Valentine Leukocidins (PVL), γ-Hemolysin AB and CD 

(HlgAB and HlgCB), LukED and LukAB (GH) (Yoong & Torres, 2013). PVL is a toxin which 

is over represented in some epidemic clones and has demonstrated specific activity 

against human neutrophils through targeting complement receptor C5aR (Löffler et al., 

2010; Spaan et al., 2015). Similarly, HlgCB also interacts with complement receptor C5aR, 

alongside C5L2. In contrast HlgAB, only interacts with chemokine receptors CXCR1, 

CXCR2 and CCR2 and form an octameric pore and contributes to bacteraemia in a CCR2-

dependent manner (Flannagan et al., 2015; Koymans et al., 2015; Spaan et al., 2014). 

Together, these data demonstrate that leukocidins are robust and efficient in their 

mechanisms of host cell death (Spaan et al., 2014). Interestingly, both LukAB and PVL 

have the capacity to kill human granulocytes within one hour, which has not been exhibited 

by LukED (Alonzo et al., 2013). LukED selectively kills CCR5+ T cells, macrophages and 

dendritic cells, leading to the depletion of antigen presentation cells, as well as the 

protective Th1/Th17 response (Alonzo et al., 2013).  

Phenol soluble modulins (PSMs) are a family of small amphipathic peptides which are 

tightly regulated by the accessory gene regulator (agr) and are widespread across 

Staphylococci (Otto, 2014). Unlike bi-component pore-forming toxins, PSMs do not 

demonstrate much species specificity in S. aureus, and they can be classified into two sub 

groups, PSMα, the “shorter type” and PSMβ, the “longer type” (Otto, 2014). Their α-helical 
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structure has a high affinity for lipids which display detergent like properties and cause 

non-specific, receptor-independent cytolysis. It has also been demonstrated that PSMα 

can induce both killing of the cell, and escape of the phagolysosome, after S. aureus has 

been phagocytosed implying both intracellular and extracellular lysis activity (Grosz et al., 

2014).  

Finally, as previously discussed, neutrophils release NETs as a method to kill S. aureus via 

host recognition of S. aureus secreted proteins, such as SpA, which can lead to activation 

of NETosis and subsequently bacterial killing (Hoppenbrouwers et al., 2018). 

S. aureus also secretes nucleases that have been shown to degrade nucleic acids present 

in NETs, facilitating the escape of entrapped bacteria (Berends et al., 2010). 

1.4 Staphylococcus aureus host-adaptation  

1.4.1 S. aureus evolution  

The Staphylococcus genus comprises of at least 81 species and subspecies (Haag et al., 

2019). S. aureus evolution is driven in part by selective pressures that promote adaptation 

to distinct ecological niches, including diversification in biological pathways associated with 

immune evasion and nutrient acquisition (Richardson et al., 2018; Viana et al., 2015). In 

order to understand the diversity of S. aureus, isolates were traditionally classified by multi 

locus sequence typing (MLST), generating an allelic profile that allows the assignment of 

the genome to a sequence type (ST) or clonal complex (CC) of closely-related STs (Feil et 

al., 2004). To date, MLST has been used to identify over 3,300 STs from a range of host 

species demonstrating host-specialised segregation of S. aureus subtypes (Haag et al., 

2019; Weinert et al., 2012). Whilst the most frequent S. aureus host switching events have 

occurred from humans to animals, dairy cows also represent a major reservoir for new 

clones emerging in humans (Spoor et al., 2013; Richardson et al).   
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1.4.2. S. aureus genome  

The bacterial genome consists of genes shared by all strains (core genome) and those 

genes that are strain-dependent (accessory genome). The core represents approximately 

75% of the bacterial genome and contains genes that are required for bacterial survival 

and growth (Lindsay & Holden, 2006). The predominant cause of strain variation in the 

core genome are spontaneous mutations representing single nucleotide polymorphisms 

(SNPs) (Lindsay & Holden, 2006). However homologous recombination can also contribute 

to genetic diversification, particularly at specific locations in the genome associated with 

MGE insertion sites (Everitt et al., 2014). 

The accessory genome includes MGE and other genes acquired horizontally that are 

typically encoding for resistance, immune evasion clusters and other factors involved in 

contingency function. MGEs include elements such as bacteriophages, plasmids, 

S. aureus pathogenicity islands (SaPIs), transposons (Tn), and SCC elements (Chua et al., 

2014). It has been demonstrated that many MGEs are more commonly shared by strains 

within a lineage likely due to the effects of type 1 restriction modification systems limiting 

HGT between different lineages (Waldron & Lindsay, 2006).   

1.4.3 The genetic basis of S. aureus host adaptation  

Host adaptation is the process whereby an organism jumps to a different host species and 

adapts to facilitate survival and transmission in the new host species population. In the 

1930s, Minnett demonstrated that strains of S. aureus display a range of phenotypes that 

are unique to the host it colonises (Minett, 1936). Subsequent population analysis has since 

shown that some pathogenic clones are specialised to preferentially colonise a specific 

host species (Guinane et al., 2011). The capacity of S. aureus to jump from humans to 

livestock is believed to have been a result of opportunities arising after animal 
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domestication in the Neolithic era (10 000 to 2000 BC), further catalysed through 

industrialization and globalisation of agriculture over the last 40 years (Fitzgerald & Holden, 

2016) 

Host-species transitions of S. aureus are facilitated by the horizontal acquisition, via 

transformation, conjugation, or transduction, of genetic elements that harbour traits that 

are advantageous for survival in a new niche (Richardson et al., 2018). DNA acquired by 

HGT incorporates into the bacterial genome and occurs via homologous or non-

homologous recombination. Both mechanisms can result in the production of novel protein 

isoforms, loss of gene function or a change in expression level which subsequently can 

promote survival in a new niche (Sheppard et al., 2018). MGEs are typically associated 

with specific host species and may have distinct geographic distributions (McCarthy et al., 

2011). Sequence variation required in host adaptation is further driven by point mutations 

causing SNPs. Stochastic point mutations may occur within protein coding sequences, 

influencing function, and within intergenic regions, potentially affecting gene expression or 

the functionality of non-coding RNA (Sheppard et al., 2018).  

There is also evidence that the bacterial core genome plays an important role in 

S. aureus host adaptation (Ben Zakour et al., 2008). For example, it was demonstrated that 

bovine isolates display enhanced metabolism of lactose in comparison to non-bovine 

isolates, which suggest distinct core biological pathways are important in host adaption 

(Richardson et al., 2018). It has also been demonstrated that in the rabbit ST121 lineage, 

there were no unique rabbit MGEs implying host tropism was not driven by a niche specific 

accessory gene pool (Viana et al., 2015). Indeed, in ST121, human to rabbit transmission 

was driven by a non-synonymous SNP in the core gene dtlB, but how this mutation 

facilitates host adaptation remains unclear (Viana et al., 2015).  
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1.4.4 Livestock host adaptation  

In livestock, S. aureus is the predominant cause of bovine mastitis and transmits via 

contaminated milking apparatus and through the environment (Rollin et al., 2015). In 

summer mastitis, vector-borne S. aureus can spread laterally between cattle through 

head-flies (Hydrotaea irritans) after being exposed to bacteria (Chirico et al., 1997). The 

global dairy industry has facilitated the intercontinental spread of S. aureus, which has 

imposed severe economic and public health repercussions (Haag et al., 2019). 

Bovine S. aureus isolates have been reported in nine different CCs, with two being bovine 

restricted: ST425 and CC705 (Fitzgerald, 2012). Of the bovine clonal complexes, CC151 

and CC97 demonstrate the broadest geographic distribution with infections over a range 

of continents, such as Europe, the Americas and Asia (Budd et al., 2015; Sakwinska et al., 

2011; Weinert et al., 2012). Studies of the common bovine S. aureus lineage ST151, have 

shown divergence from a common human-associated ancestor (Fitzgerald et al., 1997; 

Herron-Olson et al., 2007).  

The LA-MRSA lineage CC398 in pigs and other food-production animals is likely derived 

from a human MSSA progenitor, and since acquired methicillin resistance which has been 

stably maintained in the genome (Ward et al., 2014). Of note, strains from the lineage 

CC398 have retained the potential to cause disease, but not spread, in humans and other 

animals (Price et al., 2012). In Europe, CC398 strains have been isolated from horses, with 

horse-to-human transmission being reported (van Duijkeren et al., 2011). It has been 

further demonstrated for the lineage CC398, bacteriophage Saint3 is repeatedly acquired 

and lost between strains circulating in humans, but not in porcine isolates (Jung et al., 

2017).  
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1.4.5 Avian host adaptation 

Avian S. aureus isolates are associated largely with 3 clonal complexes: CC5, CC398, and, 

CC385 (Fitzgerald, 2012). Strains belonging to the CC385 lineage are estimated to have 

emerged in poultry approximately 600 years ago (Richardson et al., 2018). In contrast, 

strains from the CC5 lineage are the predominant cause of infection in broiler chickens 

and have emerged as a result of a human to avian jump 50 years ago (Lowder et al., 2009). 

Lowder and colleagues, demonstrated that avian ST5 strains emerged from a host jump 

event from humans to chickens coinciding with the acquisition of novel MGEs; Prophages 

φAvβ and φAv1, SaPIAv, and, plasmids pAvX and pAvY (Figure 1.2) (Lowder et al., 2009).  

A genomic and proteomic study demonstrated that avian virulence significantly correlates 

with the presence of both the prophage φAvβ and the plasmid pAvX, which are absent in 

less virulent avian isolates (Bonar et al., 2018). It is known that the avian specific prophage 

φAvβ, which, similar to human specific Sa3 as it inserts into the hlb gene, mediates 

S. aureus evasion of macrophage killing by increasing bacterial survival, phagocytosis and 

chicken macrophage cell death during infections (Parr, 2018). This was not mirrored in 

heterophils implying that φAvβ has a macrophage specific affect. It was demonstrated in 

an RNA-sequencing experiment that prophage φAvβ downregulated avian antimicrobial 

peptides facilitating intracellular proliferation of S. aureus (Parr, 2018). However, this affect 

was not a direct result of prophage encoded immune evasion genes and the genetic 

determinants which facilitate the survival of S. aureus within the avian niche is currently 

not understood (Parr, 2018). Plasmid pAvX is known to encode a cysteine protease which 

has been associated with dermatitis disease in chickens (Takeuchi et al., 2002).  
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It has also been shown that an avian adapted strain from the CC5 lineage, ED98, was more 

resistant to killing by avian heterophils in comparison to its basal human CC5 strain, MR1, 

but the mechanism by which this occurs is currently unknown (Lowder et al., 2009).  

 

Figure 1.2. A human strain from the CC5 lineage demonstrated a human-avian host jump. ParSNPs tree using the CC5 

human strain N315 as the reference genome (kindly provided by Josh Harling-Lee using the SHAC database (Richardson 

et al., 2018)). SNP variations in the core genome enable visualisation a host-switching event from a human to an avian strain, 

which has subsequently led to the expansion of more avian CC5 strains (pink branches). Further indicated are the novel 

MGEs which were attained to facilitate the host-switching event into birds and subsequent dissemination of avian strains are 

indicated in the pink circle. Figure created using both FigTree and BioRender. 
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1.4.6 Immune defence mechanisms in host adaptation  

Immune evasion gene profiles differ between lineages, possibly affected by lineage-

dependent restriction modification systems (McCarthy & Lindsay, 2013). For example, the 

Flipr/Flipr-like protein encoded by the CC1 lineage of S. aureus binds both formyl peptide 

receptor-1 and formyl peptide receptor (FPR). In contrast, the CC5 allelic variant only binds 

to FPR indicating lineage-dependent functional differences (de Haas et al., 2009; McCarthy 

& Lindsay, 2013).  

MGEs carrying genes encoding immune evasion proteins have been demonstrated to 

facilitate adaptation to new host species. Prophages can carry additional cargo genes that 

are not involved in the phage life cycle. Such genes are termed as “morons” and in 

pathogenic bacteria encode for factors that enhance bacterial survival (Brüssow et al., 

2004). For example prophage Sa3, that integrates into the staphylococcal β-hemolysin 

gene (hlb), encodes for immune evasion proteins Sak, SCIN, Sea and CHIPS (Van Wamel 

et al., 2006). Alongside encoding immunomodulatory proteins Sa3 also acts as a molecular 

regulatory switch of β-hemolysin production, a sphingomyelinase lipid that lyses cells. It 

has been shown that environmental stresses, such as exposure to hydrogen peroxide 

induced oxidative stress and biofilm formation, can promote phage excision and 

restoration of the hlb gene, thus regulating the conditional expression of the β-hemolysin 

virulenece factor (Smyth et al., 1975; Tran et al., 2019).   

In addition, the phage-encoded pore forming complex LukMF’, which is highly expressed 

in many bovine mastitis S. aureus isolates, can kill migrating bovine neutrophils through 

binding to chemokine receptor CCR1 which is less abundantly expressed on human 

neutrophils (Vrieling et al., 2015). Similarly, prophage encoded (φSaeq) LukPQ is almost 
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exclusively found in equid strains of S. aureus, and is a potent killer of equine neutrophils 

by targeting the CXCRA and CXCR2 chemokine receptors (Koop et al., 2016). 

It has also been demonstrated that proteins encoded by SaPIs are involved in host 

adaptation. For example, adaptation to ruminant and equine hosts involves the acquisition 

of a SaPI (SaPIeq1) that encodes a variant of vWbp, a protein which is known to stimulate 

the coagulation of plasma, a trait that contributes to abscess formation (Viana et al., 2010). 

This resulted in strains harbouring both chromosomal and SaPI encoded vWbp proteins, 

in which the SaPIeq1 encoded vWbp was able to clot both ruminant and equine plasma, 

whereas the chromosomal copy could not (Viana et al., 2010). Indeed, in a comprehensive 

analysis of the capacity of Staphylococcal spp to coagulate plasma identified vWBp as the 

archetypal coagulation factor of all coagulase-positive Staphylococcal spp, with SaPI 

encoded variants being restricted to S. aureus only (Pickering et al., 2021). Furthermore, 

adaptation of the CC133 lineage to ruminants was proposed to be aided by the acquisition 

of novel prophages (φSaov1, φSaov2, and φSaov3) alongside two new SaPIs (SaPIov1 and 

SaPIov2). It was demonstrated that ruminant isolates within the CC133 lineage harboured 

SaPIov2, which encodes a variant of the chromosomally encoded vWbp, vWbpSov2, could 

specifically coagulate ruminant plasma (Guinane et al., 2010). It has been further 

demonstrated that SaPIov1 encodes for ovine-variants of TSST-1 and SEC (Fitzgerald et al., 

2001). Interestingly, bovine isolate RF122 (CC151) contains SaPIbov1 that similarly 

encodes for bovine-variants of SAgs TSST-1, SEL and SEC (Fitzgerald et al., 2001). 
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1.5 Transposon mutagenesis of S. aureus  

Transparency statement: Elements of this section are published as a forum article in Trends in 

Microbiology, (Sargison & Fitzgerald, 2021). For full text, please refer to Chapter 9.  

1.5.1 Genetic manipulation of S. aureus 

In order for a bacterial gene product to be defined as a virulence factor, molecular Koch’s 

postulates were established by the microbiologist Stanley Falkow (Falkow, 1988): 

• The gene must be present in all pathogenic strains of the relevant bacterial species 

and absent in non-pathogenic strains. 

• Inactivation of the gene must attenuate the severity/pathology of the disease in 

comparison to the Wild type strain. 

• Virulence is restored when the gene is reintroduced into the deficient strain. 

The lack of natural competence of S. aureus has been a hindrance in the genetic 

manipulation of clinical isolates. For example, host restriction modification systems limit 

foreign DNA from entering the cell, and subsequently intermediate hosts are often required 

before transformation or transduction into a clinically relevant isolate (Prax et al., 2013).  

If the gene sequence is predefined, genes can be knocked out systematically using 

plasmids that facilitate homologous recombination and allelic replacement of the targeted 

gene (O’Reilly et al., 1986). The recent development of a CRISPR-Cas9 system in 

S. aureus has the potential to revolutionise site-directed mutagenesis (Chen et al., 2017). 

Although CRISPR-Cas9 is currently not a well-established technique in 

S. aureus compared to traditional allele replacement methods, it has been recently applied 

in a transcriptomic analysis to determine the role of the mazEF toxin-antitoxin system in 

biofilm formation (Jain et al., 2022). However, methods that facilitate high-throughput 

mutagenesis without prior knowledge of the target sequence are attractive alternatives for 
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the identification of novel virulence factors without the requirement for sequence-related 

prediction of function. 

Transposons are short, mobile, sequences of DNA which are defined by flanking inverse 

tandem repeats (ITR). A cognate transposase mediates 5’ and 3’ cleavage of the ITR 

regions, that liberates the transposon from the genome enabling reinsertion at a new 

genomic site (Dornan et al., 2015). In vivo, transposons can mediate the acquisition of drug 

resistance. For example, S. aureus transposons Tn552 and Tn554 encode resistance to 

macrolide-lincosamide-streptogramin B (MLSB) antibiotics, such as erythromycin. In 

addition, these transposons also encode resistance to penicillinase (Tn552) and 

spectinomycin (Tn554) and can be located in multiple regions of the genome (Malachowa 

& Deleo, 2010). Furthermore, resistance to tetracycline (Tn6009), vancomycin (Tn1546), 

trimethoprim (Tn4003) and aminoglycosides (Tn4001) are also encoded by 

S. aureus transposons (Byrne et al., 1989; Périchon & Courvalin, 2009; Rouch et al., 1989; 

Soge et al., 2008). Their ability to randomly insert into the bacterial genome has led to 

transposons being exploited as an in vitro mutagenesis tool to study gene importance in 

particular environments (Fitzgerald et al., 2001; Kulasekara, 2014).  

1.5.2 Transposon mutagenesis in S. aureus 

1.5.2.1 Generating a complex library of transposon mutants in S. aureus 

Transposon mutant (Tn-mutant) libraries in S. aureus have been generated in an array of 

strain backgrounds, with a predominant bias towards well characterised laboratory strains 

(Table 1.2). The first reported Tn-mutant library in S. aureus was created in 1997 using the 

Enterococcus faecalis transposon Tn917, employing methods previously applied in 

S. Typhimurium, generating an adequate library of 1, 248 mutants (Hensel et al., 1995; Mei 

et al., 1997; Rice, 2016; Youngman et al., 1983).  
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However, it was later demonstrated that Tn917 displayed a strong sequence bias, and thus 

libraries generated using this transposon are not representative of the entire genome (Bae 

et al., 2004). There have been several reports describing alternative Tn5 and Mu-

bacteriophage transposition based systems though a limitation of these systems is their 

bias for GC rich sequences in the genome (Bae et al., 2004; Berg et al., 1983; Blake & 

O’neill, 2013; Green et al., 2012; Lauderdale et al., 2009; Pajunen et al., 2005).  

Table 1.2.  Transposons and strain backgrounds used for generating Tn-mutant libraries in S. aureus. Clonal complex (CC), 

sequence type (ST) and additional information were either provided in supplemental metadata from Richardson et al. 2018 or the S. aureus 

BIGSdb (https://pubmlst.org/saureus/). For strains for which this information is not available, cells are marked with NA. 

Transposon Strain CC ST Host Additional Information Reference 

pBursa 

 

USA300 JE2 8 8 Human CA-MRSA epidemic clone. (Fey et al., 2013) 

USA300 LAC 8 8 Human CA-MRSA epidemic clone. (Grosser et al., 2018) 

Newman 8 254 Human Reference strain (Bae et al., 2004) 

HG003 8 8 Human Laboratory adapted MSSA strain (Valentino et al., 2014) 

SH1000 8 8 Human Laboratory adapted strain 
(Boles et al., 2010; 

Lauderdale et al., 2009) 

Tn239-244 

 

HG003 8 8 Human Laboratory adapted MSSA strain 
(Coe et al., 2019; Santiago et 

al., 2015) 

MW2 1 1 Human CA-MRSA (USA) (Coe et al., 2019) 

MSSA476 1 1 Human CA-MSSA (UK) (Coe et al., 2019) 

USA300-

TCH1516 
8 8 Human Hyper virulent USA300 (Coe et al., 2019) 

MRSA252 30 36 Human 
HA-MRSA in Europe (unusually large 

accessory genome) 
(Coe et al., 2019) 

RN4220 8 239 NA Laboratory adapted strain 
(Santiago et al., 2015; Wang 

et al., 2011) 

COL 250 250 Human Laboratory adapted reference strain (Wang et al., 2011) 

pMARGK2b 
SH1000 8 8 Human Laboratory adapted strain (Chaudhuri et al., 2009) 

S0385 398 398 Pig LA-MRSA (Christiansen et al., 2014) 

Tn917 
RN6390 8 8 Human 

Virulent haemolytic laboratory adapted 

derivative of the 8325-4 strain 

(Coulter et al., 1998; Mei et 

al., 1997; Schwan et al., 

1998) 

RN4220  8 239 NA Laboratory adapted strain (Lammers et al., 2000) 

pBTn 

6850 50 50 Human 

Cytotoxic MRSA strain from a patient with 

complicate bacteraemia associated with 

osteomyelitis and septic arthritis 

(Das et al., 2016) 

USA500 8 8 Human Clinical MRSA stain (Wang et al., 2015) 

Xen36 NA NA NA 

ATCC 49525 laboratory-adapted strain 

modified with the Photorhabdus luminescens 

luxABCDE operon 

(Li et al., 2009) 

Em-Mu 

ATCC29213 5 5 Human 
Clinical MSSA strain, laboratory adapted 

strain 
(Pajunen et al., 2005) 

S30  8 Human 
Paediatric isolate from catheter related 

bacteraemia 
(Pajunen et al., 2005) 

InsTetG+2Cm SH1000 8 8 Human Laboratory adapted strain (Blake & O’neill, 2013) 
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The revolution of S. aureus Tn-mutagenesis was driven by the development of the plasmid 

harbouring a bursa aurealis transposon (pBursa) (Bae et al., 2004, 2007). The pBursa 

transposable element is derived from the highly active horn-fly himar1 mariner transposon, 

which stably transposes into TA-dinucleotides (Figure 1.3) (Lampe et al., 1999). The 

S. aureus genome is rich in evenly distributed TA-dinucleotides, and thus this method of 

mutagenesis can generate thousands of mutants on a genome-wide scale. Other mariner 

based plasmids have been developed for S. aureus, namely pBTn which is a single plasmid 

construct bearing the respective transposase under a xylose inducible promoter, and 

pMARG2b which is a transposon element which was developed to be compatible with 

transposon-mediated differential hybridisation (TMDH) (Chaudhuri et al., 2009; M. Li et al., 

2009). 
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Figure 1.3 The mechanism of action of the mariner transposon in S. aureus. (a) The mariner transposon and its cognate 

transposase are introduced to S. aureus via electroporation or phage-transduction. Expression of the transposase enzyme, 

that recognises the inverse tandem repeat region (ITR) of the transposon, facilitates the liberation of the transposon from 

the plasmid through the formation of a paired end complex (PEC). This complex recognises TA-dinucleotides within the 

bacterial genome to facilitate capture and insertion of the transposon. DNA polymerase fills in overhangs generated in this 

process which in turn replicates the target site. Mutants harbouring insertions are subsequently selected using antibiotic-

selective media. 
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However, one pitfall of plasmids such as pBursa is the dependence on high temperature 

curing steps which subsequently selects against mutants that are unable to grow at high 

temperatures, and additionally runs the risk of the introduction of secondary compensatory 

mutations. The development of a phage-based transposition system, whereby 

temperature-sensitive plasmids facilitate transposition at low temperatures in nutrient-

depleted conditions, has helped overcome this issue (Santiago et al., 2015; Wang et al., 

2011). The first phage-based Tn-mutant library was generated by employing an integrase-

deficient variant of the prophage φ11. Not only does this method reduce fitness selection 

but the temperature-sensitive plasmids also limit the generation of a clonal population by 

reducing the capacity for S. aureus outgrowth (Figure 1.4). 

Previously, S. aureus genes harbouring transposon insertions were sequenced using 

laborious processes which ultimately generated low-resolution libraries, namely signature 

tagged mutagenesis (STM) and transposon-mediated differential hybridisation (TMDH) 

(Chaudhuri et al., 2009; Mei et al., 1997). Over the last decade, high-throughput 

sequencing of Tn-mutant libraries has been advanced by applying next-generation 

sequencing (NGS) methods to large-scale transposon mutant libraries. There are several 

methodologies for NGS of Tn-mutant libraries (reviewed in (Cain et al., 2020)) however, to 

date, only two have currently been applied to S. aureus: Transposon sequencing (Tn-Seq) 

and Transposon Directed Insertion Sequencing (TraDIS) (Figure 1.4) (Langridge et al., 

2009; van Opijnen et al., 2009). Tn-seq has been applied for several S. aureus Tn-mutant 

libraries using the plasmids Tn239-244 (Table 1.2) (Coe et al., 2019; Grosser et al., 2018; 

Rajagopal et al., 2016; Santiago et al., 2015; Wang et al., 2011). These plasmids have been 

made compatible with Tn-seq through the addition of MmeI restriction sites within the ITR2 

region of the transposon. MmeI cleaves DNA 20 bp downstream of the enzyme recognition 

site, generating DNA overhangs which facilitate adaptor binding, PCR amplification and 
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mapping to the reference genome that allows for the identification of genes important for 

survival (Santiago et al., 2015; Van Opijnen & Camilli, 2013). This method is advantageous 

as it minimises PCR bias by making uniform sized fragments, however, is only compatible 

with MmeI-mariner transposons. In contrast, the principle of TraDIS relies on the random 

shearing of DNA, through sonication, forming fragments of variable size (Barquist et al., 

2016; Langridge et al., 2009). End repair followed by the addition of polyA overhangs 

facilitates the ligation of specific Illumina primers, which enable sequencing and mapping 

to a reference genome (Barquist et al., 2016; Langridge et al., 2009). Despite having a 

longer preparation time, random shearing can generate longer fragments, which can be 

more accurately mapped to the reference genome and is compatible with a range of 

transposons. Both methods have demonstrated a high-throughput analysis of large 

libraries which have been applied for screening genes that are essential bacterial fitness 

in a range of environments (Sargison & Fitzgerald, 2021). 
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Figure 1.4 Established methods that exist for generation of mutant libraries in S. aureus. Currently two established 

methods exist, the traditional method requiring either high temperature shifts for integration, or the more modern approach 

that is active at lower temperatures. High throughput sequencing facilitates the mapping of transposon regions to a reference 

genome, whereby genes which lack transposon insertions are considered required for survival in the tested condition. 

Created using Biorender.com. 
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1.5.2.2 The Nebraska Transposon Mutant Library (NTML) 

The Nebraska Transposon mutant library (NTML) is the first publically available Tn-mutant 

library consisting of 1,952 individual pBursa mutants in the CC8, community-associated 

MRSA isolate USA300 (Fey et al., 2013). A key advantage of the NTML is the ability to 

overcome fitness-independent stochastic experimental bottlenecks, whereby false-

positive results are generated when using complex libraries as a result of chance events 

(Chao et al., 2016). For example, a S. aureus kidney abscess model demonstrated that 

random killing by host phagocytes dramatically influences the bacterial cells that eventually 

establish infection in the kidney (McVicker et al., 2014). Consequently, this results in 

variation between replicates, which for Tn-mutant libraries can lead to spurious genes 

being classified as essential (Chao et al., 2016; McVicker et al., 2014). 

Moreover, when using complex S. aureus Tn-mutant pools, complementary effects may 

lead to the persistence of mutants which, alone, would not be deemed fit for survival in the 

environment (Hammer & Skaar, 2011; Ramsey et al., 2011). In a screen identifying genes 

required for extracellular DNA (eDNA) release in S. aureus biofilm, Defrancesco et al., 

demonstrated that using a large Tn-mutant pool meant mutants deficient in eDNA 

production were retained in the population by the virtue of eDNA from neighbouring cells 

(Defrancesco et al., 2017). By employing selected mutants from the NTML, Mlynek et al., 

overcame this issue as they were able to analyse eDNA release, after exposure to sub-

minimal inhibitory concentrations (MIC) of amoxicillin, by using clonal mutant populations 

rather than a pool of mutants (Defrancesco et al., 2017; Mlynek et al., 2016). This public 

resource has been utilised globally to provide novel insights of the genetic determinants 

associated with S. aureus infections.  
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1.5.3 Applications of S. aureus Tn-mutant libraries  

1.5.3.1 Generation of a comprehensive list of essential genes in S. aureus 

The essential gene repertoire in S. aureus is fundamental for bacterial survival and are the 

primary targets of antibiotics. The development of the mariner transposon mutagenesis 

system has facilitated the genome-wide mapping of essential genes in S. aureus. By 

screening libraries for genes that do not harbour transposon insertions, without exposing 

the library to any external stimuli, Chaudhuri et al. generated the first comprehensive list 

of essential genes in S. aureus, which totalled 351 genes (Chaudhuri et al., 2009). In the 

years following, methodologies and criteria for screening essential genes have greatly 

improved, with the current definition of an essential gene now being a gene whereby 

harbouring a transposon insertion prevented survival or multiplication when in competition 

with a heterogeneous population (Christiansen et al., 2014; Valentino et al., 2014). This has 

subsequently led to many studies elaborating on this list in a variety of strain backgrounds 

(Figure 1.3) (Christiansen et al., 2014; Coe et al., 2019; Fey et al., 2013; Grosser et al., 

2018; Ibberson et al., 2017; Santiago et al., 2015; Valentino et al., 2014).  

One particular study screened for essential genes in an ST398 porcine strain, currently 

the only non-human strain background for which there is a Tn library (Table 1.2). In this 

study, there was a 50.9% overlap between the previous lists of essential genes 

(Christiansen et al., 2014). However, many of the novel essential genes identified were 

attributed to S. aureus stringent responses which implied that experimental methodology, 

which involved high-temperature shifts, was influencing the results. As mentioned, the 

development of a phage-based transduction mechanism for transposon delivery has 

helped to address this challenge. Furthermore, the addition of constitutive outward facing 

promoters facilitates the ability to analyse the frequency of transposons that have 

implications on genes downstream of the insertion, including essential genes. Recently, a 
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genetically diverse screen applied this approach to both laboratory and non-laboratory 

adapted strains encompassing 3 clonal complexes with different methicillin susceptibilities. 

This study identified 200 essential genes shared between all strains, which predominantly 

related to DNA, RNA, and, protein metabolic processes (Coe et al., 2019). Cumulatively, 

these studies demonstrated that, despite genetic variation within the S. aureus genus, Tn-

mutagenesis provides a robust high-throughput platform for screening essential genes, 

with the potential to infer therapeutic drug targets for treatment of S. aureus infection.  
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Figure 1.5. Comparison of methods used to screen for essential genes in S. aureus. There have been several 

advancements in determining the essential gene repertoire in S. aureus. The current definition of an essential gene now 

being a “gene whereby harbouring a transposon insertion prevented survival or multiplication when in competition with a 

heterogeneous population”. In this example, gene “blue” is deemed as both essential and non-essential in methods 1 and 

2, which highlights the variation in studies due to the thresholds chosen by the authors. Furthermore, gene “green” was 

essential for planktonic competitive growth, which was not observed in static growth due to growth defects. Finally, method 

3 highlights that gene “blue” is indeed non-essential, as it was attenuated in methods 1 and 2 due to high temperature shifts. 

Created using BioRender.com 
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1.5.3.2 Identification of mediators which promote evasion of innate immune 

responses 

The innate immune response is salient for the initial clearance of S. aureus by the host 

(Foster, 2005; McCarthy & Lindsay, 2013). In neutrophils, the first stage of phagocytic 

killing is priming, in which phenotypic changes govern the ability of immune cells to ingest 

bacteria (Miralda et al., 2017). In an initial screen employing the NTML in transgenic 

reporter HeLa cells, breach of the endosomal compartment by S. aureus was analysed in 

which both genes of the ausAB operon demonstrated attenuation in escape. These 

mutants were incubated with human neutrophils and it was observed that phevalin, a cyclic 

dipeptide encoded by the ausAB operon, inhibited neutrophil priming (Blättner et al., 

2016). This observation was supported by a murine pneumonia model, where the primary 

cells encountered are phagocytic alveolar macrophages and infiltrating neutrophils. In this 

model, a significant attenuation in the number of ausB mutants was observed, supporting 

the finding that a functional ausAB operon is required to resist killing by host phagocytes 

(Blättner et al., 2016).  

Tn-mutant libraries have further been employed to analyse the capacity for S. aureus to 

replicate in the presence of nitric oxide, a method employed by S. aureus to evade 

intracellular killing mechanisms (Guerra et al., 2017; van Kessel et al., 2014). Within the 

phagolysosomal compartment of host phagocytes, the cell generates reactive oxygen 

species, such as nitric oxide (NO), which kill internalised bacteria through respiratory 

bursts (van Kessel et al., 2014). In a screen of Tn-mutants which were susceptible to killing 

by exogenous NO, and further demonstrated attenuation in a mouse SSTI model, 22 

candidate genes were shown to be of importance. Of the candidates, the atpG gene which 

encodes for a subunit of the F1F0 ATPase was explored further (Grosser et al., 2018). This 

study found that for optimal survival, S. aureus must maintain an alkaline intracellular pH 
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under non-respiratory conditions which is governed by a functional F1F0 ATPase, and thus, 

is essential for facilitating bacterial virulence (Grosser et al., 2018). 

Additionally, S. aureus has the capacity to induce cell lysis, facilitating survival and the 

release of viable intracellular bacteria within new host niches (Flannagan et al., 2016). Flow 

cytometry analysis of neutrophils incubated with the NTML selected candidates which 

displayed attenuated cell lysis. Of the identified genes, some had previously been identified 

to mediate cell lysis such as leukocidins, alongside novel genes clpP, purB and lspA 

(Koymans et al., 2015; Yang et al., 2019; Yoong & Torres, 2013). In a complementary NTML 

study, genes that were essential for survival in human whole blood also highlighted that 

purB was essential for conferring S. aureus survival in blood (Connolly et al., 2017). Both 

studies subsequently screened candidates in zebrafish models and identified that genes 

involved in purine biosynthesis (purB), in addition clpP which encodes for a subunit in the 

ATP-dependent Clp protease, were essential for bacterial replication and subsequently 

failed to kill zebrafish embryos (Connolly et al., 2017; Yang et al., 2019). Overall, these 

studies have expanded on our understanding of the complex nature of S. aureus in host-

pathogen interactions and identified genes that could act as novel therapeutic targets to 

prevent S. aureus evasion from host phagocytes.  

Cytokine signalling by macrophages, which is mediated by S. aureus recognition by TLR2, 

facilitates the cross-talk between different cellular components of the host immune system 

(Takeuchi et al., 2000). To screen for genes that abrogate cytokine signalling, cell-free 

supernatant of the NMTL was applied to murine bone-marrow derived macrophages, and 

cytokine profiles were quantified using bead arrays (Grayczyk et al., 2017). Of the 1, 952 

mutants screened, 21 mutants demonstrated perturbed cytokine secretion, including a 

disruption in the lipA and geh genes for which a transposon insertion enhanced cytokine 
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release. Downstream characterisation found the LipA enzyme, which is responsible for the 

covalent attachment of lipoic acids to the E2 subunits of metabolic complexes, suppressed 

macrophage activation through the addition of lipoyl moieties. It was further demonstrated 

that lipase 2 (encoded by geh) acts upon S. aureus secreted lipoproteins, a well 

characterised TLR2 ligand, which in turn diminishes the inherent response by 

macrophages (Chen & Alonzo, 2019).   

1.5.3.3 Screening Tn-mutant libraries in disease models 

Disease models are an attractive method to screen Tn-mutant libraries for virulence factors 

that are directly involved in modulating disease. For example, Bae et al., screened the first 

pBursa library in a C. elegans nematode killing model and found 174 genes were 

attenuated, of which 70% encoded for metabolic genes involved in replication, 

recombination and functional maintenance (Bae et al., 2004). Furthermore, whole blood 

killing screens act as an attractive, albeit crude, model to screen for essential 

S. aureus genes that promote survival in the host. After screening essential genes in the 

ST398 background, Christianssen et al., identified regulators that were essential for 

survival in porcine whole blood. In general, genes deemed essential for survival were 

involved in carbon metabolism, pH shock, and, coded for transport proteins. Although no 

downstream characterisation of individual genes was performed, these studies highlighted 

that genes essential for utilising carbon resources are required for S. aureus survival 

(Christiansen et al., 2014).  

Studies performed prior to the mariner transposon system were constricted in their 

findings due to low coverage libraries through the use of the Tn917 transposon (Coulter et 

al., 1998; Schwan et al., 1998). Advances in transposition tools have enabled a more 

comprehensive list of virulence genes to be identified in infection models. Valentino et al., 

applied their Tn-mutant library to screen for genes essential for survival in ocular fluids, 
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whole blood, and, in a murine abscess model. Together, they identified 426 genes that 

were essential for survival, of which 71 genes were essential in more than one of the 

models. Of these genes, it was apparent that certain metabolic pathways were of particular 

importance, namely genes involved in purine biosynthesis, which supports findings 

observed in in vitro screens (Valentino et al., 2014).  

In osteomyelitis infection, S. aureus must overcome hypoxic conditions and constant shifts 

in host substrate for adhesion and nutrient acquisition. Screening a Tn-mutant library in an 

ex vivo osteomyelitis model flagged genes regulated under the SrrA two-component 

system regulator, cydB and qoxC as key candidates (Wilde et al., 2015). When applied in 

vivo, the bacterial burden of the srrA mutant was significantly reduced in the femur, which 

also displayed less cortical bone disruption implying it was essential for disease 

pathogenesis (Wilde et al., 2015). Using these studies, Ibberson et al., collated data to 

analyse how infection environment and external stresses, namely poly-microbial infection, 

influenced the genes categorised as essential in infection models. It was demonstrated 

that 29 genes were essential in all the models implying a substantial impact in the site of 

infection regarding the essential genes for survival (Ibberson et al., 2017; Valentino et al., 

2014; Wilde et al., 2015).  

1.5.3.6 Drug resistance 

Antimicrobial resistance is frequently termed as the “silent pandemic”. As we enter the 

post-antibiotic era, understanding the mechanism of action of S. aureus multidrug 

resistance is essential to inform the design of new drugs or small molecule theraputics that 

could increase the efficacy of bacterial elimination. By applying Tn-mutant libraries in the 

presence of antibiotics, many genes have been identified that may indicate targets for the 

development of novel therapeutics (Table 2).  
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There have been many studies analysing the role of non-essential genes upon exposure 

to different classes of antibiotic (Proctor et al., 1995; Rajagopal et al., 2016; Vestergaard et 

al., 2018). However, as aforementioned, essential gene products are often the primary 

target of antibiotics which is a limitation when using Tn-mutant libraries for understanding 

drug mechanisms of action, as insertions are only present in non-essential genes (Meredith 

et al., 2012; Wang et al., 2011). To overcome this issue, transposon elements harbouring 

outward-facing promoters, Tn239-244, which can upregulate and downregulate essential 

genes proximal to the insertion, have since enabled the identification of essential genes 

involved in drug resistance (Santiago et al., 2015; Wang et al., 2011). Recently, Coe et al, 

applied these transposons in multiple strain backgrounds, encompassing both MRSA and 

MSSA strains from different clonal lineages, to identify mutants that conferred resistance 

to the drug daptomycin (Coe et al., 2019). Daptomycin is a calcium-dependent lipopeptide, 

that inserts into the S. aureus cell membrane and alters curvature which ultimately leads 

to cell death (Miller et al., 2016). It was shown that attenuated Tn mutants that were grown 

in sub-MIC daptomycin encoded for proteins involved in cell envelope processes, including 

proteins involved in the synthesis of lipoteichoic acids (LTA) (Table 1.3). It was observed 

that strains deficient in the LTA anchor, Glc2DAG, when grown in the presence of 

daptomycin, demonstrated stunted growth and attenuated pathogenicity (Coe et al., 2019). 

Therefore, molecules targeting upstream steps in the LTA synthesis pathway could act as 

potential drug targets in tandem with daptomycin. Overall, the use of transposon 

mutagenesis studies has identified potential therapeutic drug targets which could aid in 

the efficacy of commonly employed antibiotics.  
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Table 1.3. Tn-mutant library analysis of genes that are essential upon exposure to antibiotic classes.  

Genes in bold demonstrated resistance to the drug in question, whereas non-bold genes demonstrated increased susceptibility in mutants 

harbouring an insert. 

 

 

 

 

 

Drug Inhibitor Class Target Identified Study 

Triclosan Lipid Biosynthesis fabI (Wang et al., 2011) 

Platensimycin Lipid Biosynthesis fabF, ackA (Wang et al., 2011) 

Trimethoprim Folate Biosynthesis folA (Wang et al., 2011) 

Sulfamethoxazole Folate Biosynthesis SA_00105, purR (Wang et al., 2011) 

Trimethoprim/SMX Folate Biosynthesis pabABC (Wang et al., 2011) 

CDFI Cell Wall SACOL 1804 (Wang et al., 2011) 

Tunicamycin Cell Wall tarO (Wang et al., 2011) 

Phosphomycin Cell Wall fosB, uhpT (Wang et al., 2011) 

Indolmycin 
tRNA-amino acyl 

synthesis 
trpS, tcaB, guaA (Wang et al., 2011) 

Ciprofloxin DNA replication 

norA, grlAB (Wang et al., 2011) 

ndh, menF, hemA, menC, hemY, hemE, noc, amiC, rnhC 
(Rajagopal et al., 

2016) 

Oxacillin Cell wall ndh, qoxB, sigB, rsbW,rsbV, mprF 
(Rajagopal et al., 

2016) 

Gentamycin Ribosome 

Ndh, menF, qoxB, qoxA, pdcα, hemB, hemA, aroGA, hemY, 

hemE, 

graR, graS, vraF, vraG, fmtA, mprF 

(Rajagopal et al., 

2016) 

purB, purM (Yee et al., 2015) 

qoxA qoxB, qoxC, ndh, hemX, hemB, menD, aroC 
(Vestergaard et al., 

2018) 

Linezolid Ribosome Ndh, amiC, noc, rnhC 
(Rajagopal et al., 

2016) 

Vancomycin Cell wall 

ndh, qoxA, graR, graS, vraF, vraG, vraR, vraS, vraT  

yycF, rspU, dltABCD 
(Blake & O’neill, 

2013) 

Dapomycin Cell Membrane 

graR, graS, vraF, vraG, fmtA, mprF 
(Rajagopal et al., 

2016) 

yycF, rspU, dltbABCD, SAOUHSC_00957, pgcA, gtaB, ezrA, 

rib operon 

(Blake & O’neill, 

2013) 

aapA, alr1, arlR, ezrA, gpsB, graR, graS, ltaA, mprF, murA1, 

noc, vraFG, 01050,02149 
(Coe et al., 2019) 

Rifampicin RNA synthesis purB, purM (Yee et al., 2015) 

Nisin Cell membrane 

SAOUHSC_00762, SAOUHSC_00228, SAOUHSC_02958, 

SAOUHSC_02154, dltABCD, SAOUHSC_02953/4 operon, 

nsaS, vraDE operon 

(Blake & O’neill, 

2013) 

Polymyxin B Lipolysaccharide 
vraG, vraF, graR, graS, atpA, atpB, atpG, atpH, cbiO, vraS, 

trkA, yajC, lspA 

(Vestergaard et al., 

2017) 
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1.7 Thesis Aims 

Broadly, the thesis describes studies investigating key host-pathogen interactions involved 

in the pathogenesis of S. aureus infections. The major aims of each results chapter are as 

follows: 

• Characterisation of the role of lipases secreted by S. aureus in the evasion of innate 

immune killing mechanisms  

• Investigation into the tropism of S. aureus for avian innate immune cells during 

infection 

• Generation of a transposon mutant library in an avian S. aureus strain and 

identification of bacterial genes promoting survival during infection of PBLs.   
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Chapter 2: General Materials and Methods 

 

"There are so many simple things we can do…It's absurd to suggest we can do totally without plastic but 

there are so many areas where we use plastic without a thought."- Sir David Attenborough. 

Alves, J., Sargison, F., et al. (2020) A case report: insights into reducing plastic waste in a microbiology 

laboratory. Access Microbiol. DOI: 10.1099/acmi.0.000173  
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2.1. Bacterial growth conditions 

Unless otherwise stated, 40% (v/v) glycerol stocks of S. aureus and E. coli were stored 

at -80°C. When required, stocks were streaked and sub-cultured onto tryptone soy agar 

for S. aureus (TSA, Oxoid: 1.7% (w/v) pancreatic digest of casein, 0.3% (w/v) enzymatic 

digest of soya bean, 0.5% (w/v) Sodium chlodride, 0.25% (w/v) Dipotassium hydrogen 

phosphate, 0.25% (w/v) glucose, 1.5% (w/v) agar autoclaved in dH2O) or Luria-Bertani agar 

(LB, premade by Roslin Central service Unit, 0.1% (w/v) peptone, 0.5% (w/v) yeast extract 

and 0.5% (w/v) Sodium chloride, 1.5% (w/v) agar, autoclaved in dH2O) using a metal loop, 

and incubated statically at 37°C. Single colonies were subsequently cultured into tryptone 

soy broth (TSB, Oxoid: As TSA without agar) for S. aureus or LB broth (prepared by Roslin 

CSU, as LB without agar) for E. coli overnight at 37°C with agitation (200 rpm). The culture 

was diluted 1 in 100 in TSB and incubated until exponential phase (OD600=0.6-0.8). If 

required, antibiotics were added to cool media prior to use, a list of antibiotics and working 

concentrations used in this study can be found in Table 2.1 (unless otherwise stated). For 

bacterial growth curves, an overnight culture was diluted 1 in 100 in a Nunc 96 well plate 

and OD600 was measured every 10 min for 24 h in a ClarioSTAR (200 rpm). For infection 

protocols, bacteria were washed in cell culture medium and suspended at the required 

OD600. 

Table 2.1 Antibiotics and their working concentrations used throughout this thesis.  

Antibiotic Working concentration (μg/ml) 

Ampicillin (Amp) 100 

Chloramphenicol (Cam) 7.5-10 

Kanamycin (Kan) 25-50 

Erythromycin (Erm) 5-10 

Gentamycin 10-100 
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2.2 Preparation of electrocompetent S. aureus 

Electrocompetent S. aureus was prepared by inoculating 250 µl of an overnight culture in 

25 ml of TSB and grown to an OD600=0.8, at 37°C, 200 rpm. Cells were subsequently 

washed 3 times in an equivalent volume of sterile, ice cold H2O by spinning at 3000 x g for 

10 min at 4°C. Cells were then washed in 5 ml of ice cold 10% (v/v) autoclaved glycerol 

(Sigma Aldrich) as previously described, then re-suspended in 2.5 ml of 10% (v/v) glycerol 

and incubated for 15 min. Finally, cells were spun as above then re-suspended in a final 

volume of 800 µl of 10% (v/v) glycerol. Aliquots of 80 µl S. aureus cells in 10% (v/v) glycerol 

were stored at -80°C.   

2.3 Plasmid extraction  

In this project, unless otherwise stated, plasmid DNA was extracted from either 

S. aureus strain RN4220 or E. coli strain DH5α using the Monarch plasmid extraction kit 

(New England Biolabs, (NEB,T1010S), following manufacturer’s instructions. For the case 

of S. aureus, buffer B2 was further supplemented with 5 mg/ml lysostaphin (Ambi-

Products), followed by incubation at 37°C for 30 min. Plasmid DNA was concentrated to a 

final concentration of 1000 ng/µl using Pellet Paint® Co-precipitant (Novagen), following 

the manufacturer’s instructions and quantified using NanoDropTM 1000 (Thermo Fisher 

Scientific).  

2.4 S. aureus electrotransformation 

Electrocompetent cells were defrosted on ice then left at room temperature for 5 min. If 

the plasmid was extracted from E. coli, this was followed by incubation at 56°C for 2 min. 

Cells were washed by spinning at 4000 x g for 1 min and re-suspended in 50 µl of 10% 

(v/v) glycerol with 500 mM sucrose (Sigma Aldrich). 5 µl of plasmid DNA (5 µg/ml) was 

mixed with the cells, by flicking, and transferred into a cold 0.1 cm electroporation cuvette 
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(BioRad). Each cuvette was wiped down prior to being pulsed at 21 kV/cm, 100 Ω, and, 25 

µF with a time constant ranging between 2 to 2.6 ms. Cells were recovered by adding 1 ml 

of TSB in 500 mM sucrose to each cuvette, and left to shake at 30°C, 200 rpm for 2 h or 

37°C, 200 rpm for 1.5 h, before being plated onto selective TSA.  

2.5 Preparation of phage lysate 

50 µl of an overnight bacterial culture (containing the plasmid to be transduced) was 

diluted in 5 ml of phage broth (Nutrient broth No 2 (Oxoid) with 1 mM CaCl2 (Sigma)), and 

incubated at 37°C for 4 h, with agitation at 200 rpm. 300 µl of bacterial cell suspension 

were incubated in 10-fold dilutions of phage in 200 µl and incubated at room temperature 

for 30 min. Each dilution was then mixed with 10 ml of molten top agar (Nutrient broth No 

2 and 3.5 g/l agar (Fisher) supplemented with 10 mM CaCl2), then subsequently poured 

over two phage base plates (Nutrient broth No 2 and 7 g/l agar supplemented with 10 mM 

CaCl2) and incubated upright, in an autoclave bag to prevent drying, at 37°C overnight 

(static). The following day, top agar was scraped from plates which contained the highest 

dilution of almost confluent lysis and spun at 4000 x g for 60 min. Plaque forming units 

(PFU) were quantified using the following calculation:  

𝑃𝐹𝑈/𝑚𝑙 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑞𝑢𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑

𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝ℎ𝑎𝑔𝑒 𝑥 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝ℎ𝑎𝑔𝑒
 

Supernatant was removed and filtered through a 0.45 µm filter. Phage lysate was stored 

at 4°C.  

2.6 Isolation of crude genomic DNA  

Unless otherwise stated, crude genomic DNA was isolated from single colonies. Lysis 

buffer was made up using 960 µl nuclease free water (Thistle Scientific Supplies), 10 µl 

5M NaCl (prepared by Roslin Central Service Unit (CSU)) 10 µl 1M Tris-HCl pH8 (prepared 
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by Roslin CSU), 10 µl Lysostaphin (from 10 mg/ml stock, Ambi Products) and 10 µl 

achromopeptidase (from 10 mg/ml stock, Sigma Aldrich). Single colonies were suspended 

in 50 µL of lysis buffer, and incubated at 37°C for 30 min, followed by heating at 100°C for 

5 min. Genomic DNA (gDNA) was quantified using a NanoDrop1000.  

2.7 Isolation of genomic DNA using PurELUTE  

Genomic DNA was isolated using the PurEluteTM bacterial genomic kit (Edge Biosystems). 

Genomic DNA extraction was performed using 500 µl of stationary phase bacterial culture. 

DNA was extracted using manufacturer’s instructions with the exception of the addition of 

10 µl of 10 mg/ml Lysostaphin (Ambi products) to the Spheroplast buffer, followed by 

incubation at 37°C for 30 min. Depending on the downstream application, DNA was either 

suspended in nuclease free water or Tris-HCl pH 8 and quantified using either the 

NanoDrop1000 or by Qubit dsDNA HS Assay Kit per manufacturer’s instructions.  

2.8 Polymerase Chain Reaction 

In this thesis, both high and low fidelity PCR was performed. For low fidelity PCR, 

approximately 100 ng of template DNA was incubated with 0.625 U GoTaq® DNA 

polymerase (Promega), 0.2 µM forward and reverse primers, 0.25 mM dNTPs (Promega), 

1.5 mM MgCl2 (Promega), 1x GoTaq® Flexi Buffer and finally brought to a final volume of 

25 µl with nuclease-free water. Each reaction tube was placed in a Thermocycler, 

programmed with the settings outlined in Table 2.2. 
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Table 2.2. GoTaq PCR conditions. *Annealing temperature was calculated for each primer set using the NEB Tm 

calculator.  

Step Temperature (°C) Time (min) Number of cycles 

Initial Denaturation 95 2 1 

Denaturation 95 0.5 

30x Annealing 44-65* 0.5 

Extension 72 1 min/kb 

Final extension 72 5 1 

Hold 4 ∞ 1 

 

For high fidelity PCR, Q5® High-Fidelity DNA Polymerase (NEB) was used. For high fidelity 

PCR, approximately 100 ng of template DNA was incubated with 12.5 µl Q5® High-Fidelity 

2x master mix (NEB), 0.5 µM forward and reverse primers and finally brought to a final 

volume of 25 µl with dH2O. Each reaction tube was placed in a Thermocycler, programmed 

with the settings outlined in Table 2.3. 

 

Table 2.3. Q5 High-Fidelity PCR conditions. *Annealing temperature was calculated using the NEB Tm Calculator. 

Step Temperature (°C) Time (s) Number of cycles 

Initial Denaturation 98 30 1 

Denaturation 98 10 

30x Annealing 50-72* 10 

Extension 72 0.5 min/kb 

Final extension 72 120 1 

Hold 4 ∞ 1 
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2.9 Agarose Gel Electrophoresis  

1% (w/v) agarose (Melford Laboratories) gel was cast using 1x TAE (0.485% (w/v) Tris 

Base, 0.114% (v/v) Acetic acid, and 0.2% (v/v) 0.5 M EDTA, prepared by Roslin CSU) and 

melted in the microwave until dissolved. Once cool, 1x SYBR safe DNA gel stain (Life 

technologies) was added and poured into a gel cast. Once set, Promega loading dye 

(Promega) was added to DNA samples prior to loading onto the gel, alongside 1 kb DNA 

ladder (Promega). Electrophoresis was carried out at 100 V for 45 min and visualised using 

a G-box UV transilluminator (Syngene).  

2.10 Western blot 

For western blot analysis, all SDS gels were cast in house. Firstly, 12% resolving gel was 

cast using 3 ml 40% Acrylamide (Sigma), 2.5 ml 1.5M Tris-HCl (pH 8.8, Roslin CSU), 100 

µl 10% (w/v) Sodium Dodecyl Sulphate (SDS, Fisher), 4.35 ml dH2O, 100 µl 20% (w/v) 

Ammonium persulphate (Sigma) and, 10 µl tetramethylethylenediamine (TEMED, Sigma). 

Resolving gel was left to set with a fine layer of isopropanol layered gently over the top to 

prevent drying out. Once dry, 4% stacking gel was added, which was identical to 12% 

resolving gel, however contained 2.5 ml 0.5M Tris-HCl (pH 6.8, Roslin CSU), as opposed 

to 1.5M Tris-HCl) and 6.4 ml dH2O. Samples were boiled in 50% (v/v) 2 x Laemmli Sample 

Buffer (Sigma) for 5 min at 95°C, prior to loading onto the SDS gel. Furthermore, PageRuler 

(Thermofisher) pre-stained molecular weight ladder was also added to determine protein 

size. Samples were electrophoresed for 90 min at 150 V in 1 x running buffer (0.144 % 

(w/v) Glycine (Thermofisher), 0.1% (w/v) SDS (Thermofisher), 0.3 % (w/v) Tris-base 

(Sigma)), then subsequently transferred onto a nitrocellulose membrane (GE Healthcare) 

using 1 x transfer buffer (10% (v/v) methanol, 0.144 % (w/v) Glycine (Thermofisher), 0.3 % 

(w/v) Tris-base (Sigma)). In tandem, a second identical SDS gel was performed and stained 

for 30 min at room temperature with Instant Blue Ultrafast Protein stain (Sigma). 
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Proteins were transferred onto the Nitrocellulose membrane at 60 V for 2 h. Membranes 

were blocked for 2 h in PBS (Roslin CSU) with 0.1% (v/v) Tween-20 and 8% (w/v) skimmed 

milk powder (Sigma) with shaking at room temperature. Membranes were washed three 

times for 20 min using 0.1% (v/v) Tween-20 in PBS between antibody incubation steps. 

Unless otherwise stated in Table 2.4, proteins were detected using ECL western blotting 

substrate (GE Healthcare), followed by detection on a Licor Odessey Fc (Licor).   

Table 2.4. Antibodies used for Western Blot analysis. Western blotting antibodies, alongside their appropriate dilution and 

cognate secondary antibodies, that are used throughout this thesis. 

 

2.11 Statistical Analysis  

Statistical analysis was performed using GraphPad prism 9 software. If the variables were 

not equal, Griessner-greenhouse correction was applied. Normal (Gaussian) distribution 

was determined by the Shapiro-Wilk test. If data was normally distributed then either a 

student’s t-test, or, the appropriate ANOVA was performed (unless otherwise stated) with 

multiple comparisons where appropriate. For non-normally distributed data, which could 

not be transformed, non-parametric analysis was performed (Kruskal-Wallis test).  

2.12 Whole genome sequencing 

Genomic DNA and sequencing libraries were prepared using the Nextera XT library prep 

kit (Illumina, UK) and sequenced on an Illumina HiSeq (Illumina, UK) using a 250 bp paired 

end protocol at MicrobesNG, Birmingham, UK. 

Primary 

Antibody 
Antigen Dilution Manufacturer 

Secondary 

Antibody 
Dilution Manufacturer 

Monoclonal anti-

poly His-HRP 

Hexa-histidine tags 

for protein elution 
1 in 10 000 

α-diagnostics 

HISP12-HRP 
N/A N/A N/A 

Polyclonal IgG 

anti-rlip1 from 

rabbit 1797 

S. aureus Lipase 1 1 in 33 000 This study 
Goat pAb to 

Rb IgG 
1 in 10 000 ab97051 

Monoclonal 

Mouse Anti 

Human CD45 

CD45 1 in 10 000 Bio-Rad MCA2727 
Goat pAb to 

Ms IgG 
1 in 10 000 ab6823 
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Chapter 3: Staphylococcus aureus secreted 

lipases do not inhibit innate immune killing 

mechanisms 

Disclaimer: This work has been peer reviewed and published in Wellcome Open Research (F. Sargison et al., 

2021). This chapter contains data which appears in the paper in addition to unpublished data. For the full 

published article please refer to Chapter 9. 
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3.1 Introduction 

3.1.1 Bacterial Lipases  

Lipases are enzymes that catalyse the hydrolysis of lipids and are ubiquitously secreted 

within the bacterial kingdom. The ability of lipases to not only catalyse hydrolysis reactions, 

but also subsequently synthesise useful by-products such as esters and lactones, has been 

exploited in multiple biotechnology industries (Jaeger et al., 1994). Initially, the major 

application of microbial lipases was in the food industry, in which heat resistant lipases 

present in raw milk were exploited for pasteurization and cheese ripening (Stead 1986). 

Since this application, bacterial lipases have since also been utilized for creating household 

detergents. For example, the detergent Lumafast was the first instance of a household 

product which contains a microbial lipase, which in this case was isolated from 

Pseudomonas menodocina (Gupta et al., 2004). Further exploitation of microbial lipases in 

the biotechnology industry includes polymer synthesis and biocatalysts (as reviewed in 

(Jaeger et al., 1994)) .  

3.1.2 S. aureus lipases 

Staphylococcal lipases are a family of catabolic, glycerol ester hydrolases that cleave 

glycerol-ester bonds through the reaction with water. Glycerol-ester bonds are the bridge 

between the glycerol head and three hydrophobic tails of triglyceride lipids. Consequently, 

triglyceride hydrolysis by lipases results in the production of glycerol derivatives and free 

fatty acids (Fig 3.1). Within the Staphylococcus genus, a lipase encoding gene (lip1) is 

present in at least twelve species, and a second lipase gene is present in S. aureus (lip2) 

and S. epidermidis (gehD)(Götz et al., 1998; Rosenstein & Götz, 2000). S. aureus lipases 

are glycerol-ester hydrolases that cleave triglyceride lipids, resulting in the release of 

glycerol derivatives and free fatty acids (Rosenstein & Götz, 2000). Lipase 1 has an affinity 

for short-chain fatty acids, whereas lipase 2 has no bias towards chain length (Rosenstein 

& Götz, 2000). Transcription of lipase genes is regulated by the agr quorum-sensing 
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regulator, producing a pre-pro-lipase precursor that is secreted into the extracellular milieu 

as a pro-enzyme (Nguyen et al., 2018; Rosenstein & Götz, 2000). The catalytic activity of 

lipases is regulated through downstream processing by the secreted zinc metalloprotease, 

Aur, which proteolytically cleaves the pro-precursor enzyme and stimulates lipase 

functional activity by releasing the mature form of the enzyme (Cadieux et al., 2014). The 

catalytic activity of the mature lipase is governed by a catalytic triad, which cleaves 

glycerol-ester bonds through a serine hydrolase mechanism (Götz et al., 1998; Rosenstein 

& Götz, 2000).  

 

Figure 3.1. Lipase hydrolyses triglyceride lipids. Hydrolysis through the action of lipases results in the production of 

glycerol and three free fatty acid derivatives. Figure created using ChemDraw, and BioRender. 

Previously it was demonstrated that lipases encode a signal peptide that contains a 

YSIRK/GXXS motif which is required for the peptidoglycan secretion of lipases into the 

extracellular space (Yu & Götz, 2012). The pro-peptide is subsequently secreted into the 

extracellular milieu where it scavenges upon polymeric triglyceride substrates (Nguyen et 

al., 2018). The role of the pro-peptide is currently still debated, however, current belief 

alludes to its role as an intramolecular chaperone (Götz et al., 1998). Proteolytic cleavage 

of the hydrophilic amino acid between the pro-peptide and the mature lipase by the zinc 

metalloprotease Aur results in the production of a catalytically active 45 kDa lipase, which 



                                           Chapter 3: Staphylococcus aureus secreted lipases inhibit innate immune 

killing mechanisms 

    

64 
 

 

hydrolyses different substrates depending on the lipase isoform (Götz et al., 1998; 

Rosenstein & Götz, 2000). Regulation of both lipases is controlled directly by the accessory 

gene regulator (agr) quorum sensing system (Cadieux et al., 2014).  

Recently, the crystal structure of the mature lipase 2 was solved (PDB: 6KSI) aiding in our 

understanding of how catalytic activity is regulated. It was demonstrated that 

S. aureus lipase 2 is folded as a α/β hydrolase, which is composed as a central β-sheet 

which is flanked by α-helices on either side. In crystal form, lipase is a dimeric structure 

which was interestingly described as a “cow face with two metal eyes and two ears formed 

by β-strands and α-helices” (Kitadokoro et al., 2020). Lipase 2 possesses two metal binding 

sites (zinc and calcium), which is reminiscent of many other bacterial lipases and an α-

helical lid domain which regulates catalytic activity, which in native protein state is in open 

form (Kitadokoro et al., 2020). The catalytic triad, Ser116 (nucleophile), Asp307 (acid) and 

His349 (base) are located within a concave cleft within the mature protein, which is similar 

to that of other serine hydrolases (Kitadokoro et al., 2020) (Fig 3.2). More recently, an 

S. aureus surface associated lipase 3 has been described which possess affinity to short 

chain fatty acids, which range from 4-carbons or fewer, named gehE (to avoid confusion 

with S. epidermidis lipases genes named gehC and gehD respectively). Although the 

precise mechanism of action of gehE has not been determined, it has been defined as a 

serine hydrolase with an affinity to short chain fatty acids, similar to that of lipase 2 (Kumar 

et al., 2021).  
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Figure 3.2. Crystal structure of the mature lipase 2 protein (PDB: 6KSI). The mature lipase is composed of two metal 

binding sites, reminiscent of many other bacterial lipases, a lid domain in open conformation and a catalytic triad which 

operate as a serine hydrolase. 

3.1.3 The importance of bacterial lipids in virulence  

The bacterial and host lipidome is a complex and diverse environment. Lipids are the main 

constituents of cellular membranes. Therefore, modification of lipid moieties has 

implications on membrane fluidity and phenotype, which are fundamentally important for 

lipid raft signalling. Lipid rafts are essential for regulating innate immune responses, such 

as ceramide lipid rafts in the lysosomal acid sphingomyelinase pathway in 

S. aureus infections (Baker et al., 2018). It has been shown that mice lacking the acid 

sphingomyelinase enzyme, which converts sphingomyelin to ceramide, have reduced lung 

edema in a lung sepsis model (Peng et al., 2015). Furthermore, S. aureus virulence factor 

α-toxin also activates the acid sphingomyelinase pathway in macrophages, which 

increases IL-1β and TNF-α secretion resulting in immune dysregulation and inflammation 
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(Ma et al., 2017). It has also been shown that lipid derivatives play a role in regulating innate 

immune response. For example, the presence of saturated fatty acids can activate TLR2, 

TLR4 and Src family kinases, however the presence of polyunsaturated fatty acids 

antagonises this response (Papackova & Cahova, 2015). Therefore, fatty acids are 

essential in both switching on and off pro-inflammatory cytokine responses which could 

either benefit the host or the bacterium. 

S. aureus is exposed to many lipids in the process of colonisation, for which the skin and 

the nasopharynx are the most predominant niches for this (Lowy, 1998). On the surface of 

the skin, sebum, a waxy secretion produced by the sebaceous gland as a protective 

barrier, is composed of lipids of which approximately 50% are attributed to triglycerides 

and their fatty acid derivatives (Stewart, 1992). Furthermore, S. aureus colonisation of the 

anterior nares requires exposure to the lipid triolein and a multitude of triglycerides and 

thus are important for the survival of the bacteria in colonisation (Cadieux et al., 2014).  

3.1.4 Evidence of lipases as virulence factors  

Lipases have been reported to account for approximately 20% of the total 

S. aureus secretome, but our understanding of the role of lipases in host-pathogen 

interactions is limited (Busche et al., 2018). It has been demonstrated that 80% of clinical 

isolates from both systemic and localised S. aureus infections exhibit lipolytic activity, and 

patients with S. aureus related disease typically test positive for anti-lipase IgG in their 

serum (Christensson et al., 1985; Rollof et al., 1987). Lipases have further been attributed 

to the formation of biofilm, which subsequently confers resistance to toxic polyamines thus 

promoting bacterial persistence (Hu et al., 2012; Nguyen et al., 2018; Xiong et al., 2009). 

Previous studies have further demonstrated that lipases can produce free-fatty acids from 

host lipid metabolites, such as low-density lipoproteins, which subsequently are 

incorporated into the lipid moieties of S. aureus (Delekta et al., 2018). The incorporation of 
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lipoprotein particles has been shown to render the bacterium resistant to the antimicrobial 

drug triclosan, which is commonly used in the treatment of S. aureus infection (Delekta et 

al., 2018). 

In a previous study, human granulocytes were treated with S. aureus lipases which 

resulted in the loss of microvilli, projections, and pseudopodia on their surface suggesting 

a potential impact on phagocytosis or Neutrophil Extracellular Trap (NET) formation (Rollof 

et al., 1988, 1992). More recently, it was demonstrated that lipase 2 interferes with 

macrophage signalling, which subsequently diminishes the downstream pro-inflammatory 

response (Chen & Alonzo, 2019). Specifically, lipase 2 inactivates S. aureus secreted 

lipoproteins, which are a major pattern-associated molecular pattern recognised by Toll-

like receptor 2 (TLR2) in response to S. aureus infection (Chen & Alonzo, 2019).  

Macrophages are equipped with an array of pathogen recognition receptors and, alongside 

a role in modulation of pro-inflammatory cytokine realease through the initiation of 

intrinsitic signalling cascades, are professional phagocytes that aid in the clearance 

S. aureus (Flannagan et al., 2016; Koymans, et al., 2015). However, studies have shown 

that once entrapped within the macrophage phagolysosome, S. aureus can subvert killing 

mechanisms and persist for several days (Koziel et al., 2009; Kubica et al., 2008). The 

subsequent death of the macrophage through membrane blebbing and caspase-3 

activation results in the release of viable bacteria, promoting dissemination around the host 

in a Trojan horse-like system (Flannagan et al., 2016; Koziel et al., 2009; Lacoma et al., 

2017). It was previously demonstrated by the Fitzgerald group that lipases enhances the 

release of pro-viral particles from chicken embryo fibroblasts in an influenza A co-infection 

system, hypothesising that lipase can manipulate cellular plasma membranes (Goncheva 

et al., 2020).  
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3.1.5 Aims 

We hypothesise that lipases can interfere with the antibacterial activity of innate immune 

responses. To test this hypothesis, we employed the epidemic S. aureus clone USA300 

strain LAC and its lipase deficient isogenic mutant, along with recombinant lipase proteins, 

in in vitro experimental infection assays. To determine if lipases can inhibit innate immune 

killing mechanisms, the bactericidal activity of whole blood, human neutrophils, and 

macrophages was analysed. In addition, gentamycin protection assays were carried out to 

examine the influence of lipases on S. aureus innate immune cell escape. 
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3.2 Materials and Methods  

3.2.1 Bacterial growth conditions 

40% (v/v) glycerol stocks of both a wild type (S. aureus USA300 WT) and an isogenic 

mutant (S. aureus USA300 Δlip1/Δlip2) of the CC8 epidemic clone S. aureus USA300 LAC 

were stored at -80°C (Goncheva et al., 2020). When required, stocks were sub-cultured 

onto tryptone soy agar (TSA, Oxoid) or cultured into tryptone soy broth (TSB, Oxoid) 

overnight at 37°C with agitation (200 rpm). The culture was diluted 1 in 100 in TSB and 

incubated, until exponential phase (OD600=0.6-0.8). For infection protocols, bacteria were 

washed in cell culture medium and suspended at the required OD600.  

3.2.2 Purification of recombinant lipase1 (rLip1) and 2 (rLip2)  

The plasmid vectors pET156::lip1 or pET156::lip2 (Goncheva et al., 2020) were 

transformed into ClearColi® BL21 (DE3) electrocompetent cells (Lucigen) by 

electroporation, according to the manufacturer’s instructions. Cells were grown in LB Miller 

broth (Sigma) to an OD600=0.6 and protein expression was induced with 1 mM isopropyl β-

D-1-thiogalactopyranoside (IPTG, Formedium Ltd) for 4 h at 37°C, with agitation (200 rpm), 

before centrifugation and storage at -20°C.  

Hexa-histidine tagged proteins were purified by immobilised metal affinity chromatography 

as described previously (Goncheva et al., 2020). Western blot (see General methods) 

analysis confirmed the presence of hexa-histidine tagged proteins at 76 kDa (1 in 10,000 

monoclonal anti-poly His, α-diagnostics HISP12-HRP, in 8% (w/v) skimmed milk (Sigma) in 

sterile phosphate buffered saline (PBS). Primary antibody binding was detected using 

enhanced luminol-based chemiluminescent (ECL) western blotting substrate (GE 

Healthcare). For lipopolysaccharide (LPS) removal, 1 ml of Pierce high-capacity endotoxin 

removal resin (Thermo Fisher Scientific) was used according to the manufacturer’s 

instructions and proteins were quantified using a bicinchoninic acid (BCA) assay (Merck 
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millipore). To analyse lipolysis by recombinant protein, a turbidimetric assay was used 

following the methodology outlined previously (Tigerstrom & Stelmaschuk, 1989). For each 

of the following experiments, 200 nM of recombinant lipase 1 (rLip1) or 2 (rLip2) was used, 

according to previous estimates of lipase secretion levels by S. aureus (Goncheva, 2017).  

3.2.3 Ethics statement 

Human blood was obtained from healthy volunteers in syringes treated with anticoagulant 

citrate dextrose. Ethical approval for the collection of blood from anonymous donors was 

granted by the University of Edinburgh Research Ethics Committee. This study was 

reviewed by the University of Edinburgh College Of Medicine Ethics Committee (2009/01) 

and subsequently renewed by the Lothian Research Ethics Committee (11/AL/0168). 

Written informed consent was received from all volunteers participating in the study. 

3.2.4 Bacterial killing by neutrophils 

Neutrophils were purified from human blood using a ficoll gradient. Briefly, 10 ml of 1.077 

g/mol ficoll paque plus (GE healthcare) was gently layered onto 12 ml of 1.119 g/mol 

Histopaque plus (GE healthcare). Fresh human blood was diluted at a 1:1 ratio in Ca2+ and 

Mg2+ free PBS (Lonza), then slowly pipetted on top of the ficoll gradient prior to 

centrifugation for 20 min at 400 x g (without a brake). The neutrophil layer was collected, 

cells were centrifuged, and erythrocytes lysed by osmotic shock. Cells were suspended in 

RPMI-1640 (Sigma), 0.05% (v/v) human serum albumin (Sigma) and 1% (v/v) GlutaMAX 

(Gibco) prior to use. 50 µl of 1.5 x 105 colony forming units (CFU) of S. aureus USA300 WT 

or S. aureus USA300 Δlip1/ Δlip2 bacterial cells were opsonised in 50 µl of 10% autologous 

human plasma for 15 min in a 96 well Cellstar U bottomed plate (37°C). Subsequently, 1.5 

x 104 neutrophils (MOI=10) were incubated with the bacteria in the presence or absence 

of 200 nM rLip1 or rLip2. The plate was shaken at 600 rpm for 30 min at 37°C followed by 

cell lysis in 0.1% TritonX-100 (Sigma) and plated onto TSA using a modified Miles-Misra 
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technique (Miles et al., 1938, described in (Alves et al., 2020)) followed by incubation 

overnight at 37°C.  

3.2.5 Bacterial killing by whole blood 

75 µl of whole blood was infected with 25 µL of 1. 5 x 105 CFU of S. aureus USA300 WT 

and S. aureus USA300 Δlip1/Δlip2 in the presence of absence of 200 nM rLip1, rLip2 or 

both in a 96 well Cellstar U bottomed plate for 1, 2 and 4 h at 37°C, 200 rpm. Blood was 

lysed in 0.1% (v/v) TritonX-100 (Sigma), viable bacteria counts were determined using 10 

µl of ten-fold bacterial dilutions in PBS onto TSA using a modified Miles-Misra technique 

(Miles et al., 1938) and incubated overnight at 37°C. 

3.2.6 Isolation of CD14+ monocytes 

Monocytes were isolated from human whole blood. Blood was centrifuged at 1200 x g (no 

brake) for 20 min. Buffy coats were combined and diluted with PBS and subsequently 

slowly pipetted over 15 ml of 1.199 g/mol ficoll paque plus (GE healthcare). A gradient was 

generated by centrifugation for 45 min at 200 x g (no brake), in which the mononuclear 

cell layer was subsequently removed. Ficoll was removed by centrifugation for 10 min with 

300 x g, and resuspension in PBS. CD14+ monocytes were collected using a MAC-LS 

column as per manufacturer’s instruction (Miltenyi Biotec, 130-042-401).  

3.2.7 Macrophage differentiation  

For THP1 differentiation into macrophages, 5 x 105 THP1 cells were seeded in a 96-well 

Nunc flat bottomed plate in RPMI-1640 (Sigma), 10% (v/v) heat-inactivated foetal bovine 

serum (Gibco) and 1% (v/v) GlutaMAX (Gibco) in the presence of 200 nM phorbol 12-

myristate 13-acetate (PMA, VWR) for 3 d, before being left to rest for 1 d in medium without 

PMA. For blood monocyte-derived macrophages, 5 x 105 of purified human blood CD14+ 

cells were incubated for 5 d in 1:100 dilution of 104 U/ml recombinant human colony-

stimulating factor-1 (hCSF-1, provided by Prof. D. Hume) in medium. On the 5th day, cells 
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were topped up with 25% complete medium containing 3 x the target concentration of 

hCSF-1 and cells were used at day 7. 

3.2.8 Gentamycin-protection assay 

THP1 macrophages and blood-monocyte derived macrophages were infected at an MOI 

of 1 with bacteria suspended in fresh medium (RPMI-1640 (Sigma), 10% (v/v) heat-

inactivated foetal bovine serum (Gibco) and 1% (v/v) GlutaMAX (Gibco). Cells were 

centrifuged at 400 x g for 5 min and incubated for 1 h at 37°C, 5% CO2. For analysing 

internalised bacteria (phagocytosis), cells were subsequently incubated with 100 µg/ml 

gentamycin (Sigma, UK) for 30 min. To analyse intracellular survival, cells were 

subsequently left in 20 µg/ml gentamycin in medium and were incubated for a further 24 

h at 37°C, 5% CO2. Finally, to analyse the escape of intracellular bacteria, cells were 

incubated for 24 h in antibiotic-free medium at 37°C, 5% CO2. At each time point, 

corresponding to the degree of phagocytosis, bacterial intracellular survival, and bacterial 

escape from the macrophage, cells were lysed in 0.1% Triton X-100 in PBS for 5 min at 

room temperature, and viable cell counting by plating onto TSA as described above. 
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3.3 Results  

3.3.1 Lipases 1 and 2 are encoded by strains of S. aureus representing broad species 

diversity and multiple host-species 

To validate that the lipases encoded in the strain used in this study were representative of 

lipases secreted across different strains of S. aureus, an alignment of the lipase 1 and 2 

genes was carried out. Briefly, pairwise alignment of USA300 lipase 1 (SAUSA300_2603) 

and lipase 2 (SAUSA300_0320) was performed using BLAST comparing 22 strains 

comprised of 11 clonal complexes from 7 different host species, followed by alignment, 

translation and calculation of the sequence identity matrix using BioEdit. Between the 22 

strains screened, it was found that there was 98.4% identity to SAUSA300_2603 and 97.3% 

identity to SAUSA300_0320. Variance in identity was predominantly due to SNPs, resulting 

in nonsynonymous mutations that showed no bias towards clonal complex or host. 

Interestingly, alignment of the lipase 2 amino acid sequences revealed that 4 of the strains 

(representing 3 clonal complexes and 3 different host species) contained an insertion of 7 

amino acids at location 649-655 that were adjacent to a phage attB site (Figure 3.3 (Bae 

et al., 2006; Chen & Alonzo, 2019; Lee & Iandolo, 1985)). Previously, it was demonstrated 

that insertion of the relevant phage inactivates the lipase 2 gene (Goerke et al., 2009).  
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Figure 3.3. S. aureus lipase 2 alignment. Alignment of the amino acids encoded by the lipase 2 gene demonstrated that 4 

out of the 22 strains harboured a 7 amino acid insertion at a known attB site (highlighted in the box). This insertion altered 

the position of the conserved H349 residue of the catalytic triad (indicated with a star).  

Computational prediction modelling, using Phyre2, of the lipase 2 protein derived from 

strain S. aureus Newman, that harbours the insertion, was superimposed with the resolved 

crystal structure of S. aureus USA300, which does not harbour the insertion (Kelley et al., 

2015). It was observed that the lipase 2 proteins from both strains were almost perfectly 

aligned (root-mean-square-deviation, RMSD. =0.304). Calculation of the distance between 

residues involved in the serine hydrolase mechanism demonstrated that the 7 aa insertions 

did not influence the distance between the donor and recipient atomic elements (Figure 

3.5). Overall, this implies that lipases demonstrate sequence variance across the 

S. aureus species at a genetic level, however, this does not influence the overall structure 

of the lipase 2 protein.  
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Figure 3.4. The amino acid insertion within lipase 2 does not impact the size of the catalytic binding site. (a) Crystal 

structure of the S. aureus USA300 mature lipase 2 (6KSI) catalytic triad superimposed with modelled strain S. aureus 

Newman, which harbours the insertion. (b) Measurement between the atomic elements of the catalytic triad Ser116, 

Asp307 and His349 in S. aureus USA300 were 7.6 Å, 2.8 Å and 5.9 Å respectively in comparison to S. aureus Newman, 

which were 7.6 Å, 2.8 Å and 5.6 Å. 
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3.3.2 Generation of recombinant lipases enzymes to study the role of lipases 

against innate immune killing mechanisms   

To analyse the role of S. aureus lipases in host-pathogen interactions, recombinant 

S. aureus lipases 1 and 2 were purified from ClearColi® BL21 (DE3). ClearColi® BL21 

(DE3) is a genetically modified endotoxin-free strain of E. coli BL21 that does not induce 

the inherent pro-inflammatory responses typically encountered when proteins are 

manufactured using the WT E. coli BL21 strain (Mamat et al., 2015). His-tag recombinant 

proteins were analysed using Western blot and showed a pure sample of the correct 

molecular weight for both lipases (75 kDa, Figure 3.5 a). To confirm recombinant lipases 1 

and 2 were functional proteins, a turbiometric assay was employed. In this assay, Tween-

20 was used as a substrate for lipases to hydrolytically release fatty acids (Tigerstorm and 

Stelmaschuk, 1989). The interaction of released fatty acids with calcium salts in the 

environment resulted in the formation of a precipitate that was analysed 

spectrophotometrically (Tigerstorm and Stelmaschuk, 1989). Both lipases 1 and lipases 2 

demonstrated a significant increase in their optical density following incubation with 

Tween-20 and calcium salts in comparison to the BSA negative control, thus confirming 

the functionality of active lipase enzymes (Figure 3.5b and c). Functional recombinant 

lipases were used in our studies to help broaden our understanding of the interaction of 

S. aureus lipases with the innate immune system. 
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3.3.5 Lipases do not influence phagocytosis, intracellular survival or escape of 

S. aureus from macrophages  

Recently, it was demonstrated that lipolysis of S. aureus lipoproteins by lipase 2 facilitated 

the survival of S. aureus through the manipulation of macrophage cellular signalling (Chen 

& Alonzo, 2019). In addition, S. aureus can interfere with macrophage phagolysosomal 

killing, enabling intracellular persistence for several days (Kubica et al., 2008). To examine 

the capacity for S. aureus lipases to influence phagocytosis, intracellular survival, and 

escape from macrophages, primary human monocyte-derived macrophages were 

incubated with S. aureus USA300 WT and S. aureus USA300 Δlip1/Δlip2 in the presence 

or absence of rLip1 or rLip2 (Figure 3.8a). Considerable variation in the number of 

recovered bacteria was observed between technical replicates due to donor variability, but 

no significant lipase-dependent differences were observed (Figure 3.8b). To further 

explore the effect of lipases on macrophage function, an immortalised cell line derived 

from human peripheral blood monocytes (THP1) cells was employed (Bosshart & 

Heinzelmann, 2016). PMA induces THP1 monocyte differentiation into adherent 

macrophages which represent a model of human monocyte-derived macrophages 

(Chanput et al., 2014). S. aureus USA300 LAC infection of THP1 macrophages exhibited 

less variation between replicates when compared to primary cultures but no lipase-

dependent differences in the number of bacteria recovered was observed (Figure 3.8c). 

Together, these data indicate that lipases do not affect phagocytosis, survival or escape of 

S. aureus from human macrophages. 
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3.4 Discussion 

This chapter aimed to characterise the impact of S. aureus secreted lipases on innate 

immune killing. Genes encoding lipase 1 and 2 were found in all strains but an insertion of 

7 amino acids was observed in lipase 2, adjacent to a well characterised phage attB 

insertion site for Sa6int phages, which is positioned next to the H646 of the catalytic triad. 

Previous studies by Lee and Iandolo demonstrated that bacteriophage disruption by Sa6int 

phages within the lipase gene abrogates lipase activity, which is rescued by curing of the 

phage (Lee & Iandolo, 1985). The presence of this phage was further investigated by Chen 

et al., who showed that 15% of S. aureus isolates harbour a phage in this region (based on 

an alignment of 400 genomes) (Chen & Alonzo, 2019). The 7 aa insertions may be the 

result of scarring from a previously inserted phage which has since excised from the 

genome. Structural modelling of the predicted catalytic triad demonstrated that, in the 

presence of the insertion, there was no difference in the distance, in amstrong, between 

the neuclophilic and electrophilic essential elements involved in the serine hydrolase 

mechanism suggesting it would likely not impact on the catalytic activity of the mature 

lipase 2 enzyme. Interestingly, it has been demonstrated that the Sa3int phages can 

integrate and excise from the hlb gene, acting as a regulatory switch that modulates β-

toxin production under different conditions. Similarly, Sa6int phages can integrate and 

excise from the lipase 2 gene which may regulate the expression of lipase 2 in relevant 

conditions.  

The importance of neutrophils in the initial response to S. aureus infection is well 

established (Spaan et al., 2013; van Kessel et al., 2014). Previously, Rollof et al., 

demonstrated using scanning electron microscopy, that supernatant-purified 

S. aureus lipases altered granulocyte morphology by denuding surface projections (Rollof 

et al., 1988). As neutrophil phagocytosis is reliant on pseudopod extensions for ingesting 



                                           Chapter 3: Staphylococcus aureus secreted lipases inhibit innate immune 

killing mechanisms 

    

83 
 

 

bacteria, it was hypothesised that this phenotype could inhibit bactericidal activity (van 

Kessel et al., 2014). Furthermore, the release of extracellular DNA into the environment, 

through NETosis, could be impacted by lipase-mediated changes to the cellular membrane 

which could influence bacterial killing.  

Here, we demonstrate that lipases do not inhibit direct killing of S. aureus mediated by 

human neutrophils, macrophages, or whole blood in vitro. These findings are consistent 

with the findings of Nguyen et al., who did not observe any differences in bacterial burden 

in the heart and liver in an in vivo murine sepsis model 24 h after infection with 

S. aureus USA300 WT LAC or an isogenic lipase-deficient mutant (Nguyen et al., 2018). 

These data suggest that lipases do not interfere with the initial clearance of S. aureus from 

the blood.  

A recent study by Chen et al, also reported that lipases have no direct effect on initial 

bacterial clearance in the early stages of infection. However they demonstrated that after 

48 h, there was an indirect effect of lipase 2 resulting in reduced pro-inflammatory cytokine 

release by macrophages (Chen & Alonzo, 2019). The authors found that S. aureus lipase 

2 mediates cleavage of S. aureus lipoproteins, which are well characterised TLR2 ligands, 

resulting in increased bacterial burden by thwarting macrophage responses.   

Previously it has been shown that S. aureus virulence factors regulated by the agr quorum-

sensing system are required for survival and escape of S. aureus from macrophages, 

including the zinc metalloprotease Aur, which is responsible for the production of the 

mature form the the lipase enzymes (Gor et al., 2019; Kubica et al., 2008; Münzenmayer 

et al., 2016). Here, we report that the agr-regulated lipases do not influence the survival of 

S. aureus in human monocyte-derived macrophages, although considerable donor 

specific variation was observed with primary cells. Data obtained using the THP1 
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macrophage cell line further support the finding that S. aureus lipases do not promote 

phagocytosis, intracellular survival or escape of S. aureus from within human 

macrophages. The lack of an observable effect of lipases may reflect the fact that bacterial 

capture by macrophages is dependent on dynamic actin-rich protrusions, with negligible 

involvement of triglyceride lipids in the process (Flannagan et al., 2015).  

3.5 Conclusion 

Overall, we report that S. aureus lipases do not directly impact on the killing mechanisms 

of neutrophils and macrophages. These data add to our understanding of 

S. aureus interactions with the innate immune system and the role of lipases in the 

pathogenesis of S. aureus disease. 
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4.1. Introduction  

4.1.1 S. aureus infection of poultry 

The industrialisation of the broiler chicken industry, driven by the global increased demand 

for poultry produce, has had dramatic implications on chicken health and welfare (Hafez & 

Attia, 2020; Lowder et al., 2009; Richardson et al., 2018). In 2017 it was estimated that, in 

Europe, the average consumption of broilers per capita was 19.4 kg/person/year, which 

was a 34% increase compared to consumption in 2007 (Farm Animal Welfare 

Compendium, 2017). To account for this gross increase in demand, broiler chickens have 

been raised in environments conducive for poor welfare, such as housing in close quarters, 

which has facilitated the spread of pathogens responsible for contact dermatitis, skeletal 

and muscle disorders (Meluzzi & Sirri, 2016). Furthermore, the genetic selection of larger 

birds to boost meat and egg production has had negative implications on chicken 

cardiopulmonary and musculoskeletal development which directly correlates with health 

and disease tolerance (Hafez & Attia, 2020; Mayne, 2005).     

S. aureus, alongside other coagulase-positive Staphylococci, is the biggest bacterial threat 

to the broiler chicken industry (reviewed in (Szafraniec et al., 2022)). S. aureus is the 

predominant aetiological agent of skeletal disorders such as BCO, turkey osteomyelitis 

complex, spondylitis, and bumblefoot for which antibiotic treatment is often ineffective due 

to resistance and the location of lesions (Szafraniec et al., 2022). Furthermore, treatment 

regimens of several weeks are currently not conducive with current poultry husbandry 

practice as the market age for a broiler is approximately 4 weeks (Hafez & Attia, 2020). 

Consequently, culling is a common alternative to treatment and thus novel therapeutic 

alternatives are highly desirable (Giguère et al., 2013; Szafraniec et al., 2022).  

Currently, the most frequent S. aureus clones in poultry infection are the avian-adapted 

CC5 and CC385 lineages. The CC385 lineage has been restricted to the avian host since 
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its emergence approximately 600 years ago, evolving from a human ancestral strain 

(Richardson et al., 2018). Until 50 years ago, the CC5 lineage was restricted to humans 

until a host-jump event into chickens resulted in the emergence and subsequent global 

dissemination of a novel avian pathogenic CC5 clone (Lowder et al., 2009). The novel CC5 

clone had to adapt to the distinct physiological and anatomical environment of the avian 

host (Richter et al., 2012). Through understanding the molecular mechanisms of avian host 

adaptation, from both a host and bacterium perspective, we can identify key host-pathogen 

interactions that potentially reveal novel molecular targets for tackling infections. 

4.1.2 Models for studying avian S. aureus bacterial infections 

Appropriate avian immune cell models are essential to determine the immunological 

repertoires involved in S. aureus disease. Following an outbreak in 2018 and 2019 of 

systemic S. aureus chicken infections, Fries-Craft and colleagues sought to determine the 

immunological responses in laying hens that contributed to the presentation of disease. 

Despite finding fluctuations in the number of T-cell helper and γδ T-cell populations, it was 

demonstrated that bird age, external stresses (transport), and inoculation routes led to 

variable results, and no firm conclusions could be drawn (Fries-Craft et al., 2021). A less 

variable mathematical prediction model analysing avian immune cell tropism to human 

S. aureus infection projected that S. aureus had a strong association with monocytes and 

heterophils in septicaemia infection (Sreekantapuram et al., 2020). However, there is 

currently no experimental evidence to support this theory and the use of a human 

reference strain in the study limits its capacity to inform understanding of avian 

S. aureus infection.  

Polakowska and colleagues found that avian strains were more virulent in a chicken 

embryo infection model which correlated to the presence of prophage φAvβ and plasmid 

pAvX (Polakowska et al., 2012). Previously in the Fitzgerald lab, it was observed that in 
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primary avian bone marrow-derived macrophages, the avian associated prophage φAvβ 

increased bacterial survival, phagocytosis and chicken macrophage cell death during 

infection (Parr, 2018). Another method for the in vitro screening of S. aureus avian 

responses is through the employment of the immortalised myeloid cell line of avian 

macrophages, HD11 cells. HD11 cells have been previously used to measure the release 

of IL-1 upon exposure to heat inactivated S. aureus (Klasing & Peng, 1987). However, a 

comparison of monocyte-derived macrophages and HD11 cells in Toxoplasma gondii 

infection demonstrated differences in their cellular reactivity, with HD11 cells facilitating 

greater protozoan survival and less cell destruction in comparison to monocyte-derived 

macrophages and thus HD11 cells are considered a tenuous model of avian infection 

(Malkwitz et al., 2018).  

Currently, there are exciting new developments in models for studying avian infection such 

as organoid systems for intestinal disease, which have been applied for S. Typimurium and 

Influenza A virus, and transgenic chickens to monitor development and disease 

pathogenesis (Davey et al., 2018; Nash et al., 2021). Recently, an ex vivo system for 

investigating the avian immune cell tropism to pathogens was developed utilising the 

transgenic chicken line, Runx1-eGFP. Preliminary studies employing this model to visualise 

uptake of mCherry-Salmonella demonstrated that heterophils were strongly associated 

with fluorescent Salmonella as opposed to other immune cell types (Personal 

communication: Dr Adam Balic and Professor Mark Stevens, Roslin institute). These 

chickens facilitate enhanced understanding of complex host-pathogen interactions beyond 

traditional methods of primary cell monocultures and cell lines.  
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4.1.3 Chapter aims 

Here, we aim to examine the interactions between S. aureus and the avian innate immune 

cells during S. aureus infection using a Runx1-eGFP chicken whole blood model.  
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4.2 Materials and Methods 

4.2.1 Ethics statement and birds used in this study 

Experiments were performed using either 4-week-old Runx1-eGFP chickens, 8-week-old 

Hy-line brown hens, or 8-week-old broilers (Gallus gallus) which were housed in the 

National Avian Research Facility (NARF). Birds were humanely culled in accordance with 

Schedule 1 of the Animals Scientific Procedures Act 1986 by cervical dislocation and 

decapitation. For birds over 1-week-old, blood was extracted via cardio puncture and 

collected into a 10 ml syringe containing 500 µl ACD (Anticoagulant citrate dextrose)  

4.2.2 Avian whole blood killing assay 

For whole blood killing assays, 150 µL of whole blood was infected with 50 µL of 8 x 106 

CFU/ml S. aureus in a 96 well, U-bottomed plate (Greiner Bio-One Inc, 650101). Plates 

were sealed with a BREATHseal plate sealer and placed in an airtight container, with damp 

paper towel to create a humid environment, for 2 and 4 h at 41°C, 180 rpm. Blood cells 

were lysed at a 1:1 ratio 0.1% (v/v) TritonX-100 (Sigma) and viable bacteria were 

determined using a modified Miles-Misra technique and incubated overnight at 37°C 

((Miles et al., 1938), described in (Alves et al., 2020)).   

4.2.3 Chromosomal Integration of superfolder GFP (GFP) and mCherry into the 

S. aureus genome 

For chromosomal integration of GFP and mCherry fluorophores into S. aureus, recipient 

strains which shared homology with the NWMN29 (WP_001033018.1) and NWMN30 

(WP_001827266.1) genes were selected using tBLASTx. Plasmids pTH100 (GFP) and 

pRN111 (mCherry) were isolated from E. coli strain DC10B (see General methods 2.3) and 

electroporated into electrocompetent S. aureus strains (see General Methods 2.2 and 2.4). 

S. aureus transformants containing the plasmid were selected on TSA containing 10 

µg/mL chloramphenicol (Cam, Sigma) and incubated for 24-48 h at the replicon permissive 

temperature of 30°C.  
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Single crossover events through homologous recombination were generated by plating 

colonies on TSA containing 7.5 µg/mL Cam and incubated at 42°C overnight. Large 

colonies were patch plated onto TSA with 7.5 µg/mL Cam and incubated at 42°C overnight. 

Single crossover events were subsequently screened by single colony PCR using Taq 

Polymerase (Promega) with Integration_Forward_IN and Integration_Reverse_OUT 

primers (and vice versa) (Table 4.2, Figure 4.1).  

Single recombinants were inoculated into 5 ml TSB without antibiotics and incubated at 

30°C overnight. Cultures were diluted 1 in 1000 for 5 passages to promote double 

crossover events. Planktonic bacteria were plated onto TSA with 200 ng/mL 

anhydrotetracycline, an antibiotic that induces the counter-selection marker on the plasmid 

backbone (ATc, Sigma). Integrated mutants were screened by patch plating colonies onto 

both TSA with and without 10 µg/mL Cam. Colonies which grew on TSA but demonstrated 

Cam resistance were screened using high-fidelity Integration_OUT PCR (Table 4.1). In WT 

strains, primers that anneal out with the NWMN29 and NWMN30 regions amplified a region 

of 2000 bp. Plasmid excision was confirmed through the amplification of the pTH100 and 

pRN111 multiple cloning site (MCS), in which no amplification is expected if the plasmid is 

excised (Table 4.1). Integrated mutants were sequenced by MicrobesNG (Birmingham, 

UK) and analysed using Freiburg Galaxy server (Galaxy Community et al., 2022). Variants 

were called by mapping to a reference genome (cognate WT strain) using BWA MEM 

implemented by Snippy v.4.05.01 (https://github.com/tseemann/snippy) and the output 

visualised using JBrowse (Buels et al., 2016; H. Li & Durbin, 2009) 

 

. 
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Table 4.1. Primers used for marker less integration of pTH100 and pRN111 into the S. aureus.  

 

4.2.4 Integration flow cytometry. 

Constitutive expression of GFP and mCherry fluorophores was confirmed using flow 

cytometry. Single colonies were fixed in 10% (v/v) formalin (3.75% formaldehyde (Fisher) 

in PBS) and incubated for 15 min at room temperature. Colonies were subsequently 

washed four times in PBS by centrifugation at 4000 x g for 5 min (WT bacteria were also 

included as a control). GFP was measured using the B530/30 filter and mCherry using the 

YG610/20 filter on a Beckton Dickinson Fortessa (BD Fortessa with the FACSDiva 

software, BD Biosciences, CA, USA). Due to the small size of the bacteria, it was not 

possible to perform doublet exclusion. Histograms comparing WT and integrated were 

generated using FlowJo v10 (TreeStar, Inc). 

4.2.5. Growth curves at 41°C 

S. aureus was grown overnight in TSB at 41°C, 180 rpm. Overnight cultures of bacteria 

were diluted 1 in 100 in TSB in a flat bottomed 96 well plate (Nunc, Fisher) and analysed 

using a ClarioSTAR plate reader (BMG Labtech). Bacteria were agitated at 200 rpm, with 

OD600 measurements recorded every 10 min for 24 h.  

Primer Name Sequence 

Annealing 

Temperature (°C) 

Integration_IN F GACGTGTCAGTGTTGTGTTTAT 55 

Integration_IN R TACGACAATTCAAGAGCTTGC 55 

Integration_OUT F TACGACAATTCAAGAGCTTGC 54 

Integration_OUT R GAGTAAGCCAGAACAGTTCC 54 

pTH100 MCS F CATAATGTGTTGTAAACATTTTTG 55 

pTH100 MCS R TATGTCACTTATCCTTTTGGAAATG 55 
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4.2.6 HD11 Gentamycin assays  

HD11 cells were seeded at a density of 5 x 104 cells/well in a Nunc, flat bottomed, 96 well 

plate in HD11 growth medium (DMEM (high-glucose, Gibco, D5796), 10% (v/v) FBS and 

1% (v/v) minimal essential amino acids (MEAA)) and incubated for 16 h at 41°C, 5% CO2. 

Viable cells were enumerated and confirmed one doubling in this time (1 x 105 cells/well). 

Cultures of S. aureus were grown to exponential phase (OD600=0.6) in TSB, washed and 

suspended in HD11 growth media at a density of 5 x 105 cells/ml. To determine 

phagocytosis, cells were infected at an MOI=1 for 1 h, followed by 30 min in 100 µg/mL 

gentamycin at 41°C/5% CO2. Intracellular survival of S. aureus was quantified by 

incubating cells for 3 h in 20 µg/mL gentamycin at 41°C/5% CO2. At both time points, cells 

were incubated in filter sterile 0.1% (v/v) Triton-X100 in PBS at RT for 5 min, followed by 

plating onto TSA using a modified Miles-Misra technique (described in Alves et al., 2020) 

and incubated overnight at 37°C (Miles et al., 1938). 

4.2.7 Runx1-eGFP birds genotype screening 

HOM-Runx1-eGFP males were crossed with hy-line brown hens. Eggs were collected and 

incubated for 3 weeks at 37 °C, 40-50% humidity, rotation every 40 min. After hatch, the 

chorioallantoic membrane (CAM) was collected and genomic DNA was extracted using 

the RedExtract-N-Amp Tissue PCR kit per manufacture’s instructions. The lentiviral pHIV 

CAG R24 plasmid carrying the Runx-1-eGFP transgene was amplified using primers, HIV_F 

GAGAGAGATGGGTGCGAGAG and HIV_R GCTGTGCGGTGGTCTTACTT (60°C 

annealing temperature, 30 second extension). A positive control of pHIV CAG R24 plasmid 

and negative Hy-line WT CAM DNA lysates were kindly provided by Hazel Gilhooley of the 

Sang Group, Roslin institute.  
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4.2.8 Isolation of avian peripheral blood leukocytes  

To isolate peripheral blood leukocytes (PBL) from avian blood, 5-6 ml of Runx1-eGFP blood 

was diluted at a 1:1 ratio with Hanks Balanced Salt Solution (HBSS without calcium and 

magnesium, Gibco). Diluted blood was gently overlaid onto 10 ml of 1.119 g/mol 

Histopaque plus (GE healthcare) and centrifuged in a swing bucket centrifuge at 300 x g 

for 30 min without a brake (RT). The interface layer between the plasma and the red blood 

cell pellet was collected and washed twice in RMPI-1640 at 1000 x g for 10 min.  

4.2.9 Infection of peripheral blood leukocyte with mCherry S. aureus 

mCherry integrated S. aureus isolates were grown to exponential phase, OD600= 0.6, at 

41oC, 200 rpm. Bacterial cells were washed and diluted to a concentration of 1 x 108 

CFU/ml in RPMI-1640 containing 10% (v/v) FBS and kept on ice until needed. PBLs were 

prepared as in 4.2.8., enumerated, and suspended at a final concentration of 2 x 107 

cells/ml in RPMI-1640 containing 10% FBS (no antibiotics). 100 µl of cells were plated into 

a 96 well, U-bottomed plate (Greiner Bio-One Inc, 650101) to which 100 µl of bacterial 

inoculum was added (MOI=5), mixed by pipetting, and incubated on either ice or at 

41°C/5% CO2 for 45 min. Cells were washed by centrifugation at 300 x g three times for 2 

min, followed by incubation with 100 µg/ml gentamycin for 30 min. Following gentamycin 

treatment, cells were washed three times in FACs buffer (1x PBS, 1.0% (w/v) BSA, and 

0.01% (w/v) Sodium Azide) at 300 x g for 2 min. Differential staining of GM-CSFR was 

performed using 1 in 250 (v/v) GM-CSF-AF647 in FACs buffer (kindly provided by 

Zhiguang Wu, Balic goup (Wu et al., 2022)) for 30 min on ice. Cells were washed twice in 

150 µl FACs buffer as described above. Prior to screening on the Fortessa, 150 µl of 1 in 

2000 (v/v) Sytox Blue (ThermoFisher) in FACs buffer was added to each sample and 

processed on the BD Fortessa (using FacsDiva software) in accordance with settings in 

Table 4.2.  
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All analysis was performed on FlowJo v10 (TreeStar, Inc). For the gating strategy, all cells 

were selected and separated from debris using both their forward scatter (FSC) and side 

scatter (SSC) profiles, followed by doublet exclusion using their forward scatter area (FSC-

A) and height (FSC-H). Live cells were distinguished from this population by selecting cells 

which were not stained with Sytox blue (V450/50). Finally, Runx1-eGFP expressing, GM-

CSFR positive cells were selected using the YG610/20 (GM-CSFR) and B530/30 (Runx1-

eGFP) filters. Compensations were set using single colour controls for each filter on FlowJo 

v10 (TreeStar, Inc).  

Table 4.2: Flow cytometry settings for Runx1-eGFP experiments. These settings were used consistently for all Runx1-eGFP 

analysis 

 

 

 

 

 

 

 

 

 

 

 

4.2.10 Confocal microscopy.  

PBLs for confocal microscopy were prepared as in 4.2.9. Cells were fixed in 10% formalin 

(v/v) for 15 min at RT prior to staining. Cells were permeabilised with 0.1% (v/v) Triton-

X100 for 15 min at RT and centrifuged at 500 x g for 5 min. S. aureus was stained with α-

S. aureus Polyclonal Antibody, FITC (PA1-73172, Thermo Scientific) for 30 min. Cells were 

washed once by centrifugation at 500 x g for 5 min, followed by actin staining with 1 in 200 

(v/v) dilution of Alexa Fluor™ 568 Phalloidin (Thermo Scientific) for 15 min, and dsDNA 

stained with 1 in 10 000 (v/v) dilution of Hoechst 33342 (Thermo Scientific) for 5 min both 

Filter Detector Voltage 

FSC Size 516 

SSC Granularity 297 

B530/30 Runx1-eGFP 470 

V450/50 Sytox Blue 462 

R670/30 GM-CSFR 556 

YG610/20 mCherry S. aureus 589 
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at RT. Cells were affixed to glass microscope slides by using cytospins and mounted with 

ProLong Gold. Cells were analysed using the Zeiss LSM 880 inverted confocal microscope 

using Airyscanning and Z-stacks and processed in Zen Black software.  

4.2.11 Degranulation assays 

Heterophil degranulation was measured by quantifying β-glucuronidase activity in culture 

media following stimulation PBLs by S. aureus, as in 4.2.9. Cells were incubated with 

S. aureus for 45 min at 41°C/5% CO2, and cells were pelleted by centrifugation at 350 x g 

for 2 min. 25 µl of PBL supernatant was transferred into a black, flat bottomed, opaque 

Greiner 96 well plate alongside 50 µl of freshly prepared substrate (100 mg/ml gentamycin, 

10 mM 4-methylumbelliferyl-b-D-glucuronide, 0.1% (v/v) Triton X-100 in 0.1 M sodium 

acetate buffer) for 4 h at 41°C (RPMI no cell controls were also included). The reaction was 

stopped by adding 200 µl of stop solution (0.05 M glycine and 5 mM EDTA; pH 10.4) to 

each well. β-D-glucuronidase release from granules was measured fluorometrically (fmax, 

355/460 nm) in a Cytation 3 imaging reader (BioTek).  
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4.3 Results 

4.3.1 Development of tools to analyse S. aureus interaction with the avian host.  

To examine interactions of S. aureus with avian innate immune cells, a representative 

group of strains were selected for analysis representing a variety of disease severities, 

geographic distribution, and sequence types from avian and human host-species. Of the 

strains selected, six were avian belonging to CC5 and CC385 lineages (Table 4.3). 

Furthermore, four human strains from the CC5 lineage were selected including 

S. aureus MR1 which is closely-related to the avian CC5 subtype (Lowder et al., 2009). 

Our studies also required the use of strain S. aureus Newman, a human reference strain 

from the CC8 lineage (Table 4.3).  
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Table 4.3. A list of strains and metadata used in this study. CC=clonal complex and ST=sequence type. 

 

 

 

 

 

 

 

 

 

 

 

4.3.1.1. Generation of integrated mCherry and GFP S. aureus through allelic 

exchange.  

 

Host CC ST Strain Additional Information Reference 

Avian 

5 5 CIX2 

Belgium commensal strain isolated in 

1976 

(Lowder et al., 2009) 

5 5 ED98 

Northern Irish strain isolated from a 

chicken with bacterial 

chondronecrosis with osteomyelitis 

isolated in 1997 

(Rodgers et al., 1999) 

5 5 Av4 UK chicken isolate from 1996-1997 (Rodgers et al., 1999) 

385 1344 Ch91 

Japanese strain isolated from a 

chicken with oedematous and 

necrotic dermatitis in 1967 

(Takeuchi et al., 2002) 

385 692 B305487 

Scottish chicken strain isolated from 

the spleen (secondary infection) in 

2006 

(Lowder et al., 2009) 

385 692 B600539 Scottish pheasant isolate (Lowder et al., 2009) 

Human 

5 5 N315 

Japanese MRSA human strain 

isolated from a pharyngeal smear in 

1982 

(Kuroda et al., 2001) 

5 5 MR1 

Polish human wound strain isolated 

in 1992 

(Leski et al., 1998) 

5 5 Mu50 

Japanese, MRSA strain with 

vancomycin resistance isolated in 

1997 

(Kuroda et al., 2001) 

8 254 Newman Reference strain (Duthie & Lorenz, 1952) 
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To identify the avian immune cell repertoire involved in S. aureus interactions during 

pathogenesis, fluorescent strains of S. aureus were generated through homologous 

recombination of the S. aureus chromosome with a plasmid containing a gene encoding a 

fluorophore (De Jong et al., 2017). In this method, the gene encoding either GFP or 

mCherry was integrated into the bacterial genome between the NWMN29 

(WP_001033018.1, Type II sulphide quinone oxidoreductase Sqr) and NWMN30 

(WP_001827266.1, tRNA-dihydrouridine synthase) genes, which are regulated by the sarA 

promoter (De Jong et al., 2017)(Figure 4.1).  

Successful integration of genes encoding GFP and mCherry into the genome resulted in 

a final PCR product of 3154 and 3124 bp respectively (Figure 4.2). Here, five GFP and 

mCherry strains were generated: Four in CC5 isolates, S. aureus ED98, S. aureus CIX2, 

S. aureus N315, S. aureus MR1 and one in a CC385 strain S. aureus Ch91 (Figure 4.2).  
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Figure 4.3. mCherry and GFP is constitutively expressed by all integrated strains. Median fluorescence intensity (MFI) 

of WT, GFP and mCherry strains exposed to the B_530/30 filter (left) and YG_610/20 filter (right) (a) S. aureus CIX2 (b) 

S. aureus ED98 (c) S. aureus N315 (d) S. aureus MR1 (e) S. aureus Ch91.  
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4.3.1.2. Integration of fluorophores does not affect the ability to grow at 41°C and the 

ability to be phagocytosed and survive intracellularly in HD11 macrophages.  

To confirm that integration of GFP or mCherry had no effects on bacterial growth, bacterial 

growth cultures at 41°C were performed. There were no differences in bacterial growth in 

TSB between WT and integrant strains (Figure 4.4a-e). Consequently, we examined if the 

integration of fluorophore genes had an impact on the interaction between S. aureus and 

the macrophage HD11 cell line. HD11 cells are transformed by the MC-29 strain of 

replication-defective avian leukaemia and have been previously described as 

immunocompetent and capable of modulating phagocytosis and upregulating NO 

production (Beug et al., 1979; Klasing & Peng, 1987; van den Biggelaar et al., 2020). 

Selected fluorescent mutants from each lineage and host species, S. aureus CIX2 (CC5), 

S. aureus N315 (CC5) and S. aureus Ch91 (CC385), were assessed on their ability to be 

phagocytosed and survive intracellularly compared to their cognate WT progenitor strain. 

No differences in the number of viable S. aureus recovered were observed (Figure 4.5a-

c). Overall, these data indicate that chromosomal integration of fluorophore genes did not 

impact on bacterial interactions with HD11 cells, suggesting the fluorescent mutants can 

be employed to examine S. aureus-immune cell interactions.  
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Figure 4.4. Fluorescent mutants demonstrated no differences in growth compared to the WT in TSB at 41°C. WT 

(black), GFP (green) and mCherry (red) strains of S. aureus at 41°C in TSB. (a) S. aureus CIX2 (CC5, Avian) (b) 

S. aureus ED98 (CC5, Avian) (c) S. aureus MR1 (CC5, Human) (d) S. aureus N315 (CC5, Human) (e) Ch91 (CC385, Avian). 

Each dot represents the mean of 3 experimental replicates, composed of technical triplicates. Error bars show SEM.   
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Figure 4.5. Integration of fluorophores had no effect on the S. aureus capacity to be phagocytosed and survive 

intracellularly in HD11 cells. HD11 cells were incubated at an MOI=1 for 1 hour of either WT, GFP or mCherry strains, prior 

to treatment with a high dose of gentamycin (100 µg/ml) for 30 min (phagocytosis). Cells were maintained in a low dose of 

gentamycin (20 µg/ml) for 3 h to analyse intracellular survival. (a) S. aureus CIX2 (b) S. aureus Ch91 and (c) S. aureus N315. 

Two-way ANOVA with Tukeys multiple comparisons demonstrated no significant differences between WT (black), GFP 

(green) and mCherry (red), n=3, each point represents the mean of three technical replicates (except for N315 WT 

intracellular survival, where gentamycin resistance in some wells was observed). Error bars show SD. 
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4.3.2. Avian strains are more resistant to killing by avian whole blood than human 

strains 

To explore how S. aureus could adapt to an avian host ecology, we examined the survival 

of human and avian strains in whole chicken blood. Whole blood contains front-line 

circulating innate-immune cells alongside complement proteins and antibodies which are 

critical mediators of the response to S. aureus infection.  

Whole blood was inoculated with human or avian strains of S. aureus for two and four 

hours at 41°C. Quantification of CFU demonstrated that approximately 70% of all bacteria 

were killed in the first two hours of infection irrespective of host background. At 4 hours 

post infection (hpi), all avian strains demonstrated a 10-fold increase in the number of 

viable bacteria recovered (Fig 4.6). In contrast, human strains S. aureus Mu50 and 

S. aureus Newman did not exhibit increased recovery between two- and four-hours post-

infection. Overall, these data suggest that in comparison to human strains, avian strains 

are more proficient at resisting killing by avian peripheral immune cells. Characterisation 

of the mechanism underpinning this putative adaptation would contribute to our 

understanding of how S. aureus has adapted to the avian host.    
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4.3.3 Non-specific binding of human CC5 strains to non-haematopoietic stem cell 

derived cells 

Thus far, we have established that avian strains are more resistant to killing by components 

of avian whole blood than human isolates. Therefore, the next aim was to determine the 

key immune cells involved in this interaction. To identify the immune populations that are 

essential in S. aureus avain immune cell interactions the transgentic chicken line, Runx1-

eGFP, was employed. The Runt-related transcription factor 1 (Runx1) regulates the 

differentiation of haematopoietic stem cells into mature blood cells, such as macrophages 

and heterophils in chickens (Davey et al., 2018; Balic et al., manuscript in preparation). In 

Runx1-eGFP chickens a transgenic P1 promoter, which transcribes endogenous Runx1, 

paired with a Runx1 +23 enhancer, which targets reporter gene expression on the RUNX1 

locus, together promote eGFP expression via a lentiviral transgene allowing for the 

visualisation of chicken HSC-derived white blood cells (Bee et al., 2009, Balic et al., 

manuscript in preparation).  

The granulocyte-macrophage colony-stimulating factor (GM-CSF) is a growth factor that 

controls the differentiation of haematopoietic stem cell progenitors through the interaction 

of the cell-surface expressed receptor GM-CSFR (Wu et al., 2022). Through tagging of a 

recombinant chimeric protein containing chicken GM-CSF coupled to a Fc domain from 

human IgG1 conjugated with Alexa Fluor 647 (GM-CSF-AF647), a recent study 

successfully generated a novel avian reagent for labelling the chicken GM-CSFR which is 

ubiquitously expressed on various immune cells. Consequently, this novel reagent enables 

the differential staining of immune cell populations which, when used concurrently with 

Runx1-eGFP chickens, enables the visualisation of HSC derived, monocytes, heterophils, 

basophils, and eosinophils (Wu et al., 2022).  
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To explore the immunological basis for the host-species dependent differential killing 

observed, Runx1-eGFP chicken PBLs stained with GM-CSF-AF647 alongside integrated 

mCherry S. aureus were employed (Figure 4.7a, gating strategy in Figure 4.7b). This 

enables gating on each immune cell population facilitating the visualisation of 

S. aureus uptake when comparing ice to 41°C (Figure 4.7c). 
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It was observed that after incubation with CC5 human strains, S. aureus N315 and 

S. aureus MR1, a non-specific population of non-Runx1-eGFP expressing, GM-CSFR 

positive cells emerged which was not visualised in PBLs infected with CC5 avian S. aureus 

(indicated by an arrow, Figure 4.8 a,b and c). This prevented the distinction of individual 

immune cell populations of PBLs when infected with human S. aureus isolates.  

S. aureus Staphylococcal protein A (SpA) is a well characterised surface and, through the 

action of the enzyme sortase A, secreted protein that can bind to the Fc region of IgG 

(Mazmanian et al., 2000). As aforementioned, GM-CSF-AF647 was created by fluorescent-

tagging of the recombinant protein chicken GM-CSF coupled to a human Fc of IgG1, which 

binds to the GM-CSFR which is differently expressed on sub-sets of heamatopoetic 

derived innate immune cells. To test if non-specific binding was a result of GM-CSF-AF647 

associating with the IgG-binding protein SpA, two strains deficient in SpA expression, 

S. aureus NewmanΔspa and S. aureus Mu50, were employed. Western blot analysis of 

S. aureus cell lysates showed that S. aureus Newman had two immunoreactive bands in 

comparison to S. aureus NewmanΔspa which only had one (corresponding to the secreted 

50 kDa IgG binding protein Sbi). Both S. aureus Mu50 and S. aureus CIX2 did not exhibit 

any binding to IgG, consistent with lack of expression of SpA and Sbi (Figure 4.8d and e). 

Accordingly, NewmanΔspa and Mu50, were integrated with a gene encoding mCherry, 

verified by PCR and flow cytometry, as described in 4.3.2 (Figure 4.8 g and i).  

Despite the absence of IgG-binding proteins in S. aureus Mu50, the non-specific 

population of GM-CSFR positive cells still interfered with the gating of immune cell 

populations (Figure 4.8j). Although there was a small subset of cells causing background 

noise in S. aureus NewmanΔspa, which our Western blot suggests may be due to Sbi, 

individual immune cell populations could still be gated on (Figure 4.8 k). Overall, we 

identified a representative human strain (NewmanΔspa) that could be employed in 



                                           Chapter 4: Characterisation of the avian innate immune cell repertoires 

involved in Staphylococcus aureus infection in chickens                                                                          

    

112 
 

 

subsequent experiments, with the unknown mechanism of interference of GM-CSF binding 

in human CC5 strains not explored further (Figure 4.8 k). 
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4.3.4. Monocytes and heterophils interact with avian S. aureus during infection 

To determine which immune cell sub-populations are associated with avian S. aureus in 

whole blood infections, each immune cell population was assessed. PBLs were isolated as 

described in the Methods and cells infected at a MOI of five with mCherry S. aureus for 45 

min at 41°C, and on ice, which is not conducive to phagocytosis. Histograms of each gated 

immune cell population demonstrated a shift in fluorescence (x-axis) in monocytes and 

heterophils, indicating the infection of mCherry-S. aureus by these cell types (Figure 4.9a, 

one representative chicken shown). These histograms inform us that, analogous to the 

mammalian immune system, both monocytes and heterophils are the key leukocytes 

involved in S. aureus interactions during infection. 

Quantification of the number of infected cells demonstrated that monocytes did not exhibit 

differences in mCherry S. aureus infection between the avian and human strains (Figure 

4.9b). However, it was observed that an increased proportion of heterophils were 

associated with avian S. aureus in comparison to the human S. aureus NewmanΔspa strain 

(Figure 4.9c). To determine if S. aureus demonstrated any preference to infect a particular 

immune cell type, parallel comparisons were made. We observed no differences between 

the number of infected macrophages and heterophils with avian strains of S. aureus, with 

approximately 70% of cells infected at 41°C (Figure 4.9d). In contrast, for human 

S. aureus NewmanΔspa, it was observed that monocytes demonstrated greater uptake of 

S. aureus in comparison to heterophils (Figure 4.9d). The greater association of avian 

S. aureus strains with heterophils, compared to human strain NewmanΔspa, is consistent 

with avian host adaptation and suggests a key role in pathogenesis.  
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Figure 4.9. Monocytes and heterophils are the key immune cells in S. aureus infection, with heterophils 

demonstrating increased differential uptake of avian S. aureus. (a) Flow cytometry stacked histograms of immune cell 

subsets: Basophils, Monocytes, Heterophils and Eosinophils in both S. aureus CIX2 and S. aureus NewmanΔspa. Cells which 

express mCherry corresponds to infection with S. aureus. One representative bird shown. (b) The percentage (%) of infected 

Runx1-eGFP monocytes between avian strains, S. aureus Ch91, S. aureus ED98, S. aureus CIX2, and human strain 

S. aureus NewmanΔspa at 41°C (coloured bars and dots) and on ice (open bars and dots). The % of infected cells was 

quantified on FlowJo by comparing the number of non-mCherry cells to mCherry cells. Each point represents a single Runx1-

eGFP chicken (average of 2 technical replicates), n=5 for all strains except S. aureus ED98, where n=8. One way ANOVA, 

Tukeys multiple comparisons Error bars show SD (b) The percentage (%) of infected heterophils as described above. Each 

point represents a chicken (average of 2 technical replicates), n=5 for all strains except S. aureus ED98, where n=8. One 

way ANOVA, Tukeys multiple comparisons **** p<0.0001 ** p<0.005. Error bars show SD (c) The percentage (%) of infected 

monocytes (green) and heterophils (pink) between avian strains, S. aureus Ch91, S. aureus ED98, S. aureus CIX2, and 

human strain S. aureus NewmanΔspa. Each point represents a single Runx1-eGFP chicken (average of 2 technical 

replicates), n=5 for all strains except S. aureus ED98, where n=8. Two-way ANOVA, Tukeys multiple comparisons *** 

p<0.001. Error bars show SEM. 

 

4.3.6 An avian S. aureus secreted factor promotes uptake by heterophils 

To determine if uptake of S. aureus by monocytes and heterophils represents bacterial 

invasion or host-driven phagocytosis, PBLs were infected with formalin-fixed 

S. aureus (dead) in the presence and absence of their associated supernatant. For dead 

bacteria, the number of infected cells with S. aureus was significantly reduced in both 

monocytes and heterophils in comparison to live bacteria, which is suggestive of active 

invasion (Figure 4.10). Importantly, supplementation of dead bacteria with supernatant 

resulted in partial restoration of avian S. aureus invasion for both monocytes and 

heterophils, suggesting that a secreted factor promotes bacterial invasion (Figure 4.10). 

This restoration was not observed with human strains in either monocyte or heterophil 

populations (Fig 4.10). Overall, these data implies that avian strains are actively facilitating 

internalization by heterophils and monocytes. 
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Figure 4.10. Avian S. aureus secretes a factor that facilitates uptake by monocytes and heterophils. (a) % of infected 

monocytes in PBLs infected with fixed (dead, dark), living (light) and fixed cells supplemented with supernatant (striped) 

S. aureus ED98 (pink) or S. aureus NewmanΔspa (green). (b) % of infected heterophils in PBLs infected with fixed (dead), 

living and fixed cells supplemented with supernatant S. aureus ED98 (pink) or S. aureus NewmanΔspa (green). Each symbol 

represents one bird (average of technical duplicates) n=4-5. Two-way ANOVA, Tukeys multiple comparisons **** p<0.0001 

** p<0.005. Error bars show SD 
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4.3.7 Avian S. aureus strains were associated with less degranulation of heterophils 

in comparison to a human strain 

Thus far, we have analysed the capacity of immune cells to phagocytose S. aureus using 

Runx1-eGFP chickens and further demonstrated that heterophils are a key avian immune 

cell involved in host-adaptation. One further observation from Runx1-eGFP analysis 

showed that heterophil side-scatter profiles demonstrated differences between avian and 

human strains (Figure 4.11a). Quantification of the side scatter geometric means for all 

birds revealed that avian strains were significantly less granular in comparison to the 

human strain (Figure 4.11b). Heterophils can contribute to the elimination of bacteria 

through the production of HETs and the release of antibacterial granules into the 

extracellular milieu. 

To determine if the observed side-scatter phenomenon was due to the release of HETs, 

peripheral blood leukocytes were imaged by confocal microscopy. Multinucleated 

heterophils were identified using Z-stacks, indicated by white arrows, and cells were 

stained for S. aureus (green), dsDNA (blue), and F-actin (red). It was observed that for both 

avian S. aureus CIX2 and human S. aureus NewmanΔspa, dsDNA remained within the F-

actin-stained cytoplasm suggesting that HETosis is not the cause of different side-scatter 

profiles in heterophils after incubation with human S. aureus NewmanΔspa (Figure 4.11c 

and d). 
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Figure 4.11. Heterophils exhibit differences in granularity upon infection with human and avian strains. (a) Side 

scatter plot of one individual bird at 41°C infected with S. aureus CIX2 (dark pink) S. aureus ED98 (light pink), S. aureus Ch91 

(purple) and S. aureus NewmanΔspa (purple). (b) Heterophil geometric means of each individual bird were quantified in 

FlowJo. Each symbol represents one bird (average of technical duplicates) n=5. One-way ANOVA, Tukeys multiple 

comparisons **** p<0.0001 *** p<0.001. Error bars show SD. (c) Airyscanning and Z-stack images of S. aureus CIX2 infected 

PBLs. Stained in the images is dsDNA (blue), S. aureus (green) and F-actin (red). Multinucleated heterophils were identified 

using Z-stacks and indicated with an arrow. Scale bar represents 5 µm (b) Airyscanning and Z-stack images of 

S. aureus NewmanΔspa infected PBLs. Stained in the images is dsDNA (blue), S. aureus (green) and F-actin (red). 

Multinucleated heterophils were identified using Z-stacks and indicated with an arrow. Scale bar represents 5 µm. 



                                           Chapter 4: Characterisation of the avian innate immune cell repertoires 

involved in Staphylococcus aureus infection in chickens                                                                          

    

120 
 

 

4.3.8. Human strains stimulate the release of β-D-glucuronidase bactericidal 

granules into the extracellular environment 

Degranulation is the process whereby heterophils release bactericidal granules into the 

extracellular environment upon exposure to microbes. To quantify degranulation, the 

presence of β-D-glucuronidase was measured in a chemiluminescence based assay 

(Dewald and Baggiolini, 1986, and Figure 4.12a). It was observed that, in the presence of 

avian S. aureus, a difference in the relative fluorescence between infected and non-

infected PBLs was not detected (Figure 4.12). In contrast, there was a significant increase 

in relative fluorescence of PBLs when infected with human S. aureus Mu50 and 

S. aureus Newman (Figure 4.12b). Together, these data suggest that heterophils release 

bactericidal granules into the extracellular environment in response to human 

S. aureus but not avian S. aureus.  
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4.3.9 Avian S. aureus produce a secreted factor that inhibits the degranulation of 

heterophils 

To distinguish if the degranulation of heterophils was stimulated by a surface or a secreted 

protein, degranulation was compared between fixed bacteria and supernatant (secreted 

proteins only) for both human and avian strains. After incubation with human 

S. aureus strain Newman, there was a significant increase in relative fluorescence with 

supernatant as opposed to fixed bacteria (4.13a). In contrast, for avian S. aureus, the 

relative fluorescence did not increase irrespective of if it was supernatant or fixed bacteria 

(4.13b). To confirm that heterophil degranulation by human S. aureus was being 

stimulated by the production of secreted protein, both fixed avian and human bacteria were 

incubated with PBLs in the presence of human S. aureus supernatant. A significant 

increase in relative fluorescence by both human and avian strains indicated that 

heterophils degranulate upon stimulation by a secreted factor produced by human 

S. aureus (4.13 c). 

Finally, in contrast, the human S. aureus strain Newman that was washed and resuspended 

in avian supernatant did not stimulate heterophil degranulation (Fig. 4.13 d). Overall, these 

data indicate that avian S. aureus secretes a factor that inhibits the release of β-D-

glucuronidase bactericidal granules into the extracellular environment. Identification of this 

factor and the characterisation of its function could reveal a novel therapeutic target and 

provide new insights into avian host-adaptation by S. aureus. 
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4.13. Avian strains secrete a factor that inhibits degranulation of heterophils. (a) Relative fluorescence of PBLs infected 

with fixed (dead) S. aureus NewmanΔspa and corresponding cell free supernatant. (b) Relative fluorescence of PBLs infected 

with fixed (dead) S. aureus ED98 and corresponding cell free supernatant. (c) Relative fluorescence of fixed 

S. aureus NewmanΔspa and fixed S. aureus ED98 in the presence of cell free S. aureus NewmanΔspa supernatant. (d) 

Relative fluorescence of live S. aureus NewmanΔspa and live S. aureus NewmanΔspa in the presence of S. aureus ED98 cell 

free supernatant. Students t-test showed p=0.0042 for dead human S. aureus in RPMI vs dead human S. aureus in human 

supernatant supplemented and p=0.0233 for the reciprocal avian comparison, statistics not shown on graph. Each symbol 

represents one bird (average of technical triplicates) n=3. Students t-tests ** p<0.005, *p<0.05. Error bars show SD. 
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4.4 Discussion 

Here, we investigated the innate immune cell repertoire that is involved during avian 

S. aureus infection and host-adaptation using new technologies enabling cutting-edge 

research on the avian response to infection. 

We demonstrated that avian S. aureus, in contrast to human S. aureus, had enhanced 

growth in the presence of avian immune cells between two- and four-hours post-

inoculation. To next determine which innate immune cells were involved in this effect, 

Runx1-eGFP chickens were employed. Runx1-eGFP chickens are a recent advancement 

in poultry disease research that provide a powerful model to study avian immune cell 

interactions. One issue encountered in this study was that human S. aureus infection 

resulted in an uncharacterised population of GM-CSFR expressing cells. An already 

characterised feature of avian CC5 S. aureus is a premature stop codon within the spa 

gene encoding the IgG-binding protein SpA (Lowder et al., 2009; Spoor, 2014). Loss of 

expression of SpA may be an adaptation to the avian host as the avian equivalent of IgG, 

IgY, encodes a structurally distinct Fc binding region that does not bind to SpA (Spoor, 

2014). SpA is predominantly a cell wall-associated protein, however, studies have shown 

that it is also released into the extracellular medium through murein hydrolases that 

remove N-acetylmuramic acid and GlcNAc residues at its C-terminus (Becker et al., 2014). 

Consequently, we hypothesised that this intermediate population of GM-CSFR expressing 

cells was due to the presence of secreted SpA interfering with the human Fc of IgG1 on 

the GM-CSF-AF647 stain on immune cells. Accordingly, we employed two strains lacking 

SpA, S. aureus Mu50 (CC5) and S. aureus NewmanΔspa. NewmanΔspa is a CC8 human 

reference strain that harbours a kanamycin resistance cassette within its spa gene. 

S. aureus Mu50 (CC5 background) was isolated from a surgical wound infection, and does 
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not express the SpA protein (Brignoli et al., 2019). However, despite the lack of SpA, 

S. aureus Mu50 still generated this intermediate population of PBLs after infection.  

Accordingly, the basis for the intermediate PBL population remains unexplained. GM-

CSFR is a heterodimer that is expressed on the surface of quiescent hematopoietic stem 

cells, for which the upregulation of the Runx1 transcription factor drives the differentiation 

of these cells into various immune cell lineages. It is feasible that upon infection with some 

S. aureus strains, the Runx1-eGFP transcription factor is upregulated to a low degree, 

resulting in an intermediate population of non-differentiated GM-CSFR expressing cells.  

Here, we identified monocytes and heterophils as the key innate immune cells during 

infection of PBLs with avian S. aureus. It should be noted that a limitation in this analysis is 

the use of a singular human strain, and therefore these results may not be representative 

for all human strains. In a mathematical whole blood simulation performed with the human 

bacteraemia S. aureus strain 6850, it was demonstrated that 20-40% of monocytes and 

only 0-10% of heterophils were associated with S. aureus over a 4 hour period 

(Sreekantapuram et al., 2020). Our analysis demonstrates that human strain 

S. aureus NewmanΔspa strongly associates with monocytes, and to a lesser extent 

heterophils, and thus supports the mathematical model. However, avian 

S. aureus associated with both cell types in our experiments, highlighting the importance 

of employing relevant (host-adapted) clinical strains in studying host-pathogen 

interactions. Higher numbers of infected heterophils were observed after incubation with 

avian S. aureus in contrast to human S. aureus. Addition of stationary phase supernatant 

to fixed bacteria resulted in a partial restoration of heterophil and monocyte uptake in avian 

strains, consistent with targeting and invasion of avian innate immune cells by avian-

adapted S. aureus. This result demonstrates strong parallels with what is observed in 

human infection, with S. aureus facilitating the uptake and resistance to intracellular killing 
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mechanisms mediated by MPO and α-defensins through IEC2 agonists SAK, and SPIN (De 

Jong et al.,2017; Van Wamel et al., 2006). In the avian infection model, the SAK and SPIN 

proteins would likely be inconsequential in inhibiting killing due to the lack of MPO and α-

defensins in avian heterophils (Higgs et al., 2005; Rowan et al., 2004).   

Previously, it has been shown in a tenosynovitis model that upon infection with an avian 

clinical isolate of S. aureus the number of circulating heterophils increased by 10-fold after 

72h of infection, associated with increased chemotaxis and adherence at earlier time 

points (Andreasen et al., 1991). Furthermore, Lowder et al., demonstrated that an avian 

strain (S. aureus ED98) was more resistant to heterophil killing than a closely-related 

human strain (S. aureus MR1) (Lowder et al., 2009). However, the mechanisms involved 

were not explored further.  

Our analysis revealed that avian S. aureus inhibits the release of bactericidal granules by 

heterophils, which are stimulated after incubation with human S. aureus. Degranulation is 

associated with bacterial killing by heterophils and neutrophils (Guerra et al., 2017; 

Mcguinness et al., 2016). Antibacterial granule exocytosis by heterophils is induced by 

PAMP interactions, triggering receptors expressed on myeloid cells, such as the TREM 

receptor (Kogut et al., 2012). Upon receptor binding, actin cytoskeleton remodelling and 

microtubule assembly facilitates the targeting, tethering and docking of cytoplasmic 

granules to the granulocyte membrane (Lacy, 2006). Increases in intracellular calcium 

alongside hydrolysis of ATP facilitates the translocation and exocytosis of granules into the 

extracellular environment (Lacy, 2006). These granules are composed of antimicrobial 

compounds, such as β-D-glucuronidase, matrix metalloproteinases and elastase, that 

recognise and kill extracellular bacteria (Sheshachalam et al., 2014). In 

mammals, neutrophils have demonstrated the capacity to kill S. aureus by the secretion of 

β-D-glucuronidase, which catalyses the hydrolysis of complex carbohydrates, into the 
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extracellular environment (Ferrante et al., 1989). In heterophils, it has been shown that LPS 

activation by S. enteritidis of TREM-A1 induces the release of β-D-glucuronidase, which in 

turn increased phagocytosis and upregulated gene expression of IL-6, and the 

inflammatory chemokine, CXCLi2 (Genovese et al., 2010; Kogut et al., 2012) Currently, 

there is little understood about the composition of heterophil granules, however, traditional 

chemiluminescent quantification of β-D-glucuronidase has been used to quantify 

heterophil degranulation in response to both probiotic bacteria, Bacillus spp, Lactococcus 

spp, Bifidobacterium longum and Streptococcus anginosus, and viral CpG-

oligodeoxynucleotides (Farnell et al., 2006; He et al., 2004). Here, we demonstrated that a 

secreted factor produced by human S. aureus is recognised by avian heterophils and 

stimulates their degranulation. It has previously been shown that S. aureus secreted 

peptide PSMα4 can stimulate heparin-binding protein granule exocytosis and induce 

degranulation through activation of the phosphoinositide-3-kinase pathway (Li et al., 2016). 

This phenotype has been correlated with vascular leakage both in vitro and in vivo (Li et 

al., 2016).  

Furthermore, we observed that avian S. aureus produces a secreted factor that inhibits the 

degranulation of heterophils. There are several reports of inhibition of neutrophil 

degranulation by bacterial pathogens, but none to date for S. aureus (reviewed in 

(Eichelberger & Goldman, 2020)). For example, Chlamydia trachomatis is known to secrete 

a chlamydial protease-like activity factor that can cleave neutrophil receptor FRP2 (Rajeeve 

et al., 2018). FRP2 is known to stimulate degranulation by cytoskeleton rearrangement and 

calcium fluxes, and thus cleavage of the receptor inhibits this process preventing the 

release of granules (Rajeeve et al., 2018). Future work will employ size exclusion 

chromatography and mass spectrometry to identify which secreted factor is inhibiting 

degranulation (using an approach performed previously in the group (Goncheva et al., 
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2020)). We hypothesise that inhibition of heterophil degranulation by avian S. aureus, could 

contribute to the targeting of heterophils. Other mechanisms may enable S. aureus to 

survive intracellularly and disseminate around the body in a Trojan horse-type delivery 

system (Pollitt et al., 2018).  

4.5 Conclusions 

 

Taken together, we have identified a putative adaptation to the avian host by 

S. aureus through the inhibition of heterophil degranulation, which may facilitate uptake 

and subsequent dissemination around the host. Characterisation of the mechanism 

involved could reveal a potential target for the development of novel approaches for 

treating S. aureus disease in poultry.  
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5.1 Introduction  

5.1.1 Understanding the genetic determinants of avian host adaptation 

Thus far in this thesis, we have identified the avian immune cell repertoire that is involved 

in S. aureus disease. We demonstrated that avian S. aureus adapted to the avian host 

through a novel method of inhibition of heterophil degranulation, which we hypothesise 

may facilitate uptake of S. aureus intracellularly and subsequent dissemination around the 

host. This method of innate immune evasion in S. aureus is yet to have been discovered 

against heterophils or neutrophils. Therefore, to understand the determinants of avian CC5 

S. aureus host interactions, a genome-scale analysis of the S. aureus genes that are 

essential for pathogenesis is required.  

5.1.2. Tn-mutagenesis as a method to study host adaptation 

Tn-mutant libraries have been widely employed for deconvoluting host adaptation in a vast 

range of bacterial species such as Vibrio cholerae, S. Typhimurium, Legionella 

pneumophila and S. pyogenes (Shames et al., 2017; Vohra et al., 2019; Zhu et al., 2017). 

For example, it was demonstrated that resistance to oxidative stress, through the 

orchestration of expression of genes involved in the DNA mismatch repair pathway, was 

essential in the adaptation of V. cholerae from aquatic reservoirs to the human 

gastrointestinal tract (Wang et al., 2018).  

To date, only one study has employed a Tn-mutant library to investigate S. aureus host 

adaptation when the capacity of S. aureus to survive in bovine milk was analysed identify 

genes involved in mastitis (Lammers et al., 2000). The authors had previously 

demonstrated that S. aureus RN4220 could induce an inflammatory response in the bovine 

mammary glands associated with persistence, as is observed in mastitis infection 

(Lammers et al., 2000). Consequently, a Tn-mutant library of the human-derived S. aureus 
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strain RN4220 was used to show that genes involved in peptidoglycan/lysine biosynthesis 

pathways, alongside DNA biosynthesis, transcriptional regulators, and carbohydrate 

metabolism were essential for growth in milk (Lammers et al., 2000). A study analysing 

genome-wide signatures of selection, demonstrated that pathways involving cell-wall 

biosynthesis, carbohydrate transport and regulation of DNA metabolism were under 

diversifying selection in bovine S. aureus lineages suggesting a role in host-adaptation 

(Richardson et al., 2018).  

The technical advances in Tn-mutagenesis in S. aureus, as reviewed in section 1.5.2, have 

enabled strides to be made in identifying S. aureus factors promoting survival in different 

conditions (Sargison and Fitzgerald , 2021). In particular, the development of a phage-

based approach, paired with the use of nutrient depleted and low-temperature conditions, 

has been an important development (Santiago et al., 2015). To date, this method has only 

been used to screen for factors promoting bacterial fitness upon exposure to antibiotics, 

and for mapping the essential gene repertoire in multiple S. aureus isolates (Coe et al., 

2019; Santiago et al., 2015; Hao Wang et al., 2011).   

5.1.3 Aims 

In this chapter, I describe the design and development of a Tn-mutant library in an avian 

isolate of S. aureus to identify the determinants of avian host-adaption and host-pathogen 

interactions during experimental infection of avian peripheral blood leukocytes.  
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5.2 Materials and Methods  

5.2.1 Selection of clinically relevant strains for the generation of the first avian S. 

aureus Tn-mutant library  

Resources for the creation of a Tn-mutant library in S. aureus were kindly provided by 

Professor Timothy Meredith, Penn State University. Plasmids for this study, pTH100, 

pTN239, pTP174, and pTP175 were extracted from RN4220 following methods outlined in 

2.3. Phage- and electro- competence were both determined using the pTH100 plasmid 

(sGFP). Electro competence was confirmed by electroporating plasmids into recipient 

strains as described in 4.2.3. Phage lysate was prepared as described in 2.5 using the 

prophage φ11-FRT. Recipient strains of S. aureus were grown in 20 ml TSB overnight at 

37°C, 200 rpm and pelleted by centrifugation at 4000 x g for 10 min. Bacterial cells were 

suspended in 1 ml of TSB and divided between two 30 ml universal tubes. To one tube, 

500 µl of phage lysate and 1 ml of TSB containing 10 mM CaCl2 were added, and to the 

other, 1.5 ml of TSB containing 10 mM CaCl2 was added (control). Both flasks were 

incubated for 25 min in a 37°C water bath, followed by 15 min at 37°C in an orbital shaker 

(200 rpm). To both cultures, 1 ml of ice-cold 0.02 M sodium citrate was added and 

centrifuged at 4000 x g for 10 min at 4°C. The supernatant was removed and both cultures 

were resuspended in 1 ml of 0.02 M sodium citrate and incubated on ice for 2 h. Following 

incubation, both cultures were spread on TSA plates containing 1.95 mM sodium citrate 

and 10 µg/ml Cam and incubated statically at 30°C overnight.  

Successful transduction was confirmed through the visualisation of Cam-resistant colonies 

under a UV transilluminator. Strains that were susceptible to the phage φ11-FRT were 

analysed on their resistance to Tn and transposase selection markers, kan and erm. 

Overnight cultures were diluted 1 in 100 into TSB, containing serial dilutions of both 
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antibiotics in a Nunc 96 well plate. Plates were analysed in a ClarioSTAR plate reader, at 

200 rpm and 37°C for 24 h, with OD600 measured every 10 min.   

5.2.2 Generating a Tn-mutant library in S. aureus 

Creation of a Tn-mutant library in S. aureus avian background was performed using the 

methodology outlined in BMC genomics (Santiago et al., 2015). Temperature-sensitive 

transposase enzyme-encoding plasmids (TP174 and TP175) were electroporated 

individually into a recipient electrocompetent strain of S. aureus and selected on TSA 

containing 25 µg/ml Kan (see 2.2 and 2.4). The Tn plasmid (pTN239) was packaged into 

phage φ11-FRT, using the methodology outlined in 2.5. 10 ml of transposase harbouring 

recipient strains were grown overnight in TSB with 25 µg/ml kan at 30°C, 200 rpm. Cultures 

were sub-cultured 1 in 100 into 50 ml TSB with 5 µg/ml kan to late exponential phase 

(OD600=1.0) and pelleted by spinning at 4000 x g for 10 min. Pellets were suspended in 50 

ml of Supplemented Glucose Minimal Medium (SGMM), 10 mM glucose, 2 mM MgCl2, 3.5 

mM CaCl2, 0.1% Casamino acids, 0.5% NaCl, 10 mM 2-(N-Morpholino)ethanesulfonic acid 

(MES), adjusted to pH 6.8 and filter sterilised) and phage lysate added to an MOI of ten 

phage particles per one bacterium. Cultures were mixed by pipetting, incubated at room 

temperature overnight (no shaking) followed by washing (4000 x g for 10 min) three times, 

and recovered at 30°C, 200 rpm shaking for 2 h. Cultures were spread over TSA plates 

containing 5 μg/ml erm and incubated at 30°C for 48 hours. Tn-mutants were enumerated 

and scraped off plates into TSB. Cells were washed by centrifugation by spinning at 

4000 x g three times, and resuspended in 5 ml of 12.5% (v/v) glycerol in TSB at stored at 

-80°C. 

5.2.3 High Molecular Weight (HMW) DNA extraction 

HMW DNA was extracted from twelve Tn-mutants following the QIAgen MagAttract HMW 

DNA extraction kit. This was performed using manufacturer’s instructions for Gram positive 
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bacteria, with the exemption of Step 3, where 20µl of 10 mg/ml Lysostaphin (Ambi 

products) was added in place of 20 µl of 100 mg/ml lysozyme. DNA was quantified using 

the Qubit dsDNA HS Assay Kit per manufacturer’s instructions.  

5.2.4 Library Preparation and sequencing on the MinION mk1c 

DNA from individual Tn-mutants was prepared for MinION sequencing using the DNA rapid 

barcoding and sequencing kit (Nanopore, SQK-RBK004). All samples were standardised 

to 100 ng/µl and low molecular weight (<200 bp) DNA was removed using the Promega 

ProNex® Size-Selective Purification System (following manufacturer’s instructions). 

Barcodes 1-12 were annealed to individual gDNA samples and processed on a MinION 

mk1c (following manufacturer instructions) with Guppy base-calling and demultiplexing. 

Sequencing data was transferred from the mk1c using Bitvise SSH client and analysed on 

the Cloud Infrastructure for Microbial Bioinformatics (CLIMB, (Connor et al., 2016)) 

through the Ubuntu on Windows terminal (GNU/Linux 4.4.0-19041-Microsoft x86_64). 

Sequences were assembled using Flye and Unicycler followed by visualisation on Bandage 

(Kolmogorov et al., 2020; Wick et al., 2015, 2017). Assemblies were annotated using 

Prokka, using the Freiburg Galaxy server, and Tn-insertions were mapped using minimap2 

(Li, 2018; Seemann, 2014).   

5.2.5 Heterophil S. aureus killing assay 

For heterophil extraction, chicks were killed at 1 day by cervical dislocation (using scissor 

handles) and beheading. Blood was extracted by pouring the jugular vein into three falcons 

containing 2.5 ml of ACD (each falcon was considered a biological replicate containing 

blood from 25 chicks). Red blood cells were sedimented by centrifugation at 4°C for 20 

min at 25 x g. To create the density gradient, 15 ml of 1.119 g/mol Histopaque plus (GE 

healthcare) was added to a 50 ml falcon and gently overlayed with 10 ml of 1.077 g/mol 
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ficoll paque plus (GE healthcare). Blood was diluted at a 1:1 ratio in 1% (v/v) 

methylcellulose (500 ml RPMI, 1% (v/v) methylcellulose) and layered over the ficoll 

gradient before centrifugation for 1 h at 250 x g (without a brake). The heterophil layer was 

collected and resuspended to a total volume of 50 ml in HBSS followed by washing at 4°C 

for 15 min at 400 x g. Heterophils were counted using a Biorad cell counter and suspended 

at a concentration of 2 x 107 cells/ml in RPMI1640 containing 10% FBS (no antibiotics). 100 

µl of cells were plated into a 96 well, U-bottomed plate (Greiner Bio-One Inc, 650101) and 

kept on ice until required. 

S. aureus isolates were grown to exponential phase, OD600=0.6, at 41oC/200 rpm. Bacterial 

cells were diluted to a concentration of 1 x 108 CFU in RPMI1640 containing 10% FBS and 

kept on ice until needed. To the cells, 100 µl of bacteria were added (MOI=5), mixed by 

pipetting, and incubated at 41°C/5% CO2 for 45 min. Cells were incubated in filter sterile 

0.1% (v/v) Triton-X100 in PBS at RT for 5 min, followed by plating onto TSA using a 

modified Miles & Misra technique and incubated overnight at 37°C (Miles et al., 1938). 

5.2.6 PBL killing assays.  

Peripheral blood leukocytes were isolated from 4-week-old broilers as described in 4.2.8. 

PBLs were suspended to a concentration of 2 x 107 cells/ml and left on ice until required. 

Overnight cultures of S. aureus were sub-cultured 1 in 100 and grown to exponential phase 

(OD600=0.6) at 41°C, 200 rpm in TSB, and standardised to 1 x 108 CFU/ml. For opsonisation 

assays, S. aureus was incubated at a 1 in 10 dilution of commercial chicken serum (Gibco) 

for 15 min at 41°C/5% CO2. In a Nunc 6 well plate, 800 µl of PBLs were mixed with 800 µl 

of S. aureus and incubated at 41°C/5% CO2 for 45 min. For TraDIS experiments, no cell 

controls and the TSB input pool were also incubated at 41°C for 45 min. For determination 

of the number of intracellular bacteria, PBLs were incubated with 100 µg/ml gentamycin 
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for 30 min at 41°C/5% CO2. Following 45 min, cells were incubated at a 1:1 ratio in 0.1% 

(v/v) Triton-X100 for 5 min on ice. 50 µl of Triton-X100 cultures were used for CFU 

quantification using a modified Miles-Misra technique (described in Alves et al., 2020, 

(Miles et al., 1938). To the remaining culture, S. aureus was transferred into a 15 ml falcon 

and washed twice in TSB by centrifugation at 4000 x g for 10 min. Pellets of bacteria were 

stored at -20°C until required. 

5.2.7 TraDIS library preparation.  

5.2.7.1 List of primers used for TraDIS library preparation. 

To generate primers compatible with the NEBNext® Ultra™ II DNA Library Prep Kit for 

Illumina®, a region of the Tn close to the ITR2 with a Tm = 65°C was chosen. For PCR2 

primers, a 90 bp primer was designed to encompass the i5 region, adaptor, and Tn 

sequence. Universal primers for the adaptor sequence were provided in the NEBNext® 

Ultra™ II DNA Library Prep for Illumina® kit, and indexing primers were provided in the 

NEBNext® Multiplex Oligos for Illumina® (Index Primers Set 1, E7335L). A full list of all 

primers used for TraDIS library preparation are in Table 5.1.  

Table 5.1. Primers for TraDIS Illumina library preparation.  

Primer Name Sequence 

ftsz_F GCGGTAACAACGCCGTAAAC 

ftsz_R AGCTTGACCGTCTGTGTTGA 

TraDIS_PCR1_F CAAGGAGCTAAAGAGGTCCCTAGC 

TraDIS_adaptor_PCR1_R GACTGGAGTTCAGACGTGTGCTCTTCCGATC 

TraDIS_PCR2_F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC 

TCTTCCGATCTCCAAGGAGCTAAAGAGGTCCCTAGC 
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5.2.7.2 gDNA extraction and quantification 

DNA was extracted from S. aureus post incubation with PBLs using the PurElute DNA 

extraction kit (see 2.7) and quantified using quantitative PCR (qPCR). The S. aureus house-

keeping gene ftsZ was amplified using primers ftsz_F and ftsz_R (Table 5.1) in a CFX96 

Touch Real-Time PCR Detection System. Individual reactions were set up as follows: 12.5 

µl of FastStart Universal SYBR Green Master (Rox), 0.5 µl of 10 µM forward and reverse 

primers, 10.5 µl of DNase free water, and 1 µl of PBL extracted DNA. A standard curve was 

created using 10-fold dilutions of gDNA extracted from a pure S. aureus CIX2 Tn-mutant 

library (102 to 10-5, quantified using the Qubit™ dsDNA BR Assay Kit). Each tube was 

incubated following the conditions in Table 5.2 and fluorescence was measured at the end 

of each cycle. Ct values were analysed using CFX Maestro Software for Bio-Rad CFX Real-

Time PCR Systems. 

Table 5.2. qPCR conditions for amplification of the ftsZ gene.  

Step Temperature (°C) Time (min:s) Number of cycles 

Initial Denaturation 95 10:00 1 

Denaturation 95 00:15 

45x Annealing 60 00:30 

Extension 72 00:30 

Hold 4 ∞ 1 

 

5.2.7.3 Genomic (g) DNA shearing 

1 µg of gDNA was sheared by sonication. Each sample was suspended in 50 µL (20 ng/ 

µl) of DNase free water in 1.5 ml Bioruptor® Pico Microtubes and chilled on ice for 10 min. 

Each sample was affixed to the sonicator adaptor and placed in the Bioruptor, chilled to 

4°C (DIAgenode, Belgium). Samples were sheared using cycle conditions: 30 s on/90 s off 
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for 15 cycles and placed at -20°C until use. To confirm sufficient shearing, each sample 

was resolved on a 2% (w/v) agarose gel at 100 V for 45 min. 

5.2.7.4 End repair, 5’ phosphorylation, dA-tailing and adaptor ligation 

TraDIS library preparation was performed using the NEBNext® Ultra™ II DNA Library Prep 

Kit for Illumina®. Firstly, 3 µl of End Prep Enzyme Mix, 6.5 µl of 10x End repair reaction 

buffer, and 5.5 µl of DNase free water was added to the 50 µl of each sonicated DNA. Each 

sample was briefly vortexed, centrifuged, and incubated in a thermocycler at 20°C for 30 

min followed by 65°C for 30 min (lid heated to 75°C). For each reaction, 15 µl of Blunt/TA 

ligase master mix, 2.5 µl NEBNext Adaptor for Illumina, and 1 µl of ligation enhancer was 

added, mixed thoroughly, and incubated at 20°C for 15 min. Finally, 3 µl of USERTM Enzyme 

was added to each ligation mixture, mixed by pipetting and incubated at 37°C for 20 min 

(lid set to 47°C).  

5.2.7.5. DNA precipitation clean-up 

PCR clean-up was performed through precipitation overnight at -80°C. To each sample, a 

1/10 volume of 3M Sodium acetate (pH 5.2, prepared by Roslin CSU), 0.5 µg/µl glycogen 

(Thermo Scientific), and one volume of 100% isopropanol were added and incubated 

overnight at -80°C. Samples were centrifuged for 30 min at 12000 x g at 4°C and washed 

twice in 1 ml of cold 70% ethanol by centrifugation for 15 min at 4°C. Ethanol was removed 

by pipetting, and each sample air dried for 15 min followed by suspension in 15 µl of DNase 

free water.  

5.2.7.6 PCR1: Enrichment of the Tn-junction. 

For PCR1, 15 µl of adaptor-ligated fragments were incubated with 5 µl of 10 µM 

TraDIS_PCR1_F and TraDIS_adaptor_PCR1_R primers, 5 µl DNase free water and 25 µl of 
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Q5® High-Fidelity 2X Master Mix. Each reaction was placed in a thermocycler using the 

conditions outlined in Table 5.3. 

Table 5.3. Tn-junction enrichment PCR1  

Step Temperature (°C) Time (min:s) Number of cycles 

Initial Denaturation 98 00:30 1 

Denaturation 98 00:10 

4x Annealing 65 00:45 

Extension 72 00:30 

Final Extension 72 05:00 1 

Hold 4 ∞ 1 

 

5.2.7.6 PCR2: Indexing and amplification of the Tn-junction. 

Samples were cleaned by isopropanol::glycogen precipitation as described in 5.2.7.5. 

Adaptor ligated fragments were mixed with 25 µl of Q5® High-Fidelity 2X Master Mix 

alongside 2.5 µl of 10 µM TraDIS_PCR2_F and 2.5 µl 10 µM of Illumina index primer 

(E7335). Each reaction was incubated in a thermocycler using the conditions in Table 5.4. 

Size-selective, dsDNA clean-up was performed using the ProNex® Size-Selective 

Purification System following manufacturer instructions (using a cutoff of 100 bp).   
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Table 5.4. Indexing and Tn-amplification PCR2. 

Step Temperature (°C) Time (min:s) Number of cycles 

Initial Denaturation 98 03:00 1 

Denaturation 98 00:15 

20x Annealing 65 00:30 

Extension 72 00:30 

Final Extension 72 01:00 1 

Hold 4 ∞ 1 

 

5.5.7 TraDIS sequencing analysis 

Illumina DNA sequencing was performed by Novogene, Cambridge UK using the NovaSeq 

6000 (partial run). All analysis was conducted on CLIMB on the Ubuntu on Windows 

terminal (GNU/Linux 4.4.0-19041-Microsoft x86_64). The script used for TraDIS analysis 

is written below (adapted from (Barquist et al., 2016)): 
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#Preamble 

$ conda create -n tradisenv 

$ conda install -c bioconda biotradis=1.4.5=1 

$ conda install -c cutadapt 

$ conda install -c samtools 

$ mkdir Work 

$ mkdir Work/Trimmed 

$ mkdir Work/Untrimmed 

#Removing adaptor from each read  

$ cutadapt -g <adaptor_primer> <insert_file> -o Work/Trimmed/<file_name.fastq.gz> --untrimmed-output 

Work/Untrimmed/<file_name_untrim.fastq.gz > Work/Trimmed/<file_name.cutadapt> 

$ more file_name.cutadapt 

#To perform TraDIS analysis using the BioTradis pipeline 

$ ls Work/Trimmed/<file_name.fastq.gz> > fastqs.txt  

$ bacteria_tradis -v --smalt_r 0 -m 2 -f fastqs.txt -t <insert_transposon_tag> -r <reference_genome.fna> 

#This produces various output files. Prior to continuing, mapping statistics files should be read, and depth 

analysis performed to ensure adequate mapping to the reference genome.  

# To determine the depth of each sample (ie. the number of Tn-harbouring reads that mapped to the 

reference genome) 

$ samtools depth -a <file_name.gz.mapped.bam> | awk '{print $3}' > <file_name_depth.txt> 

#Output from this script can be visualised on the Artemis DNAplotter comparing to the reference 

genebank file. 

#To screen for gene essentiality of each sample 

$ tradis_gene_insert_sites -trim3 0.1 <reference_genome.embl> <tradis_output_file.insert_site_plot.gz> 

$ tradis_essentiality.R <tradis_output_file.tradis_gene_insert_sites.csv> 

# To compare the input to the output pool 

$ ls <each_condition_sample.tradis_gene_insert_sites.csv > conditions.txt 

$ ls <each_control_sample.tradis_gene_insert_sites.csv > control.txt  

$ tradis_comparisons.R -o <output_file.csv> -p <output_file.pdf> --controls control.txt –-conditions 

conditions.txt 

#Output files can be visualised on excel, with statistic plots available on the PDF.  
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5.3 Results 

5.3.1 Generation of a Tn-mutant library in an avian S. aureus strain 

Here, we aimed to create the first Tn-mutant library in a clinically relevant S. aureus avian 

isolate using the most recent methodology described by Santiago and colleagues 

(Santiago et al., 2015) (Figure 5.1). In this procedure, a mariner Tn encoded on the plasmid 

pTN239 inserts into TA dinucleotides of the S. aureus chromosome which is mediated by 

a cognate transposase enzyme. For this approach, plasmids encoding an intact (TP174) 

or truncated (TP175) transposase enzyme respectively are transformed into S. aureus 

isolates followed by culture at 30°C. Derivatives containing each version of the plasmid are 

subsequently transduced with Tn plasmid pTN239 harbouring φ11-FRT, a modified φ11 

prophage in which the integrase genes are substituted with yeast variants to avoid biased 

integration into attB sites. To avoid population outgrowth, transduction was performed in 

SGMM at RT which is not conducive to bacterial growth. Phage and residual plasmid are 

removed by growth in temperature permissive conditions for 2h in TSB without antibiotic, 

followed by plating onto erythromycin (Erm) to select for insertion of the Tn. To confirm 

transposition the number of Erm-resistant colonies between the strains harbouring the 

intact transposase are compared to strains harbouring the truncated enzyme. Tn-mutants 

from the intact transposase are scraped into TSB, pooled, and stored at -80°C until use.  
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Figure 5.1. Schematic of the protocol for generation of a S. aureus Tn-mutant library using a phage-based approach. 

Transposase plasmids pTP174+ (intact) and pTP175- (truncated) plasmids were electroporated into a recipient strain 

followed by phage transduction of phage φ11-FRP::pTN239. Cells were grown to late-exponential phage, resuspended in 

nutrient depleted SGMM medium and incubated with phage at an MOI=10 overnight at RT. Cells were wash and recovered, 

plated on TSA+Erm for 48 h at 30°C. Tn-mutants on the pTP174+ strains were recovered, and stocks stored at -80°C. Figure 

created using BioRender.com.  
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5.3.2 Selection of strains for generating a Tn-mutant library in S. aureus 

Initially, a rigorous strain selection process was undertaken to identify appropriate and 

amenable strains of S. aureus for Tn-mutagenesis (Figure 5.2a). Firstly, to avoid 

homologous recombination between phage and S. aureus chromosomal DNA, all strains 

were screened for homology to the phage φ11 using 

PHAge Search Tool Enhanced Release (PHASTER, (Arndt et al., 2016; Zhou et al., 2011). 

Strains that did not contain any homology to phage φ11 were selected for further analysis.  

Strains were then screened for electrocompetence and for tranducibility by phage φ11 

using the pTH100 plasmid (sGFP) (Li et al., 2016). All strains were susceptible to 

electroporation (Figure 5.2b), but S. aureus Mu50 growth was attenuated post 

electroporation and thus not taken any further. Following transformation, strains were 

transduced with phage φ11-FRT lysate harbouring the pTH100 plasmid. Four of the six 

strains were successfully transduced with φ11-FRT as detected by GFP visible colonies 

post incubation with phage lysate (Figure 5.2 c).  

Finally, the four electro- and phage-competent strains (S. aureus CIX2, S. aureus Ch91, S. 

aureus N315 and S. aureus MR1) were screened for Kan and Erm resistance. Both human 

strains S. aureus N315 and S. aureus MR1 were resistant to both antibiotics and thus could 

not be used (Figure 5.2d and e). However, avian S. aureus strains CC5 S. aureus CIX2 and 

CC385 S. aureus Ch91, met all criteria and were considered appropriate and amenable 

candidates for the generation of a Tn-mutant library (Table 5.5).   



                                                  Chapter 5: Genome-scale identification of Staphylococcus aureus 

determinants of avian host interactions                                             

    

145 
 

 

 

Figure 5.2. Screening of strains identified two candidates, S. aureus CIX2 and S. aureus Ch91, for the generation of 

a Tn-mutant library using a phage-based approach. (a) Flow chart of screening process for trialling S. aureus strains. 

Representative plate for S. aureus Ch91 following transformation or transduction with pTH100 and visualised under a blue 

UV light (b) electro competence and (c) phage competence. % Area under the curve (AUC) of S. aureus strains in (d) Kan. 

And (e) Erm. % AUC calculated by dividing the growth in TSB against growth in TSB containing antibiotics over a range of 

concentrations. 
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Table 5.5. S. aureus CIX2 and S. aureus Ch91 are candidate strains for the generation of a Tn-mutant library.   
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5.3.4 Successful generation of a Tn-mutant library in S. aureus CIX2 at a phenotypic 

level 

To generate the Tn-mutant libraries in S. aureus CIX2 and S. aureus Ch91, the 

methodology outlined in Figure 5.1 was performed. Quantification of the number of ErmR 

colonies between the intact and truncated transposase enzymes demonstrated that the S. 

aureus CIX2 strain produced 27,452 ErmR colonies with the intact transposase enzyme 

and only 75 with the truncated transposase (0.2%) (Figure 5.4a). Prokka annotation of the 

S. aureus CIX2 genome identified 2,604 genes in the S. aureus CIX2 genome, and thus 

the S. aureus CIX2 Tn-mutant library approximates roughly 10.5 Tn insertions/gene 

(irrespective of essential genes). Furthermore, resulting colonies exhibited differences in 

pigmentation, morphology and size, suggesting Tn insertions into genes influencing an 

array of phenotypes, as expected (Figure 5.4c). 

In comparison, S. aureus Ch91 produced only 190 ErmR colonies with the intact 

transposase enzyme and zero with the truncated (Figure 5.4 b). Consequently, due to the 

limited scale of the S. aureus Ch91 library, the S. aureus CIX2 library was taken forward to 

screen for the genetic determinants required for fitness in experimental infections of avian 

immune cells. 
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Figure 5.4. Successful generation of the first Tn-mutant library in an S. aureus avian strain. (a) The number of erm 

resistant CFU per plate between S. aureus CIX2 strains harbouring the  intact (TP174) and truncated  (TP175) transposases. 

The overall number of colonies obtained from the intact transposase harbouring strain was 27, 452. (b) The number of erm 

resistant CFU per plate between S. aureus Ch91::pTP174 (intact) and Ch91::pTP174 (truncated). The overall number of 

colonies obtained from the intact transposase harbouring strain was 190. (c) An image of individual Tn-mutants from S. 

aureus CIX2 patched onto TSA with 5 µg/ml erm.  
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5.3.5 Genome sequence-based confirmation of the random distribution of Tn 

insertions in S. aureus strain CIX2 

Next, we wished to determine if Tn-mutants were randomly distributed in the S. aureus 

CIX2 chromosome. To that end, long-read Nanopore sequencing using the MinION 

machine (Nanopore, mk1c) facilitated rapid and accurate assembly of genomes for twelve 

randomly selected Tn-mutants (Figure 5.5a). 

To ensure accurate mapping of Tn-insertions, two programmes for genome assembly, 

Unicycler and Flye, were trialled on one sample (Barcode_12) (Kolmogorov et al., 2020; 

Wick et al., 2017). Unicycler resulted in multiple non-assembled contigs, and a total 

genome size of 3.5 Mbp, which is 0.7Mbp greater than the S. aureus CIX2 genome size, 

suggesting mis-assemblies (Figure 5.5b). In comparison, Flye resulted in assembly into a 

single circular chromosome of total length of 2.8 Mbp in addition to an extrachomosomal 

plasmid (Figure 5.5c). BLAST analysis identified the plasmid as S. aureus strain ch3 (S. 

aureus CIX2) plasmid pLUH02, which encodes genes for cadmium resistance (Bukowski 

et al., 2019). Therefore, Flye was selected as the appropriate assembling tool for reliable 

assessment of the distribution of Tn-mutants in the genome.  
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Figure 5.5. Nanopore sequencing of S. aureus CIX2 Tn-mutant library to evaluate random distribution of Tn-

insertions in the genome. (a) Flow chart of process for MinION sequencing of individual Tn-mutants from the S. aureus Tn-

mutant library. (b) Bandage visualisation of Barcode_12 mutant using Unicyler. (c) Bandage visualisation of Barcode_12 

mutant using FLYE. 
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Each assembled genome was annotated with Prokka and individual Tn-sequences mapped 

using Minimap2. Of the 12 Tn-mutants sequenced, four provided an assembly less than 

2.8 Mbp and thus were not taken forward. The remaining eight sequences were 

successfully mapped and indicated the random distribution of Tn-insertions in the CIX2 

genome (Table 5.6, Figure 5.6) Therefore, we conclude that we have generated the first 

avian S. aureus Tn-mutant library, providing a highly useful resource for understanding the 

bacterial determinants in avian disease pathogenesis and host adaptation. 

Table 5.6. Mapping of individual Tn-mutant using minimap2. Each barcode corresponds to an individual mutant.  
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Figure 5.6. Distribution of each individual Tn-mutant on the S. aureus CIX2 genome. Each mutant from table 5.6 was 

plotted as indicated with a pink line. Figure was created using SnapGene Viewer 5.0.7. 
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5.3.6 Heterophils are not an appropriate model for analysing a Tn-mutant library 

The next aim was to develop an appropriate and reliable model to characterise the fitness 

of avian S. aureus during infection of avian innate immune cells. Our previous results have 

shown that heterophils are a key immune cell involved in avian S. aureus interactions. 

Developmental ontogeny studies have demonstrated that the blood from 1-day-old chicks 

are abundant in heterophils which have been shown to elicit high levels of phagocytosis, 

oxidative burst, and β-D-glucuronidase in S. enterica infection (Alkie et al., 2019; Bar-Shira 

et al., 2003; Genovese et al., 2010). Therefore, we pooled blood from day-old chicks and 

heterophils were isolated by density centrifugation as described in the Methods. Low 

numbers of heterophils were isolated from each pool and thus could only be infected with 

4 strains, S. aureus CIX2, S. aureus Ch91, S. aureus Newman and S. aureus Mu50. 

Considerable variation in the number of recovered bacteria was observed between 

technical replicates and thus no conclusions could be drawn regarding bacterial killing by 

heterophils (Figure 5.7). Overall, based on low yields and technical replicate variation, we 

concluded that heterophils are not an appropriate model for studying the fitness of S. 

aureus.  
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5.3.7 Peripheral blood leucocytes are a reliable and physiologically relevant model 

for S. aureus infection of avian innate immune cells 

In the previous chapter, we employed PBLs to study the degranulation of heterophils in 

the presence of avian and human S. aureus. Therefore, we wished to determine if PBLs 

were an appropriate model for screening S. aureus immune cell interactions. We further 

sought to determine if opsonisation of S. aureus with avian serum influenced the PBL killing 

which would be analogous to what is observed in the mammalian immune response to S. 

aureus.   

The killing of opsonised and non-opsonised S. aureus in the presence of PBLs was 

analysed at one and three hours post-infection. It was observed that, with the exemption 

of S. aureus strain Ch91 at three hours, there were no differences in the number of viable 

bacteria recovered between opsonised (coloured) and non-opsonised (white) S. aureus at 

both time points, irrespective of host-species origin (Figure 5.8). In comparison to 

heterophils, high yields of cells were extracted per bird and less variation was observed 

between replicates (Figure 5.8). Overall, we have identified PBLs as a workable and 

representative model for studying S. aureus interactions with avian innate immune cells.  
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Figure 5.8. Aside from S. aureus Ch91, opsonisation does not influence bacterial survival in the presence of avian 

PBLs. Percent (%) survival (compared to the inoculum) of S. aureus avian and poultry strains at one hour (a) and three hours 

(b) post infection with PBLs. White bars and symbols represented non-opsonised S. aureus and solid bars and symbols 

represent opsonised S. aureus. Two-way ANOVA, Šídák’s multiple comparisons test **** p<0.0001, n=3, each data point 

represents the average of technical triplicates. Error bars show SD. 
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We next aimed to compare the overall bacterial viability of the S. aureus CIX2 Tn library in 

the presence of PBLs compared to the wild type. To compare intracellular survival against 

overall bacterial killing by PBLs, half of the infected PBLs were incubated in the presence 

of gentamycin following infection. A time point of 45 min was chosen as we previously 

found, that at this timepoint, S. aureus can stimulate degranulation of heterophils whilst not 

facilitating outgrowth which was observed after 3 hours (Figure 5.8). No significant 

differences were observed in the number of recovered viable bacteria between S. aureus 

CIX2 WT and the S. aureus CIX2 Tn-mutant library both in the whole system and within 

cells (Figure 5.9a). Furthermore, recovered bacteria from the S. aureus CIX2 Tn-mutant 

library infections displayed the expected differences in colony phenotype, indicating the 

stability of Tn insertions during experimental infection (Figure 5.9b). Therefore, we can 

conclude that PBLs are an appropriate model to screen for genes required for fitness 

during infection of PBLs. 
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Figure 5.9. WT S. aureus CIX2 and S. aureus CIX2 Tn-mutant library exhibit similar survival in the presence of PBLs. 

(a) Log(CFU/well) of S. aureus CIX2 WT (white) and S. aureus CIX2 Tn239 (pink) after incubation with avian PBLs for 45 

min. Both the whole system (PBLs without gentamycin treatment) and intracellular (PBLs with gentamycin treatment, 100 

µg/ml gentamycin for 30 min) were analysed. (b) Images of the S. aureus CIX2 Tn mutant library after incubation with PBLs 

exhibits differences in colony pigmentation and size (indicated by white arrows). 
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5.2.8 Use of TraDIS to identify avian S. aureus genes contributing to survival in the 

presence of avian PBLs 

Here, we aimed to screen for genes that were essential for the survival of S. aureus in the 

presence of avian innate immune cells. To inform these genes, a pool of S. aureus CIX2 

Tn-mutants was grown to an exponential phase in TSB at 41°C. Bacterial cells were 

subsequently divided into three conditions, TSB with agitation (input pool), incubation with 

PBLs (output pool), and incubation with RPMI statically (no cell control) (Figure 5.10a). To 

enable sufficient yields of DNA, cells from each bird were incubated in a 6-well plate 

containing each Tn-mutant present in the library at a predicted frequency of 2.9 x 103 times. 

Each condition was incubated at 41°C for 45 min, and PBLs were lysed with 0.1% Triton-

X100.  

Comparisons of both input and output pools indicated that, on average, 70% of bacteria 

were killed in the system implying a negative selection pressure had been applied (Figure 

5.10b). Furthermore, there were no significant differences in the number of viable bacteria 

from each bird, or, between Tn-mutant pools grown in TSB in comparison to the RPMI no-

cell control. Accordingly, we assume a limited negative selection imposed by the RPMI. 

Comparisons between the no cell control with the PBL samples demonstrated the Tn-

mutant library growth rate of 0.004315 doublings/min estimating 0.2 doublings in this time 

(45 min), and thus there had been no outgrowth of Tn-mutants in the system (Figure 5.10c).  
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Figure 5.10. Avian PBLs impose a negative selection on the avian S. aureus CIX2 Tn mutant library. (a) Schematic of 

the experimental set up to screen for mutants essential for survival in the presence of avian PBLs. Created using 

BioRender.com (b) The percentage (%) of viable bacteria after screening through PBLs isolated from individual birds. 

Viability was calculated by comparing to the input pool (the inoculum). Each point represents an individual replicate with the 

dashed line indicating the overall mean of viability, x̄= 28.214, between all birds. n=6, One-way ANOVA, Tukeys multiple 

comparisons (not significant) (c) The number of viable bacteria obtained from the TSB and RMPI controls, each point shows 

the average of 6 technical replicates (n=5).  
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5.3.9 TraDIS library preparation 

One key benefit of TraDIS in comparison to other Tn-sequencing methods is that sample 

libraries for deep sequencing are prepared using commercially available kits with custom 

oligos for the Tn-sequence (Barquist et al., 2016). Due to the presence of contaminating 

DNA from PBLs, gDNA from each sample was quantified using qPCR of the ftsZ S. aureus 

housekeeping gene. TraDIS analysis relies on each read containing a Tn-tag, which can 

be mapped back to an assembled annotated reference genome. To that end, library 

preparation was performed using specialised primers that contained a sequence 

complementary to the ITR2 region of the Tn enabling the addition of adaptors and indexing 

primers that encompass the junction between Tn-insertions and flanking chromosomal 

DNA. An overview of library preparation of TraDIS is outlined in Figure 5.11.  
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Figure 5.11. TraDIS library preparation using the NEBNext® Ultra™ II DNA Library Prep Kit for Illumina®. DNA from 

the pool of Tn-mutants was extracted using the PurEluteTM bacterial genomic kit. gDNA was sheared through sonication and 

end repair, 5’ phosphorylation and dA-tailing were performed prior to adaptor ligation. Uracil excision enables the enrichment 

of the Tn-junction and the addition of the P7 region, using a primer which specifically anneals to the Tn. DNA is cleaned up, 

and indexing oligos are added prior to sequencing on a partial run.  
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For each sample, 1 µg of DNA was fragmented by sonication and adaptors ligated using 

the NEBNext® Ultra™ II DNA Library Prep Kit for Illumina®. Enrichment of Tn-junctions was 

performed using custom primers that annealed to the Tn and the adaptor region, 

containing a barcode and P7 index. Samples were cleaned using a DNA precipitation 

method, as bead-based methods resulted in a greater loss of DNA. Indexing oligos and a 

P5 region were added to each sample and selective DNA clean-up was performed to 

remove residual primer (>100 bp). For the efficient amplification in PCR2, successful 

adaptor annealing and P7 binding must have occurred and thus an increase in the quantity 

of DNA post-PCR2 implied successful library preparation. For each bird, the six replicates 

were individually labelled (using the same indexing primer) and pooled. We observed that 

there was an increase in the recovered DNA between PCR 1 and 2, indicating successful 

amplification and library preparation (Figure 5.12a). 

Although DNA clean-up removes residual unbound primer-dimer, daisy-chaining is a 

phenomenon where excess input DNA or library over-amplification results in the strands 

of library DNA intertwining with non-complementary inserts. This is often unreported in 

TraDIS library preparation due to the use of 90 bp primers in PCR2 (Personal 

communication, Jeffrey Cheng, Warwick University). Consequently, this results in the 

formation of predominant primer-dimers greater than 300 bp, that are detectable in 

electrophoresis gels. To confirm the absence of daisy-chaining, each post-clean-up 

sample was resolved on a 1% agarose gel before submission for sequencing. Agarose gel 

analysis demonstrated a uniform distribution of PCR product, indicating that daisy-chaining 

did not occur (Figure 5.12b). Overall, we can conclude successful library preparation of 

Tn-mutant library pools that enabled sequencing and accurate mapping of Tn-insertions 

to the reference S. aureus CIX2 genome. 
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Figure 5.12. Library preparation of S. aureus CIX2 Tn-mutant library following incubation with PBLs. (a) DNA 

quantification of the Tn-mutant library from each bird PBL sample following PCR1 and PCR2. The number in brackets 

represents the total amount of DNA (in ng) of each replicate pooled per bird (total of 6 replicates, error bars show SD). (b) 

1% agarose gel of each index library prior to sequencing. Each band represents the pooled replicates per bird PBL sample.   

 

 

 

 

 

 



                                                  Chapter 5: Genome-scale identification of Staphylococcus aureus 

determinants of avian host interactions                                             

    

166 
 

 

5.3.10 Quality control analysis showed bird 1 demonstrated low sequencing depth 

and thus was removed from downstream analysis 

 

The BioTraDIS pipeline, developed by Barquist et al, was based on the progenitor 

methodology outlined by Langridge et al. and Dembek et al. (Barquist et al., 2016; Dembek 

et al., 2015; Langridge et al., 2009). BioTraDIS is an extensive Perl pipeline that 

encompasses Tn tag trimming and chromosomal alignment which is then followed by gene 

essentiality analysis. Before determining which genes are essential for S. aureus survival 

in the presence of avian innate immune cells, rigorous quality control on each sample was 

required to limit inaccurate read mapping.   

FastQC analysis of each sample demonstrated a high abundance of contaminating 

adaptors. The residual adaptor was trimmed using Cutadapt and quality control analysis 

confirmed the successful removal of the adapter from each read (Martin, 2011). Using the 

BioTraDIS command, the Tn was located and removed from the start of each read 

facilitating mapping back to the S. aureus CIX2 reference genome using SMALT, a short 

read aligner (Ponsting & Ning, 2012). The depth of each mapped sample directly 

correlated to the number of Tn-tagged reads associated with a gene. Visualisation of depth 

was performed using DNAplotter, in which “spikes” directly correlate to the relative 

distribution of Tn-associated reads that mapped to the S. aureus CIX2 reference genome. 

Each track represented an individual bird sample, and the directionality correlated with the 

GC-content (above and below average, Figure 5.13).  

It was observed that Bird 1 (red track) harboured a low number of Tn-mapped reads in 

comparison to other birds, which demonstrated relatively consistent depth (Figure 5.13). 

Consequently, Bird 1 was removed from downstream analysis. However, regions of 

exacerbated height indicated preferential bias of certain Tn-insertions. As the BioTraDIS 
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pipeline analyses the absence and not the presence of Tn-tagged reads, this bias does not 

affect the overall output from each sample.  

Figure 5.13 TraDIS sequencing depth analysis indicates high levels of mapping to the S. aureus CIX2 reference 

genome. Smalt alignment of each Tn-library from individual bird PBL samples were visualised on the Artemis package: DNA 

plotter. The distribution of average GC-content is shown over a sliding window, with upwards spikes correlating to above 

average and vice-versa. Each track represents an individual bird PBL sample, with bird 5 PBLs represented on the inner 

purple track to bird 1 PBLs on the red, inner track. The outer two pink tracks represent forward, and reverse coding 

sequencings encoded on the S. aureus CIX2 reference genome. Small variation in GC content can be attributed with the 

comparison of multiple BAM files as resolution is lost with descending tracks.  
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5.3.11 Identification of essential genes required for survival of the avian S. aureus 

CIX2 strain at 41°C 

The current definition of an essential gene is one that does not harbour a Tn-insertion after 

survival in planktonic competitive growth (ins_index=0). Here, we sought to determine the 

number of essential genes for the growth of the avian isolate S. aureus CIX2 at 41°C (the 

physiological temperature of birds). We identified that 259 genes were essential for growth 

in TSB at 41°C (Appendix 8.1). The number of unique insertion sites (which is the number 

of insertion sites normalised to the number of reads), showed our library was composed 

of 13, 377 unique insertions indicating that the S. aureus Tn-mutant library input pool had 

a density of one insertion every 209.75 bp. To determine which essential gene pathways 

were enriched, ShinyGo (v0.76), a web-based interface that encompasses the Kyoto 

encyclopaedia of genes and genomes (KEGG) database and STRING clustering analysis 

to assign gene ontologies (GO) from a list of genes, was employed (Table 5.7, Figure 5.14, 

(Ge et al., 2020)).  

The number of essential genes which clustered (nGenes) was compared to the number of 

genes in the pathway assigned, and fold enrichment, which is defined as the genes which 

are overrepresented in comparison to the background, alongside the false discovery rate 

(FDR) were analysed (Table 5.7). It was shown that essential genes belonged to pathways 

involved in protein structure, organelle components, ribosomal function, and metabolic 

processes. Clustering analysis of the annotated genes in the S. aureus CIX2 essential gene 

repertoire showed that the derived proteins predominantly clustered together, indicating 

that essential gene pathways in S. aureus exhibit a high level of protein-protein interactions 

(Figure 5.14).   
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Table 5.7. Enriched genes in the S. aureus CIX2 essential gene repertoire. 

Enrichment 

FDR 
nGenes 

Pathway 

Genes 

Fold 

Enrichment 
Pathway 

1.85E-15 14 48 25.66667 Structural molecule activity 

3.85E-15 14 52 23.69231 Structural constituent of ribosome 

6.19E-15 14 55 22.4 Ribosome 

6.19E-15 14 55 22.4 Ribosomal protein 

2.70E-13 12 44 24 Ribosomal subunit 

7.38E-15 14 56 22 Ribonucleoprotein 

3.48E-13 12 45 23.46667 Ribonucleoprotein complex 

2.37E-14 14 62 19.87097 Organelle 

2.37E-14 14 62 19.87097 Non-membrane-bounded organelle 

2.37E-14 14 62 19.87097 Intracellular organelle 

2.55E-14 15 79 16.70886 Ribosome, and translation regulator activity 

2.03E-13 15 91 14.50549 Ribosome, and transcription, DNA-templated 

5.73E-11 10 39 22.5641 rRNA binding 

7.42E-11 10 40 22 rRNA-binding 

2.30E-12 14 88 14 Translation 

5.40E-08 7 25 24.64 Large ribosomal subunit 

2.30E-12 15 109 12.11009 Protein-containing complex 

2.20E-12 16 132 10.66667 Cellular protein metabolic process 

5.43E-12 14 94 13.10638 Peptide biosynthetic process 
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Figure 5.14. Enriched pathways in the S. aureus CIX2 essential gene repertoire. STRING was performed on genes 

with an insertion index=0 (i.e. not harbouring a Tn-insertion). Nodes represent proteins and edges represent protein-

protein interactions. 
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4.3.12 Members of the T7SS and Spl-protease families are candidate essential genes 

for survival of S. aureus in the presence of avian PBLs  

We next aimed to identify the genes that were contributing to S. aureus survival in the 

presence of avian PBLs. We observed that the number of unique insertions decreased in 

mutant pools after incubation with PBLs. In line with this, the number of both essential 

(genes that have no insertions) and ambiguous essential (genes that harbour a low number 

of insertions) were enumerated for each output pool using the TraDIS_essentiality script 

(termed “Number of Essential Genes” in Table 5.8) and indicated an increase in the 

number of genes essential for survival in PBLs compared to the TSB control (Table 5.8.).  

For each chicken PBL replicate, there was no major difference in output pool, with regard 

to the number of essential genes, the insertion index (the mean of the number of insertions 

within a gene divided by the length of the gene it is inserted into), and the number of unique 

insertions (number of insertion sites normalised to the number of reads that map to a gene) 

(Table 5.8). This allows replicates to be concatenated for the TraDIS_comparison script to 

determine which genes are essential for survival for growth in the presence of PBLs.  

Table 5.8. Statistic summary of the number of essential genes in each sample. “Bird” denotes an individual pool of Tn-

mutants screened through PBLs extracted from an individual bird.  

Sample 

ID 

Number of 

Reads 
Number of 

Essential Genes 

Number of unique 

insertion sites 
Insertion index 

Bird 2 886966 1411 2297 2.7 

Bird 3 1391632 1079 3568 4.1 

Bird 4 931328 1300 2564 3.3 

Bird 5 268984 1103 3292 3.9 

 

To perform a comparative analysis between the input and output pools, individual bird 

samples were concatenated and compared to the input library. In comparison to our TSB 

inoculum, genes that are essential for survival demonstrate a negative Log2 Fold change. 
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Essentiality was determined using a cut-off of Log2FC >2 or <−2 and p-value <0.05 (and 

thus -Log10 greater than 1.3, indicated by lines on Figure 5.15)(Dembek et al., 2015). 

Following incubation with PBLs, 331 genes demonstrated a fold increase lower than -2 of 

which 66 reached statistical significance (Figure 5.15). Of these 66 genes, 41 encoded 

hypothetical proteins and therefore could not be attributed to specific pathways. 

Enrichment analysis on the remaining 25 genes also did not reveal any specific pathways 

that clustered together. However, a gene that was significantly attenuated in this group 

was esaG (essG_6), involved in the Type VII secretion system and two additional Type VII 

secretion system genes, esxC and esaB, were attenuated after S. aureus incubation with 

PBLs but did not reach statistical significance. Of note, ShinyGO analysis likely did not 

identify the S. aureus Type VII secretion system as it is not annotated on the KEGG 

database (Figure 5.15).  

 

Figure 5.15. Volcano plot of S. aureus CIX2 over and under-represented mutants after growth in the presence of 

PBLs. Red lines correspond to genes attenuated Log2FC >2 or <−2 and blue line corresponds to genes which demonstrated 

a p value α<0.05. Pink coloured genes correspond to genes which were significantly under-represented after incubation 

with PBLs, in comparison to the input pool. Genes of interest that cluster in KEGG analysis are annotated in blue.  
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As enrichment analysis on significantly attenuated genes was limited by the large number 

of hypothetical annotations, clustering analysis was also carried out on all genes exhibiting 

a Log2Fold change lower than -2, and the predominant GO functions assigned belonged 

to categories associated with biological processes, molecular function, and cellular 

components. Of these genes, three of the six spl genes encoding a paralogous family of 

proteases in S. aureus were identified and clustered together (Figure 5.16). Furthermore, 

genes involved in the regulation of transcription formed the largest cluster in our protein-

protein interaction analysis (Figure 5.16, Table 5.9). Overall, we have identified genes 

involved in the regulation and function of the T7SS, expression of serine proteases and 

regulation of transcription that are associated with S. aureus survival in the presence of 

avian PBLs. 
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Table 5.9. Pathways and genes associated with underrepresented mutants after incubation of S. aureus with 

avian PBLs. 

 

 

 

 

 

 

 

Enrichment 

FDR 
nGenes 

Pathway 

Genes 

Fold 

Enrichment 
Pathway Genes  

0.008111 2 3 38.35897 Trypsin-like serine protease splC splB 

0.014483 2 4 28.76923 UDP-glycosyltransferase activity tarA murG 

0.014483 2 4 28.76923 Serine proteases, trypsin domain splC splB 

0.00194 3 7 24.65934 Peptidase S1B splF splC splB 

0.00194 3 7 24.65934 
Serine proteases, V8 family, histidine active 

site 
splF splC splB 

0.00023 4 10 23.01538 
Transcriptional regulator SarA/Rot, and ArlS, 

sensor domain 
mgrA arlR sarT sarU 

0.02215 2 5 23.01538 
Nucleoside bisphosphate biosynthetic 

process 
accD coaW 

0.02215 2 5 23.01538 
Purine nucleoside bisphosphate biosynthetic 

process 
accD coaW 

0.02215 2 5 23.01538 Peptidase S1B, exfoliative toxin splC splB 

0.02215 2 5 23.01538 Peptidase S7, Flavivirus NS3 serine protease splF splB 

1.06E-06 7 19 21.19838 
Transcription regulatory region sequence-

specific dna binding 

sarS mgrA arlR perR 

sarT sarU icaR 

1.06E-06 7 19 21.19838 Regulatory region nucleic acid binding 
sarS mgrA arlR perR 

sarT sarU icaR 

1.48E-06 7 20 20.13846 
Sequence-specific double-stranded dna 

binding 

sarS mgrA arlR perR 

sarT sarU icaR 

0.004146 3 9 19.17949 Peptidase S1, PA clan splF splC splB 

0.004146 3 9 19.17949 Transcriptional regulator SarA/Rot sarS sarT sarU 

0.004146 3 9 19.17949 Peptidase S1, PA clan, chymotrypsin-like fold splF splC splB 

0.004146 3 9 19.17949 Trypsin splF splC splB 

0.004146 3 9 19.17949 Trypsin-like peptidase domain splF splC splB 

0.030331 2 6 19.17949 
Transferase activity, transferring hexosyl 

groups 
tarA murG 

0.00011 5 17 16.92308 Activator 
sarS mgrA arlR sarT 

sarU 
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Figure 5.16. SHINYGO analysis of pathways enriched in genes attenuated after S. aureus incubation with avian 

PBLs. STRING on genes that demonstrated a Log10FC <−2. Nodes represent proteins and edges represent protein-protein 

interactions. 
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5.4 Discussion 

In the previous chapter, we discovered that avian S. aureus may have adapted to evade 

the avian innate immune response through the inhibition of heterophil degranulation. 

Consequently, we sought to investigate the S. aureus genes that promote bacterial survival 

in the presence of avian innate immune cells. To that end, we developed and employed a 

novel Tn-mutant library in an avian S. aureus background. 

Application of a phage-based approach resulted in a representative library of 

approximately 27,000 Tn-mutants in the CC5 avian S. aureus strain CIX2. We further aimed 

to create a library in the CC385 strain S. aureus Ch91, but low numbers of Tn-insertion 

mutants were recovered in the functional transposase harbouring strain. This is a caveat 

of employing clinical isolates in which strain-specific restriction-modification systems, and 

phage abortive infections (whereby a phage infected cell undergoes programmed cell 

death), can limit the number of Tn-mutants recovered (Lopatina et al., 2020; Sadykov, 

2016).  

To screen for the genes that were essential for S. aureus CIX2 survival in the presence of 

avian peripheral immune cells, a reliable and representative model of infection was 

developed. Experimental infections of the host-species of interest clearly offer highly 

relevant models for the identification of genes involved in pathogenesis. However, a 

previous screen analysing the determinants of S. Typhimurium survival in chickens in vivo 

demonstrated that pools of only 95 Tn-mutants could be inoculated per chicken to 

overcome spurious results due to stochastic bottlenecks (Chaudhuri et al., 2013). Here, 

we have generated a large pool of Tn-mutants, and thus screening in vivo would have 

incurred high costs and would not be consistent with the 3Rs ethical code of animal welfare 
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as many birds would have been sacrificed (Hubrecht & Carter, 2019). Consequently, we 

aimed to develop a physiologically relevant ex vivo model of avian S. aureus infection.  

Immortalised cell-line models are attractive tools for studying gene fitness due to 

reproducibility of results. However, ex vivo models are more physiologically relevant 

systems for understanding gene essentiality during disease. We first examined multiple S. 

aureus strains, of human and avian origin, in the presence of avian-specific immune cells. 

It should be noted that there are marked differences in whole blood composition in 

chickens, with a lower proportion of blood plasma and elevated haemoglobin levels, in 

comparison to mammals (Scanes et al., 2022). Consequently, one constant hinderance 

encountered was the rapid coagulation of whole blood from chickens and hence very low 

volumes could be obtained following culling. To ensure that a Tn-mutant was significantly 

attenuated in the screen, and not just under-represented in the input pool, each mutant 

was required to be represented in the input pool at least one hundred times (>95% 

confidence, Personal communication: Dr Darren Shaw). Therefore, maintaining high yields 

of cells from each bird was essential to have confidence in hits identified in our downstream 

analysis.  

Our previous studies demonstrated that heterophils were key innate immune cells 

interacting with avian S. aureus. Unfortunately, due to low yields and heterogeneity 

between individual pools of heterophils, it was not considered a robust model for screening 

Tn-mutants. Therefore, we aimed to determine if PBLs, which we previously employed in 

Runx1-eGFP analysis and heterophil degranulation studies, were an appropriate model for 

screening S. aureus Tn-mutants. We further aimed to determine if opsonisation of S. 

aureus had any effect on the number of recoverable viable bacteria. Aside from the ST385 

strain S. aureus Ch91 at 4 hpi, no differences in bacterial viability were observed between 

opsonised and non-opsonised S. aureus. In humans, the decoration of the S. aureus 
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surface with complement C1q enables coating with C3 and IgG antibodies, promoting 

ingestion of the bacterium by professional phagocytes (Johannessen et al., 2012). It is 

known that the avian complement system differs significantly to complement in mammals 

(as reviewed in section 1.2.2.). For example, complement molecule C3 exists in three 

molecular forms and consequently may not be able to decorate the surface of S. aureus 

and enable opsonophagocytosis in a similar manner to the mammalian response (Laursen 

& Koch, 1989; Mavroidis et al., 1995). Another major difference between avian and 

mammalian immune systems is the absence of IgG, with the avian equivalent being IgY 

that encodes a structurally distinct Fc binding region (Härtle et al., 2013). Overall, we 

observed that PBLs were an attractive model for screening the S. aureus CIX2 Tn-mutant 

library employed due to high yields and homogeneity in the number of viable bacteria 

recovered from each bird. In our TraDIS experiment, each mutant was represented 2.9 x 

103 times and thus we had confidence that attenuation in downstream hits was due to 

negative selection pressures and not under-representation of an individual mutant in the 

input pool.  

We provided the first identification of an essential gene set for an avian S. aureus strain 

and identified 259 genes that were essential for growth at 41°C, the body temperature of 

chickens (Appendix 8.1). Previously, Santiago and colleagues compared the genes 

essential for growth at 30°C, 37°C, and 43°C in their human S. aureus HG003 Tn-mutant 

library. At 37°C, 321 genes were classified as essential for survival in competitive, 

planktonic growth, however, shifting the temperature to 43°C resulted in the depletion of 

77 genes thus reducing the total number of essential genes to 244 (Santiago et al., 2015). 

This study demonstrated that enriched genes were involved in cell envelope processes, 

protein folding, and ribonuclease activity (Santiago et al., 2015). Enrichment analysis in our 

current study on avian S. aureus similarly identified genes involved in structural molecule 
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activity (i.e. a molecule that contributes to structural integrity of a complex or its assembly), 

ribosomal functions and metabolic processes were fundamental for survival at 41°C.  

TraDIS analysis identifies genes that are required for bacterial survival upon exposure to a 

negative selection pressure, such as immune cells or antibiotics (many of which we 

reviewed in Sargison and Fitzgerald, 2021). Therefore, mutants that are overrepresented 

are attributed to genes that are non-essential or limit growth in the condition tested. In this 

study, it was observed that 779 genes demonstrated a Log2Fold Change (FC) that was 

greater than zero in comparison to TSB (Appendix 8.2).  

Of the significantly under-represented mutants after growth in PBLs, 62% were annotated 

as hypothetical proteins (Appendix 8.2). Many bacterial pathogens contain large numbers 

of genes encoding hypothetical proteins of unknown function (Varma et al., 2015). Mapping 

of these genes to the genome will indicate if they are associated with MGE that were 

previously implicated in adaptation to the avian host (Durrant et al., 2020; Lowder et al., 

2009). The high number of hypothetical genes limited the power to carry out enrichment 

analysis on significant genes and thus enrichment analysis was performed on all genes 

which showed a fold change less than -2.  

Notably, Tn insertions of three genes involved in the regulation of the T7SS were identified 

to be underrepresented in the output pool after incubation with PBLs. These genes 

encoded extracellular protein EsxC, and the two cytosolic proteins EsaB and EsaG. EsaG 

is involved in the stability and secretion of protein EsaD, a large nuclease secreted by the 

T7SS (Anderson et al., 2011; Tchoupa et al., 2020). EsaG functions as an anti-toxin, 

preventing the nuclease from degrading the bacterium’s own DNA from within the 

cytoplasm (Bowman & Palmer, 2021; Cao et al., 2016). Within the S. aureus cytoplasm, 

EsaD and EsaG form a complex with EasE, that binds to the non-nuclease domain of EsaD 
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and targets the complex to the T7 secretion machinery (Bowman & Palmer, 2021; Cao et 

al., 2016). Upon secretion, EsaG dissociates from EsaD, rendering the nuclease 

catalytically active (Cao et al., 2016).  

In the absence of EsaG the nuclease protein remains in its catalytically active form, which 

would lead to self-intoxication. It has been shown that EsaD is not detectable unless EsaG 

is also being expressed by S. aureus, consistent with its role as an antitoxin (Cao et al., 

2016). As EsaG was not identified as an essential gene for avian S. aureus grown in TSB, 

the data imply enhanced expression of EsaG and EsaD in the presence of PBLs. The other 

underrepresented mutants following incubation with PBLs, albeit not significantly , were 

EsaB and EsxC, which demonstrate a symbiotic role in the operation of the T7SS 

machinery. EsaB is a small ubiquitin-like protein that is hypothesised to be a candidate for 

the posttranslational regulation of T7 secretion machinery, and regulates the production of 

EsxC, a strain-specific, extracellular protein secreted by the T7 machinery (Anderson et 

al., 2011; Burts et al., 2008; Casabona et al., 2017; Warne et al., 2016). The role of the EsxC 

protein is currently unknown, but the gene is located directly downstream of the esxB gene 

encoding the secreted toxin EsxB, which is known to play a role in bacterial virulence and 

persistence (Burts et al., 2005, 2008). Therefore, it is possible that EsxC may represent 

another T7SS effector that contributes to the pathogenesis of S. aureus infection.  

In a previous Tn-mutant study of S. aureus polymicrobial infection with P. aeruginosa, T7SS 

genes were described as “community dependent essential” (CoDE) genes, as they were 

essential for S. aureus survival in co-infections (Ibberson et al., 2017). Although best 

characterised for its role in bacterial competition, the T7SS has been implicated in S. 

aureus virulence (reviewed in (Bowman & Palmer, 2021). For example, the secreted EsxX 

protein of ST398 bovine and human isolates, which is encoded on module 2 of the T7SS 

locus, can promote the lysis of neutrophils after phagocytosis and contributes to virulence 
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in models of bacteremia and abscess infection, although the mechanism involved remains 

unclear (Dai et al., 2017).  

It has been shown by RNAseq analysis that Spl proteases are downregulated in an esaB 

and essC deletion mutant implying an influence of the T7SS in protease levels (Casabona 

et al., 2017). Here, we have identified that the Spl protease genes were the most 

predominant enriched genes in our gene ontology analysis. To date, there is no evidence 

for Spl proteins being actively secreted by the T7SS, but the T7SS affects cell membrane 

integrity, and thus could aid the release of proteases through a distinct mechanism 

(Tchoupa et al., 2020). Each Spl protease has been reported to have a unique host 

substrate, enabling them to work synergistically in targeting host responses. Here, genes 

encoding SplB, SplC and SplF were identified to be important for survival during infection 

of PBLs. Currently, there is no defined substrate for SplF, but it shares 94.6% amino acid 

identity with SplD, and may therefore overlap in substrate specificity (Paharik et al., 2016; 

Reed et al., 2001). Biochemical and structural characterisation of SplD indicates a 

preference for amino acids with small hydroxy side chains on P1 residues on cleaved 

proteins (Zdzalik et al., 2013).  

Spl proteases have previously been reported to contribute to the innate immune evasion 

of human S. aureus alongside host-allergic airway responses to S. aureus (Dasari et al., 

2022; Pietrocola et al., 2017; Stentzel et al., 2017). For example, SplB has an affinity for 

complement proteins C3 and C4, which in turn inhibits the action of C3-convertase 

preventing the decoration of C3b molecules on the surface of S. aureus, thereby disrupting 

opsonophagocytosis (Figure 1.1, (Dasari et al., 2022)). It has also been shown that SplB 

selectively cleaves the human proteinase-activated receptor-2 (PAR-2), which is 

expressed on immune cells such as macrophages and neutrophils in addition to 

endothelial cells (Chandrabalan et al., 2021; Rattenholl & Steinhoff, 2008). It has been 
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demonstrated that SplB cleavage of PAR-2 on endothelial cells induces the production of 

proinflammatory cytokines and results in vascular damage and endothelial barrier 

dysfunction (Chandrabalan et al., 2021) . Furthermore, SplA also exhibits host-receptor 

cleavage activity targeting the mucin-16 glycoprotein on the surface of the CalU-3 lung cell 

line (Paharik et al., 2016). Of note, studies of Streptococcus pneumoniae demonstrated 

that cleavage of mucin-16 facilitates increased invasion of bacteria into epithelial cells 

(Govindarajan et al., 2012).  

A rabbit pneumonia model of S. aureus infection revealed that Spl proteins can influence 

S. aureus virulence and physiology by modulating the levels of secreted toxins and 

immune evasion factors (Paharik et al., 2016). These results correlated with a previous 

study that demonstrated that agr-regulated virulence factors, such as Sbi and leukocidins, 

were elevated in the supernatant of Spl-deficient mutants (Kolar et al., 2013). Taken 

together, these data suggest that, not only can Spl proteases themselves contribute to 

virulence, but they also have a broader effect on modulation of the virulence of S. aureus 

(Kolar et al., 2013; Paharik et al., 2016). Here, it is tempting to suggest that the T7SS may 

cooperate with Spl proteases to facilitate evasion of killing by PBLs through the cleavage 

of receptors on the cell surface, followed by promotion of bacterial uptake and persistence. 

However, this hypothesis remains to be tested.  

The underlying goal of this thesis was to investigate the genetic determinants of S. aureus 

adaptation to the avian host. A previous study determining the biological pathways of S. 

aureus which were under positive selection in different host species identified amino acid 

transport and biosynthesis pathways in avian strains to be essential in avian host adaptation 

(Richardson et al., 2018). Spl proteases share sequence homology with V8 proteases and 

structural analysis demonstrates an almost identical conformation of the catalytic binding 

site that is crucial for substrate recognition (Popowicz et al., 2006). The V8 protease is 
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essential for the generation of nutrients for bacterial growth, and thus Spl proteases likely 

also play a key role in nutrient acquisition (Popowicz et al., 2006). Novel host species offer 

distinct nutrient availabilities to invading bacteria and thus metabolic remodelling may be 

required in response (Richardson et al., 2018). Also under positive selection in avian S. 

aureus were genes involved in regulation of transcription which presumably affects the 

production of specific proteins required for survival, a pathway that was similarly identified 

in our TraDIS analysis (Richardson et al., 2018).  

Here, we have employed TraDIS to identify genes that are essential for S. aureus CIX2 

survival against avian PBLs. Future work will involve the creation of isogenic mutants of 

Spl-proteases and T7SS genes from the S. aureus CIX2 strain, to investigate the roles 

these proteins play in promoting survival in PBLs. Furthermore, as Spl-proteases and the 

core machinery of the T7SS demonstrate lineage and host species-dependent variation, 

the generation of lineage-specific recombinant protein would facilitate investigation into 

host-adaptation (Kläui et al., 2019; Warne et al., 2016).  

5.5 Conclusions 

To conclude, we generated the first-ever Tn-mutant library in an avian S. aureus strain to 

identify genes which contribute to survival in the presence of PBLs. Our analysis indicates 

that genes involved in the T7SS promoted survival, but the exact mechanism of how T7 

machinery can facilitate immune evasion is unclear. We further identified Spl proteases 

enhance survival in PBLs, which strongly correlates with previous studies to have 

facilitated a role in immune evasion through regulation of virulence factors, alongside with 

cleavage of host proteins. Characterisation of the mechanisms involved could reveal new 

targets for the development of new therapeutics to combat S. aureus disease in poultry 
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Bacterial pathogens and their hosts co-exist in a constant evolutionary arms race whereby 

the bacteria evolve and adapt to selection pressures imposed by the host (Dawkins & 

Krebs, 1979). These selection pressures have facilitated the adaptation of bacteria, such 

as S. aureus, to novel host ecologies and shape the biological pathways required for its 

survival (Dawkins & Krebs, 1979; Richardson et al., 2018). For example, specific proteins 

help S. aureus to defend itself from the host immune system, mediate nutrient acquisition, 

niche-specific metabolic processes, and regulation of transcription (Richardson et al., 

2018). By applying immune models of infection, molecular microbiological techniques, and 

bioinformatic analysis, we have investigated some of the key factors which aid in this arms 

race and thus are responsible for the success of this multi-host pathogen.  

6.1. Lipases 1 and 2 do not aid in S. aureus innate immune defence evasion  

The propensity of S. aureus to cause chronic, severe infections in a range of host species 

is correlated with the expression of proteins that contribute to its virulence (Jenul & 

Horswill, 2018). Here we have shown that, despite their abundance in the bacterial 

secretome, S. aureus lipases 1 and 2 have no discernible effect on phagocytic killing or 

bacterial escape from human macrophages and neutrophils. In a previous study, 

proteomic comparison of avian strains identified S. aureus elevated lipase 1 and lipase 2 

expression in a non-virulent avian strain in comparison to an avian virulent strain following 

growth in nutrient-rich conditions (Bonar et al., 2018). The findings suggest that lipases do 

not play a major role in virulence and may not therefore interact with the avian immune 

response. Up to now, all innate immune studies on S. aureus lipases have been performed 

with the human S. aureus strains, S. aureus USA300 and S. aureus Newman and therefore, 

the multi-host capacity of these proteins remains uninvestigated.  In a comparative analysis 

of the S. aureus secretome, it was shown that for the multi-host S. aureus lineage CC398, 
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lipases were the second most abundant class of protein secreted, behind autolysins, 

suggesting a possible role in multiple host-species (Busche et al., 2018).  

Of note, it was recently identified that S. aureus encodes a third lipase (lip3, gehE) whose 

target substrate of small chain fatty acids overlaps with S. aureus lipase 2 (Kitadokoro et 

al., 2020). Characterisation of this novel lipase employing isogenic mutants alongside 

recombinant proteins in appropriate immune cell assays could inform if lipase 3 has any 

effect on innate immune evasion both independently and synergistically with other lipases. 

6.2 Identification of a putative novel mechanism of avian S. aureus innate immune 

evasion  

In this thesis, alongside studying the role of lipase in innate immune evasion, we also 

studied the bacterial and host determinants of avian host-adaptation. A previous 

comparative genomic study of isolates from the CC5 lineage demonstrated that an avian 

strain (S. aureus ED98) was more resistant to killing by heterophils than human S. aureus 

strain MR1. We have identified a mechanism whereby S. aureus adapted to the avian host 

through inhibition of heterophil degranulation, which may render the bacteria more 

resistant to killing by heterophils.  

Inhibition of neutrophil degranulation has previously been reported in C. trachomatis, 

through secretion of serine protease CPAF, and Yersinia pseudotuberculosis, through type 

III secretion system effectors YopE and YopH (Rajeeve et al., 2018; Taheri et al., 2015). In 

addition, Mycobacterium smegmatis inhibits degranulation through interaction with the 

CR3 receptor on neutrophils (Cougoule et al., 2002). Furthermore, Neisseria gonorrhoea 

inhibits the degranulation of neutrophils by Opa protein-mediated targeting of intracellular 

granule fusion (Johnson et al., 2016). Currently, the mechanism of inhibition of heterophil 

degranulation by S. aureus is unknown, but supernatant fractionation via size exclusion 
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chromatography and mass spectrometry could be used to identify which secreted factor 

is inhibiting degranulation.  

A key experiment that would build upon this study would be to investigate if the effect is 

avian-specific or is also active on human neutrophils. It has been shown that S. aureus can 

bind to the neutrophil inhibitory receptor LILRB3 which is hypothesised to be involved with 

the inhibition or perturbation of neutrophil bactericidal granule exocytosis (Favier, 2016; 

Nakayama et al., 2007; Uriarte et al., 2008). Inhibition of degranulation in granulocytes has 

yet to be reported in S. aureus infections, and therefore we may have identified a novel 

mode of S. aureus immune evasion (Guerra et al., 2017). Identification of the mechanism 

underpinning this phenotype could inform the discovery of novel therapeutic targets which 

could be used to reduce the use of antibiotics in the broiler poultry industry.   

6.3 Spl proteases and T7SS effectors may contribute to avian S. aureus 

pathogenesis.  

We employed Tn-mutagenesis to identify the key genetic determinants that facilitated S. 

aureus survival in the presence of avian PBLs. Most of the significant hits identified were 

annotated as genes encoding hypothetical proteins, some of which may belong to MGE 

(Durrant et al., 2020). It is known that avian S. aureus acquired MGE upon jumping to the 

avian host, of which two have been associated with increased virulence in ovo: prophage 

φAvβ and plasmid pAvX (Lowder et al., 2009; Polakowska et al., 2012). Of the known 

annotated genes encoded by these avian S. aureus MGE, only one Tn mutant was under-

represented in the output pool following incubation with PBLs, encoding a putative 

autolysin peptidoglycan hydrolase (PH) encoded on the phage ϕAvβ, albeit it did not reach 

statistical significance (Appendix 8.2 (Lowder et al., 2009)). S. aureus autolysins are 

hydrolytic enzymes that cleave peptidoglycan, thus playing an essential role in the 

separation of daughter cells in cell division (Oshida et al., 1995). It has been shown that a 
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full-length autolysin PH demonstrated no catalytic activity for S. aureus, however, 

chimeragenesis of the catalytic active site, CHAP, restored functional activity (Osipovitch 

et al., 2015). There are no reports to date of the putative autolysin PH playing a role in 

immune evasion and overall, our data suggest a limited role for genes encoded by avian 

S. aureus MGE in the survival of bacteria in the presence of PBLs.  

Among the annotated TraDIS hits identified to promote survival during infection of PBLs 

were regulators of the T7SS and Spl proteases. Previous studies have attributed T7SS 

genes to have a correlative role with Spl proteases, but the precise nature of these protein 

interactions is unknown (Casabona et al., 2017). The previous chapters in this thesis have 

shown that avian S. aureus strains may have adapted to the avian host through the 

inhibition of heterophil degranulation. Of note, as mentioned previously, C. trachomatis, 

produces a secreted chlamydial serine protease (CPAF) that inactivates heterophil 

degranulation through the cleavage of neutrophil receptor FRP2 (Rajeeve et al., 2018). 

Previous studies have demonstrated the capacity of Spl proteases to cleave host receptors 

that can facilitate the increased uptake of S. aureus (Govindarajan et al., 2012; Paharik et 

al., 2016). Furthermore, it has been demonstrated that SplD cannot stimulate the 

degranulation of bone-marrow-derived mast cells which was essential in chronic airway 

inflammatory diseases (Teufelberger et al., 2018). Therefore, we speculate that avian S. 

aureus Spl-proteases may contribute to the inhibition of heterophil degranulation through 

the cleavage of host surface receptors, such as FRP2 or TREM (Figure 6.1). 

Furthermore, we hypothesise that the inhibition of heterophil degranulation enables 

S. aureus to facilitate cytoskeletal rearrangement and calcium fluxes to promote 

encapsulation by heterophils. It is known that, once inside the phagolysosome of human 

neutrophils, S. aureus genes such as those on the dlt operon, mprF, sodA, and sodB, 

facilitate evasion of intracellular killing mechanisms (Guerra et al., 2017). An RNAseq 
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analysis demonstrated the integration of the avian prophage φAvβ resulted in the 

downregulation of AMPs inside avian macrophages, such as CATHL1, CAHL3, AvBD1, and 

AvBD7, and thus may facilitate the survival of avian S. aureus intracellularly (Parr, 2018). 

Suppression of AMPs in heterophils has previously been described in S. enteritidis 

infection and thus it is feasible that the mechanism of AMP suppression is similar to what 

is observed in macrophages (Chiang et al., 2008).  

Our TraDIS analysis demonstrated the genes associated with the T7SS are of importance 

in the presence of PBLs. Extracellular secreted T7SS effectors, EsxA and EsxB, have been 

associated with S. aureus persistence and modulation of cell lysis by intracellular bacteria 

(Burts et al., 2008; Korea et al., 2014). Therefore, we speculate that the T7SS plays a role 

in the release of S. aureus from innate immune cells. Case studies have demonstrated S. 

aureus bacteria within neutrophils during septic arthritis in humans can lead to persistence 

of S. aureus in the synovial fluid of joints for many days (Beam, 1979). It is known that 

neutrophils present in the synovial fluid extravasate from the synovial blood vessels and 

migrate through the synovial tissue to the fluid in between joints (Arve-Butler et al., 2021). 

S. aureus is the leading cause of skeletal infection in poultry and we postulate that S. 

aureus skeletal infection is facilitated through the extravasation of infected heterophils, 

which travel through the synovial tissue to infect synovial fluid, resulting in chronic diseases 

such as BCO (Fries-Craft et al., 2021; Szafraniec et al., 2022).   

The underlying goal of this thesis was to investigate the genetic determinants of S. aureus 

adaptation to the avian host. Nutrient acquisition plays an essential role in S. aureus host 

adaptation, as novel host ecologies demonstrate distinct nutrient availability and thus 

metabolic remodelling is essential for survival (Richardson et al., 2018). For example, as 

aforementioned, there are dramatic differences in whole blood composition in chickens in 

comparison to humans, including total protein and triglyceride content (Scanes et al, 
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2022). Therefore, S. aureus has likely undergone remodelling of the transcriptome 

expressed in the avian niche, in part through transcriptional regulators, for the acquisition 

of nutrients (Richardson et al., 2018). Spl proteases are believed to play an important role 

in the generation of nutrients as they share sequence homology with V8 proteases, that 

are essential for the generation of nutrients for bacterial growth (Popowicz et al., 2006). 

Consequently, we hypothesise that Spl proteases are mediators of avian host-adaptation, 

through the inhibition of heterophil degranulation, and the acquisition of nutrients which 

are essential for survival in novel host ecologies. 
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Figure 6.1. Possible mechanism of avian S. aureus innate immune subversion. We propose that Spl proteases cleave a proteinaceous receptor expressed on the surface of heterophils, in 

turn inhibiting degranulation. Cytoskeletal rearrangement and calcium fluxes, that are distorted in this cleavage, facilitate the ingestion of S. aureus into the phagolysosome of heterophils. Once 

inside the heterophils, AMP downregulation through the avian associated prophage φAvβ enables the persistence and dissemination of S. aureus within heterophils. Once inside a new body 

niche, lysis of heterophils through orchestration of T7SS proteins such as EsxA and EsxB, enable the release of viable S. aureus, enabling establishment of infection in a new body niche, such 

as the synovial fluid. Figure created using Biorender.com  
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6.4 Creation of the first Tn-mutant library in a S. aureus avian background: 

Retrospective considerations  

Here, we employed a Tn-mutant library to identify the genes that are essential for bacterial 

survival in the presence of avian PBLs. Our analysis demonstrated that only 66 genes were 

significantly important for survival after incubation with PBLs (Appendix 8.2). One rationale 

for the low levels of significant genes identified could be compensatory effects of proteins 

secreted by other members of the infecting pool of mutants. For example, the gene 

encoding the membrane embedded CAAX protease MroQ, that is responsible for the 

digestion of proteins into amino acids and small peptides, was overrepresented in our 

TraDIS hits (Marroquin et al., 2019). Consequently, Tn mutants harbouring an insertion in 

genes that regulate the production of amino acids and peptides have the potential to 

survive in the pool due to metabolite cross-feeding, and therefore, we may not observe 

significant under-representation of those genes. Consequently, we chose to analyse all 

under-represented genes in the system.  

It would be extremely useful to generate a library of individual Tn gene mutants 

representative of all non-essential genes. The NTML is a public repository of individually 

separated Tn-mutants in the USA300 background that has been widely used to explore 

the genetic basis of a wide array of S. aureus phenotypes (Fey et al., 2013). Generation of 

a single-Tn-mutant library in an avian strain background could be a fundamental resource 

for S. aureus research and overcomes the issue of stochastic bottlenecks resulting in 

random killing or mutants being retained in the population because of the shared goods of 

others (Cain et al., 2020; Chao et al., 2016). The recent development of droplet Tn-seq 

could overcome some of the hindrances of mutant pools (Thibault et al., 2019). In droplet 

Tn-Seq, individual Tn-mutants are encapsulated in an oil layer and thus contained in their 

own micro-environment limiting the potential for a shared goods effect (Thibault et al., 

2019). However, the tools and expertise required for the microfluidic chip design may not 

be accessible by all research groups. The methodology of Tn mutant library experiments 
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is constantly evolving. For example, the new development of LoRTIS sequencing: a method 

of using long-read sequencing to perform bacterial TraDIS could overcome a previous 

issue of poor mapping to the reference genome (Lott et al., 2022).  

6.5 Future work  

Here, we have employed TraDIS to identify genes that are involved in avian S. aureus CIX2 

survival in the presence of avian PBLs. To definitively demonstrate a role for the genes 

identified, individual mutants should be constructed and examined in the same system, or 

a more complex in vivo system, to validate their role in bacterial survival (Wilde et al., 2015). 

Future work should involve the generation of isogenic mutants of Spl-proteases and T7SS 

genes in avian S. aureus isolates, complemented by functional analysis of recombinant 

proteins derived from the TraDIS-identified genes of interest. Application of these tools to 

analyse S. aureus survival in both avian and human whole blood, in PBLs, and their effects 

on granulocyte degranulation would facilitate demonstration of their role in innate immune 

interactions and their possible role in avian host-adaptation.  

Furthermore, an in ovo approach has been proposed to validate the relevance of specific 

genes to pathogenesis. The chicken embryo model has been employed for studying S. 

aureus virulence in comparison to traditional models (Polakowska et al., 2012). Briefly, 

allantoic fluid is infected with S. aureus on day 10 of development, and lethality assessed 

until day 17 (Polakowska et al., 2012). Ontogeny studies of immune cell development in 

eggs have shown that day 17 to day 21 is when the embryo’s immune system is reaching 

developmental maturity (Alkie et al., 2019). Consequently, it would be most intriguing to 

determine if there are differences in embryo viability when comparing eggs at a later stage 

in development. However, one consideration in performing these studies is that heterophils 

do not develop until post-hatch, and so the impact of heterophil interactions would not be 

tested (Alkie et al., 2019). It would further be advantageous to study the role of TraDIS-

identified hits in an experimental chicken model of BCO, which have previously been 
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employed (as reviewed in (Wideman, 2016)). This model would provide a clinically relevant 

understanding of S. aureus infection of poultry and provide new insights into avian disease 

pathology.  

Finally, it would be important to identify the host targets that are involved in the inhibition 

of degranulation by heterophils, for which we hypothesise is through the action of Spl 

proteases. For instance, previous studies have shown that the receptor FRP2 is important 

for inhibition of neutrophil degranulation in C. trachomatis infection. Previously, 

methodologies such as shRNA knockdown of host genes have enabled the identification 

of host targets following incubation with S. aureus, however, the short-lived nature of 

heterophils and the lack of a cell-line alternative means this method is not conducive to 

study heterophil degranulation (Bravo-Santano et al., 2019). Consequently, we propose 

methods such as RNAseq of infected heterophils to identify a host-cell target and pathways 

that are essential in the inhibition of heterophil degranulation. Once a target has been 

identified, Spl protease activity on the specific receptor can be measured in situ using 

methodologies such as IHZTM technology. This technique quantifies the activity of specified 

endogenous proteases against a known target using zymographic methods and novel 

“prodrugs” that are engineered to bind to a host target receptor (Vasiljeva et al., 2020). 

This would enable the identification of a host target, and mechanistically characterise the 

precise role of S. aureus Spl proteases in avian heterophil degranulation, which may offer 

a potential target for the development of novel therapeutics.  

6.6 Thesis conclusions  

This thesis aimed to elucidate the molecular pathogenesis of the multi-host bacterium S. 

aureus. In conclusion, we have assessed the role of S. aureus lipases in pathogenesis and 

identified a possible novel mechanism of avian S. aureus innate immune evasion through 

the inhibition of degranulation. Through the generation of the first avian S. aureus Tn-

mutant library, we have also identified S. aureus Spl-proteases and regulators of the T7SS 
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as possible determinants of survival in the presence of avian PBLs. Future work validating 

these proteins and elucidating the mechanism of this inhibitory phenotype may provide 

new insights into how S. aureus adapts to the avian host.   
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Appendix 8.1 

Table of the essential genes of S. aureus CIX2 for growth at 41°C in competitive, planktonic 

conditions.  

locus_tag gene_name start end function 

CIX2_ACCOLPAL_00017 CIX2_ACCOLPAL_00017 21341 21610 hypothetical protein 

CIX2_ACCOLPAL_00027 CIX2_ACCOLPAL_00027 32087 32449 hypothetical protein 

CIX2_ACCOLPAL_00031 CIX2_ACCOLPAL_00031 39788 39982 hypothetical protein 

CIX2_ACCOLPAL_00061 CIX2_ACCOLPAL_00061 68865 69017 hypothetical protein 

CIX2_ACCOLPAL_00076 CIX2_ACCOLPAL_00076 85336 85581 hypothetical protein 

CIX2_ACCOLPAL_00089 rpsF 94049 94345 30S ribosomal protein S6 

CIX2_ACCOLPAL_00090 CIX2_ACCOLPAL_00090 94589 94780 hypothetical protein 

CIX2_ACCOLPAL_00108 tatC2 112764 113243 
Sec-independent protein 

translocase protein TatCy 

CIX2_ACCOLPAL_00154 essG_4 162026 162526 
Type VII secretion system 

protein EsaG 

CIX2_ACCOLPAL_00156 CIX2_ACCOLPAL_00156 163169 163387 hypothetical protein 

CIX2_ACCOLPAL_00158 CIX2_ACCOLPAL_00158 164279 164962 hypothetical protein 

CIX2_ACCOLPAL_00202 gatD_2 214538 214876 
Galactitol 1-phosphate 5-

dehydrogenase 

CIX2_ACCOLPAL_00203 CIX2_ACCOLPAL_00203 214900 215046 hypothetical protein 

CIX2_ACCOLPAL_00213 CIX2_ACCOLPAL_00213 226637 226810 hypothetical protein 

CIX2_ACCOLPAL_00287 ybaN 321524 321907 Inner membrane protein YbaN 

CIX2_ACCOLPAL_00315 deoC1 352547 353209 
Deoxyribose-phosphate aldolase 

1 

CIX2_ACCOLPAL_00366 CIX2_ACCOLPAL_00366 415073 415333 hypothetical protein 

CIX2_ACCOLPAL_00384 CIX2_ACCOLPAL_00384 437739 438068 hypothetical protein 

CIX2_ACCOLPAL_00404 cspLA 461610 461810 Cold shock-like protein CspLA 

CIX2_ACCOLPAL_00405 CIX2_ACCOLPAL_00405 462202 462393 hypothetical protein 

CIX2_ACCOLPAL_00409 nhoA 466042 466836 

Arylamine N-acetyltransferase / 

N-hydroxyarylamine O-

acetyltransferase 

CIX2_ACCOLPAL_00412 rarD 469054 469962 Protein RarD 

CIX2_ACCOLPAL_00425 CIX2_ACCOLPAL_00425 481956 482453 hypothetical protein 

CIX2_ACCOLPAL_00479 CIX2_ACCOLPAL_00479 551725 551829 putative protein.1 

CIX2_ACCOLPAL_00481 CIX2_ACCOLPAL_00481 553511 553711 hypothetical protein 

CIX2_ACCOLPAL_00521 CIX2_ACCOLPAL_00521 598967 599242 hypothetical protein 

CIX2_ACCOLPAL_00556 CIX2_ACCOLPAL_00556 635880 636107 hypothetical protein 

CIX2_ACCOLPAL_00558 CIX2_ACCOLPAL_00558 638126 638296 hypothetical protein 

CIX2_ACCOLPAL_00571 CIX2_ACCOLPAL_00571 652765 653121 hypothetical protein 

CIX2_ACCOLPAL_00578 CIX2_ACCOLPAL_00578 658979 659149 hypothetical protein 

CIX2_ACCOLPAL_00593 CIX2_ACCOLPAL_00593 672998 673768 hypothetical protein 

CIX2_ACCOLPAL_00604 CIX2_ACCOLPAL_00604 686144 686344 hypothetical protein 
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locus_tag gene_name start end function 

CIX2_ACCOLPAL_00612 CIX2_ACCOLPAL_00612 700731 700901 hypothetical protein 

CIX2_ACCOLPAL_00675 CIX2_ACCOLPAL_00675 767600 767986 hypothetical protein 

CIX2_ACCOLPAL_00691 CIX2_ACCOLPAL_00691 786660 786791 hypothetical protein 

CIX2_ACCOLPAL_00703 CIX2_ACCOLPAL_00703 796378 796560 hypothetical protein 

CIX2_ACCOLPAL_00722 CIX2_ACCOLPAL_00722 817103 817468 hypothetical protein 

CIX2_ACCOLPAL_00727 CIX2_ACCOLPAL_00727 823890 824273 hypothetical protein 

CIX2_ACCOLPAL_00732 CIX2_ACCOLPAL_00732 829241 829672 hypothetical protein 

CIX2_ACCOLPAL_00751 CIX2_ACCOLPAL_00751 849855 850409 hypothetical protein 

CIX2_ACCOLPAL_00757 lcdH 855657 856148 L-carnitine dehydrogenase 

CIX2_ACCOLPAL_00790 CIX2_ACCOLPAL_00790 890117 890446 hypothetical protein 

CIX2_ACCOLPAL_00810 CIX2_ACCOLPAL_00810 906898 907158 hypothetical protein 

CIX2_ACCOLPAL_00813 CIX2_ACCOLPAL_00813 909521 909823 hypothetical protein 

CIX2_ACCOLPAL_00831 sarR 927203 927550 
HTH-type transcriptional 

regulator SarR 

CIX2_ACCOLPAL_00851 moaC 944350 944844 
Cyclic pyranopterin 

monophosphate synthase 

CIX2_ACCOLPAL_00885 rpsQ 971859 972122 30S ribosomal protein S17 

CIX2_ACCOLPAL_00888 rplE 972902 973441 50S ribosomal protein L5 

CIX2_ACCOLPAL_00889 rpsZ 973464 973649 
30S ribosomal protein S14 type 

Z 

CIX2_ACCOLPAL_00892 rplR 974671 975030 50S ribosomal protein L18 

CIX2_ACCOLPAL_00911 CIX2_ACCOLPAL_00911 987890 988114 hypothetical protein 

CIX2_ACCOLPAL_00912 CIX2_ACCOLPAL_00912 990205 990309 hypothetical protein 

CIX2_ACCOLPAL_00913 CIX2_ACCOLPAL_00913 990389 991666 hypothetical protein 

CIX2_ACCOLPAL_00915 CIX2_ACCOLPAL_00915 993655 993825 hypothetical protein 

CIX2_ACCOLPAL_00924 CIX2_ACCOLPAL_00924 1004030 1004233 hypothetical protein 

CIX2_ACCOLPAL_00929 lacC_1 1007594 1008526 Tagatose-6-phosphate kinase 

CIX2_ACCOLPAL_00939 CIX2_ACCOLPAL_00939 1019241 1019480 hypothetical protein 

CIX2_ACCOLPAL_00959 CIX2_ACCOLPAL_00959 1043259 1043405 hypothetical protein 

CIX2_ACCOLPAL_00969 CIX2_ACCOLPAL_00969 1052603 1052791 hypothetical protein 

CIX2_ACCOLPAL_00971 CIX2_ACCOLPAL_00971 1053696 1053830 Antibacterial protein 3 

CIX2_ACCOLPAL_00972 CIX2_ACCOLPAL_00972 1053887 1054021 Antibacterial protein 3 

CIX2_ACCOLPAL_00988 CIX2_ACCOLPAL_00988 1070334 1070624 hypothetical protein 

CIX2_ACCOLPAL_00994 lspA 1077040 1077531 Lipoprotein signal peptidase 

CIX2_ACCOLPAL_01012 CIX2_ACCOLPAL_01012 1098383 1098661 hypothetical protein 

CIX2_ACCOLPAL_01022 rpmB 1108220 1108408 50S ribosomal protein L28 

CIX2_ACCOLPAL_01039 rplS 1126979 1127329 50S ribosomal protein L19 

CIX2_ACCOLPAL_01059 CIX2_ACCOLPAL_01059 1150676 1151458 hypothetical protein 

CIX2_ACCOLPAL_01071 rpsO 1166870 1167139 30S ribosomal protein S15 

CIX2_ACCOLPAL_01080 CIX2_ACCOLPAL_01080 1179091 1179483 hypothetical protein 

CIX2_ACCOLPAL_01085 CIX2_ACCOLPAL_01085 1184888 1185103 hypothetical protein 
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locus_tag gene_name start end function 

CIX2_ACCOLPAL_01091 ymcA 1190907 1191272 putative protein YmcA 

CIX2_ACCOLPAL_01100 miaA 1203112 1204047 tRNA dimethylallyltransferase 

CIX2_ACCOLPAL_01107 CIX2_ACCOLPAL_01107 1210844 1210933 hypothetical protein 

CIX2_ACCOLPAL_01108 CIX2_ACCOLPAL_01108 1210960 1211172 hypothetical protein 

CIX2_ACCOLPAL_01109 CIX2_ACCOLPAL_01109 1211466 1211672 hypothetical protein 

CIX2_ACCOLPAL_01110 CIX2_ACCOLPAL_01110 1212906 1213091 hypothetical protein 

CIX2_ACCOLPAL_01111 CIX2_ACCOLPAL_01111 1213602 1213706 hypothetical protein 

CIX2_ACCOLPAL_01115 CIX2_ACCOLPAL_01115 1214808 1215002 hypothetical protein 

CIX2_ACCOLPAL_01117 CIX2_ACCOLPAL_01117 1216841 1217038 hypothetical protein 

CIX2_ACCOLPAL_01123 CIX2_ACCOLPAL_01123 1222166 1222354 hypothetical protein 

CIX2_ACCOLPAL_01135 rpmG2_1 1234773 1234922 50S ribosomal protein L33 2 

CIX2_ACCOLPAL_01140 CIX2_ACCOLPAL_01140 1238960 1239196 hypothetical protein 

CIX2_ACCOLPAL_01151 CIX2_ACCOLPAL_01151 1253914 1254210 putative protein 

CIX2_ACCOLPAL_01159 msrA1 1267403 1267912 
Peptide methionine sulfoxide 

reductase MsrA 1 

CIX2_ACCOLPAL_01179 nikC 1286941 1287771 
Nickel import system permease 

protein NikC 

CIX2_ACCOLPAL_01181 CIX2_ACCOLPAL_01181 1289054 1289398 hypothetical protein 

CIX2_ACCOLPAL_01185 pstA 1293103 1294020 
Phosphate transport system 

permease protein PstA 

CIX2_ACCOLPAL_01199 cspA_1 1309899 1310099 Cold shock protein CspA 

CIX2_ACCOLPAL_01213 CIX2_ACCOLPAL_01213 1325806 1326006 hypothetical protein 

CIX2_ACCOLPAL_01228 yhhQ 1337430 1338134 Queuosine precursor transporter 

CIX2_ACCOLPAL_01229 CIX2_ACCOLPAL_01229 1338199 1338330 hypothetical protein 

CIX2_ACCOLPAL_01241 CIX2_ACCOLPAL_01241 1383157 1383489 hypothetical protein 

CIX2_ACCOLPAL_01243 CIX2_ACCOLPAL_01243 1385152 1385268 hypothetical protein 

CIX2_ACCOLPAL_01244 gpsB 1385369 1385713 Cell cycle protein GpsB 

CIX2_ACCOLPAL_01249 CIX2_ACCOLPAL_01249 1390545 1390886 hypothetical protein 

CIX2_ACCOLPAL_01265 CIX2_ACCOLPAL_01265 1408208 1408408 hypothetical protein 

CIX2_ACCOLPAL_01281 ribU 1424331 1424876 Riboflavin transporter RibU 

CIX2_ACCOLPAL_01282 CIX2_ACCOLPAL_01282 1425278 1426234 hypothetical protein 

CIX2_ACCOLPAL_01287 CIX2_ACCOLPAL_01287 1430809 1431735 hypothetical protein 

CIX2_ACCOLPAL_01298 CIX2_ACCOLPAL_01298 1440479 1440727 hypothetical protein 

CIX2_ACCOLPAL_01310 CIX2_ACCOLPAL_01310 1454659 1454751 hypothetical protein 

CIX2_ACCOLPAL_01311 CIX2_ACCOLPAL_01311 1454878 1455858 hypothetical protein 

CIX2_ACCOLPAL_01313 CIX2_ACCOLPAL_01313 1456382 1456480 hypothetical protein 

CIX2_ACCOLPAL_01321 xseB 1464948 1465178 
Exodeoxyribonuclease 7 small 

subunit 

CIX2_ACCOLPAL_01324 CIX2_ACCOLPAL_01324 1466974 1467336 putative protein 

CIX2_ACCOLPAL_01337 CIX2_ACCOLPAL_01337 1478847 1479221 hypothetical protein 

CIX2_ACCOLPAL_01338 CIX2_ACCOLPAL_01338 1479262 1479561 hypothetical protein 
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CIX2_ACCOLPAL_01348 rpmG2_2 1486704 1486853 50S ribosomal protein L33 2 

CIX2_ACCOLPAL_01366 dgkA 1505146 1505490 Undecaprenol kinase 

CIX2_ACCOLPAL_01382 rpsT 1522150 1522401 30S ribosomal protein S20 

CIX2_ACCOLPAL_01386 comEA 1526236 1526913 ComE operon protein 1 

CIX2_ACCOLPAL_01394 CIX2_ACCOLPAL_01394 1531396 1531923 hypothetical protein 

CIX2_ACCOLPAL_01396 CIX2_ACCOLPAL_01396 1532943 1533212 hypothetical protein 

CIX2_ACCOLPAL_01397 entA_1 1533414 1533602 Enterotoxin type A 

CIX2_ACCOLPAL_01398 entA_2 1533751 1534224 Enterotoxin type A 

CIX2_ACCOLPAL_01399 CIX2_ACCOLPAL_01399 1534931 1535752 hypothetical protein 

CIX2_ACCOLPAL_01421 CIX2_ACCOLPAL_01421 1558282 1558428 hypothetical protein 

CIX2_ACCOLPAL_01422 CIX2_ACCOLPAL_01422 1558468 1558650 hypothetical protein 

CIX2_ACCOLPAL_01434 yajC 1574954 1575214 
Sec translocon accessory 

complex subunit YajC 

CIX2_ACCOLPAL_01441 rpmA 1581188 1581472 50S ribosomal protein L27 

CIX2_ACCOLPAL_01443 rplU 1581810 1582118 50S ribosomal protein L21 

CIX2_ACCOLPAL_01444 CIX2_ACCOLPAL_01444 1582354 1582884 hypothetical protein 

CIX2_ACCOLPAL_01445 mreC 1582884 1583726 
Cell shape-determining protein 

MreC 

CIX2_ACCOLPAL_01447 CIX2_ACCOLPAL_01447 1585065 1585349 hypothetical protein 

CIX2_ACCOLPAL_01449 comC 1586100 1586807 

Type 4 prepilin-like proteins 

leader peptide-processing 

enzyme 

CIX2_ACCOLPAL_01460 engB 1599815 1600405 
putative GTP-binding protein 

EngB 

CIX2_ACCOLPAL_01465 rplT 1605134 1605490 50S ribosomal protein L20 

CIX2_ACCOLPAL_01484 pfkA 1630454 1631422 
ATP-dependent 6-

phosphofructokinase 

CIX2_ACCOLPAL_01505 glpQ_1 1656156 1656899 
Glycerophosphodiester 

phosphodiesterase 

CIX2_ACCOLPAL_01530 CIX2_ACCOLPAL_01530 1690703 1691017 hypothetical protein 

CIX2_ACCOLPAL_01554 CIX2_ACCOLPAL_01554 1723723 1724037 hypothetical protein 

CIX2_ACCOLPAL_01557 CIX2_ACCOLPAL_01557 1726546 1726770 hypothetical protein 

CIX2_ACCOLPAL_01562 CIX2_ACCOLPAL_01562 1730770 1731072 hypothetical protein 

CIX2_ACCOLPAL_01583 CIX2_ACCOLPAL_01583 1749198 1749290 hypothetical protein 

CIX2_ACCOLPAL_01584 CIX2_ACCOLPAL_01584 1749878 1750378 hypothetical protein 

CIX2_ACCOLPAL_01593 CIX2_ACCOLPAL_01593 1760035 1760253 hypothetical protein 

CIX2_ACCOLPAL_01594 CIX2_ACCOLPAL_01594 1760509 1760982 hypothetical protein 

CIX2_ACCOLPAL_01598 CIX2_ACCOLPAL_01598 1764964 1765062 hypothetical protein 

CIX2_ACCOLPAL_01605 entC2 1771063 1771458 Enterotoxin type C-2 

CIX2_ACCOLPAL_01609 entD_1 1773751 1774515 Enterotoxin type D 

CIX2_ACCOLPAL_01632 CIX2_ACCOLPAL_01632 1792689 1793033 hypothetical protein 

CIX2_ACCOLPAL_01637 rluD_2 1797145 1797966 
Ribosomal large subunit 

pseudouridine synthase D 
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CIX2_ACCOLPAL_01639 CIX2_ACCOLPAL_01639 1800000 1800395 hypothetical protein 

CIX2_ACCOLPAL_01642 trmL 1801878 1802348 
tRNA (cytidine(34)-2'-O)-

methyltransferase 

CIX2_ACCOLPAL_01658 yacL 1822260 1823333 
putative PIN and TRAM-domain 

containing protein YacL 

CIX2_ACCOLPAL_01665 CIX2_ACCOLPAL_01665 1829554 1830123 hypothetical protein 

CIX2_ACCOLPAL_01669 rplA 1831991 1832683 50S ribosomal protein L1 

CIX2_ACCOLPAL_01675 rplGB 1842312 1842566 
Ribosome-associated protein 

L7Ae-like protein 

CIX2_ACCOLPAL_01676 rpsL 1842664 1843077 30S ribosomal protein S12 

CIX2_ACCOLPAL_01712 CIX2_ACCOLPAL_01712 1888272 1888652 hypothetical protein 

CIX2_ACCOLPAL_01713 CIX2_ACCOLPAL_01713 1888785 1889153 hypothetical protein 

CIX2_ACCOLPAL_01729 CIX2_ACCOLPAL_01729 1904094 1904642 hypothetical protein 

CIX2_ACCOLPAL_01745 CIX2_ACCOLPAL_01745 1919674 1920390 hypothetical protein 

CIX2_ACCOLPAL_01750 CIX2_ACCOLPAL_01750 1924286 1924489 hypothetical protein 

CIX2_ACCOLPAL_01753 mrpB 1927616 1928041 Na(+)/H(+) antiporter subunit B 

CIX2_ACCOLPAL_01756 mrpE 1929869 1930351 Na(+)/H(+) antiporter subunit E 

CIX2_ACCOLPAL_01758 CIX2_ACCOLPAL_01758 1930625 1931062 hypothetical protein 

CIX2_ACCOLPAL_01800 oxyR 1976929 1977795 
Hydrogen peroxide-inducible 

genes activator 

CIX2_ACCOLPAL_01837 CIX2_ACCOLPAL_01837 2012128 2012712 hypothetical protein 

CIX2_ACCOLPAL_01844 pxpB_2 2017664 2018374 5-oxoprolinase subunit B 

CIX2_ACCOLPAL_01860 yclN 2040596 2041609 
Petrobactin import system 

permease protein YclN 

CIX2_ACCOLPAL_01866 CIX2_ACCOLPAL_01866 2046156 2046674 hypothetical protein 

CIX2_ACCOLPAL_01873 CIX2_ACCOLPAL_01873 2052590 2053660 hypothetical protein 

CIX2_ACCOLPAL_01875 CIX2_ACCOLPAL_01875 2055198 2055839 hypothetical protein 

CIX2_ACCOLPAL_01878 prs_1 2058288 2058962 
Putative ribose-phosphate 

pyrophosphokinase 

CIX2_ACCOLPAL_01884 CIX2_ACCOLPAL_01884 2066034 2066270 hypothetical protein 

CIX2_ACCOLPAL_01896 clpP_1 2081169 2081756 
ATP-dependent Clp protease 

proteolytic subunit 

CIX2_ACCOLPAL_01906 secG 2093152 2093385 
putative protein-export 

membrane protein SecG 

CIX2_ACCOLPAL_01921 CIX2_ACCOLPAL_01921 2110892 2111110 hypothetical protein 

CIX2_ACCOLPAL_01922 CIX2_ACCOLPAL_01922 2111172 2111456 hypothetical protein 

CIX2_ACCOLPAL_01924 CIX2_ACCOLPAL_01924 2112301 2112489 hypothetical protein 

CIX2_ACCOLPAL_01925 CIX2_ACCOLPAL_01925 2112518 2112778 hypothetical protein 

CIX2_ACCOLPAL_01928 pspB 2113780 2114361 
Putative phosphoserine 

phosphatase 2 

CIX2_ACCOLPAL_01930 CIX2_ACCOLPAL_01930 2115206 2115700 hypothetical protein 

CIX2_ACCOLPAL_01935 mgsR 2118622 2118978 Regulatory protein MgsR 

CIX2_ACCOLPAL_01937 CIX2_ACCOLPAL_01937 2119580 2119693 hypothetical protein 
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CIX2_ACCOLPAL_01940 CIX2_ACCOLPAL_01940 2121752 2122048 hypothetical protein 

CIX2_ACCOLPAL_01944 CIX2_ACCOLPAL_01944 2125204 2125398 hypothetical protein 

CIX2_ACCOLPAL_01952 CIX2_ACCOLPAL_01952 2133566 2133745 hypothetical protein 

CIX2_ACCOLPAL_01957 CIX2_ACCOLPAL_01957 2135913 2136155 hypothetical protein 

CIX2_ACCOLPAL_01990 CIX2_ACCOLPAL_01990 2148566 2148739 hypothetical protein 

CIX2_ACCOLPAL_01998 CIX2_ACCOLPAL_01998 2154291 2154461 hypothetical protein 

CIX2_ACCOLPAL_02007 CIX2_ACCOLPAL_02007 2158529 2158894 hypothetical protein 

CIX2_ACCOLPAL_02024 CIX2_ACCOLPAL_02024 2176970 2177080 hypothetical protein 

CIX2_ACCOLPAL_02041 ilvH 2193880 2194134 
Acetolactate synthase small 

subunit 

CIX2_ACCOLPAL_02059 CIX2_ACCOLPAL_02059 2215055 2215198 hypothetical protein 

CIX2_ACCOLPAL_02061 CIX2_ACCOLPAL_02061 2216000 2216134 hypothetical protein 

CIX2_ACCOLPAL_02065 MroQ 2219987 2220730 
Membrane-embedded CAAX 

protease MroQ 

CIX2_ACCOLPAL_02066 groS 2220905 2221189 10 kDa chaperonin 

CIX2_ACCOLPAL_02076 CIX2_ACCOLPAL_02076 2232286 2232453 hypothetical protein 

CIX2_ACCOLPAL_02078 CIX2_ACCOLPAL_02078 2233047 2233238 hypothetical protein 

CIX2_ACCOLPAL_02079 CIX2_ACCOLPAL_02079 2233226 2234110 hypothetical protein 

CIX2_ACCOLPAL_02085 CIX2_ACCOLPAL_02085 2236322 2236471 hypothetical protein 

CIX2_ACCOLPAL_02088 CIX2_ACCOLPAL_02088 2237560 2237880 hypothetical protein 

CIX2_ACCOLPAL_02091 CIX2_ACCOLPAL_02091 2238405 2238641 hypothetical protein 

CIX2_ACCOLPAL_02098 CIX2_ACCOLPAL_02098 2244666 2244866 hypothetical protein 

CIX2_ACCOLPAL_02100 CIX2_ACCOLPAL_02100 2245727 2245912 hypothetical protein 

CIX2_ACCOLPAL_02104 CIX2_ACCOLPAL_02104 2246777 2247019 hypothetical protein 

CIX2_ACCOLPAL_02105 CIX2_ACCOLPAL_02105 2247012 2247548 hypothetical protein 

CIX2_ACCOLPAL_02106 CIX2_ACCOLPAL_02106 2247585 2247791 hypothetical protein 

CIX2_ACCOLPAL_02111 CIX2_ACCOLPAL_02111 2249270 2249575 hypothetical protein 

CIX2_ACCOLPAL_02131 CIX2_ACCOLPAL_02131 2270417 2270581 hypothetical protein 

CIX2_ACCOLPAL_02133 CIX2_ACCOLPAL_02133 2271465 2271767 hypothetical protein 

CIX2_ACCOLPAL_02137 hlb_2 2276610 2276810 Phospholipase C 

CIX2_ACCOLPAL_02141 CIX2_ACCOLPAL_02141 2281037 2281213 hypothetical protein 

CIX2_ACCOLPAL_02142 ytrA 2281471 2281851 
HTH-type transcriptional 

repressor YtrA 

CIX2_ACCOLPAL_02152 CIX2_ACCOLPAL_02152 2289312 2289485 hypothetical protein 

CIX2_ACCOLPAL_02186 CIX2_ACCOLPAL_02186 2329119 2329532 hypothetical protein 

CIX2_ACCOLPAL_02194 CIX2_ACCOLPAL_02194 2336824 2337099 hypothetical protein 

CIX2_ACCOLPAL_02196 CIX2_ACCOLPAL_02196 2337711 2337917 hypothetical protein 

CIX2_ACCOLPAL_02207 CIX2_ACCOLPAL_02207 2349177 2349560 hypothetical protein 

CIX2_ACCOLPAL_02212 CIX2_ACCOLPAL_02212 2352535 2352855 hypothetical protein 

CIX2_ACCOLPAL_02213 CIX2_ACCOLPAL_02213 2353006 2353290 hypothetical protein 

CIX2_ACCOLPAL_02215 CIX2_ACCOLPAL_02215 2354788 2354949 hypothetical protein 
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CIX2_ACCOLPAL_02239 nadK 2379106 2379915 NAD kinase 
 

CIX2_ACCOLPAL_02262 CIX2_ACCOLPAL_02262 2405471 2405647 hypothetical protein 

CIX2_ACCOLPAL_02263 CIX2_ACCOLPAL_02263 2405662 2406264 hypothetical protein 

CIX2_ACCOLPAL_02265 CIX2_ACCOLPAL_02265 2409574 2409894 hypothetical protein 

CIX2_ACCOLPAL_02267 CIX2_ACCOLPAL_02267 2410620 2410865 hypothetical protein 

CIX2_ACCOLPAL_02270 CIX2_ACCOLPAL_02270 2413126 2413242 hypothetical protein 

CIX2_ACCOLPAL_02309 CIX2_ACCOLPAL_02309 2456627 2456836 hypothetical protein 

CIX2_ACCOLPAL_02310 CIX2_ACCOLPAL_02310 2457000 2457134 hypothetical protein 

CIX2_ACCOLPAL_02316 CIX2_ACCOLPAL_02316 2463152 2463385 hypothetical protein 

CIX2_ACCOLPAL_02322 def 2469398 2469949 Peptide deformylase 

CIX2_ACCOLPAL_02332 ydcV 2479026 2479835 

Inner membrane ABC 

transporter permease protein 

YdcV 

CIX2_ACCOLPAL_02367 CIX2_ACCOLPAL_02367 2514828 2515268 hypothetical protein 

CIX2_ACCOLPAL_02368 fabZ 2515327 2515767 
3-hydroxyacyl-[acyl-carrier-

protein] dehydratase FabZ 

CIX2_ACCOLPAL_02370 CIX2_ACCOLPAL_02370 2517177 2517410 hypothetical protein 

CIX2_ACCOLPAL_02377 atpE 2523515 2523727 ATP synthase subunit c 

CIX2_ACCOLPAL_02379 CIX2_ACCOLPAL_02379 2524519 2524872 hypothetical protein 

CIX2_ACCOLPAL_02400 CIX2_ACCOLPAL_02400 2545399 2546070 hypothetical protein 

CIX2_ACCOLPAL_02403 luxS 2549157 2549627 S-ribosylhomocysteine lyase 

CIX2_ACCOLPAL_02406 deoC2 2551723 2552385 
Deoxyribose-phosphate aldolase 

2 

CIX2_ACCOLPAL_02409 CIX2_ACCOLPAL_02409 2554173 2554586 hypothetical protein 

CIX2_ACCOLPAL_02411 CIX2_ACCOLPAL_02411 2557088 2557318 hypothetical protein 

CIX2_ACCOLPAL_02451 CIX2_ACCOLPAL_02451 2603586 2603771 hypothetical protein 

CIX2_ACCOLPAL_02452 map_5 2604028 2604462 Protein map 
 

CIX2_ACCOLPAL_02454 CIX2_ACCOLPAL_02454 2605266 2606387 hypothetical protein 

CIX2_ACCOLPAL_02461 sufT 2614361 2614669 
Fe-S protein maturation auxiliary 

factor SufT 

CIX2_ACCOLPAL_02464 CIX2_ACCOLPAL_02464 2617147 2617536 hypothetical protein 

CIX2_ACCOLPAL_02487 mnhG1 2645908 2646264 Na(+)/H(+) antiporter subunit G1 

CIX2_ACCOLPAL_02502 CIX2_ACCOLPAL_02502 2660198 2660350 hypothetical protein 

CIX2_ACCOLPAL_02506 CIX2_ACCOLPAL_02506 2663065 2663331 hypothetical protein 

CIX2_ACCOLPAL_02508 CIX2_ACCOLPAL_02508 2664840 2665025 hypothetical protein 

CIX2_ACCOLPAL_02509 CIX2_ACCOLPAL_02509 2665288 2665530 hypothetical protein 

CIX2_ACCOLPAL_02515 CIX2_ACCOLPAL_02515 2669868 2670371 
Putative metallophosphoesterase 

MG207 

CIX2_ACCOLPAL_02522 trxA 2677675 2677989 Thioredoxin 
 

CIX2_ACCOLPAL_02533 isdF 2690935 2691903 
putative heme-iron transport 

system permease protein IsdF 

CIX2_ACCOLPAL_02539 rpmF 2698102 2698275 50S ribosomal protein L32 
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CIX2_ACCOLPAL_02542 coaD 2700240 2700722 
Phosphopantetheine 

adenylyltransferase 

CIX2_ACCOLPAL_02544 CIX2_ACCOLPAL_02544 2701336 2701725 hypothetical protein 

CIX2_ACCOLPAL_02545 CIX2_ACCOLPAL_02545 2701728 2701982 hypothetical protein 

CIX2_ACCOLPAL_02547 CIX2_ACCOLPAL_02547 2703210 2703644 hypothetical protein 

CIX2_ACCOLPAL_02557 CIX2_ACCOLPAL_02557 2716614 2716805 hypothetical protein 

CIX2_ACCOLPAL_02575 veg 2733651 2733914 Protein Veg 
 

CIX2_ACCOLPAL_02613 CIX2_ACCOLPAL_02613 2764906 2765094 hypothetical protein 

CIX2_ACCOLPAL_02673 tgt_2 2801499 2801966 Queuine tRNA-ribosyltransferase 

CIX2_ACCOLPAL_02674 CIX2_ACCOLPAL_02674 2802332 2802796 hypothetical protein 
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Appendix 8.2  
TraDIS statistics output of all genes in the S. aureus CIX2 genome following incubation with PBLs. 

locus_tag gene_name function logCPM PValue logFC 

CIX2_ACCOLPAL_01215 murG 

UDP-N-acetylglucosamine--N-acetylmuramyl-

(pentape ptide) pyrophosphoryl-undecaprenol N-

acetylglucosamine transferase 

9.311882 0.003961 -5.14787 

CIX2_ACCOLPAL_01220 msrB Peptide methionine sulfoxide reductase MsrB 9.191824 0.012761 -4.83608 

CIX2_ACCOLPAL_01442 CIX2_ACCOLPAL_01442 hypothetical protein 9.191824 0.012607 -4.83608 

CIX2_ACCOLPAL_01954 CIX2_ACCOLPAL_01954 hypothetical protein 9.191824 0.012591 -4.83608 

CIX2_ACCOLPAL_00111 efeM putative iron uptake system component EfeM 9.126487 0.036818 -4.65063 

CIX2_ACCOLPAL_01699 yojF putative protein YojF 9.126487 0.03671 -4.65063 

CIX2_ACCOLPAL_01807 CIX2_ACCOLPAL_01807 Acetyltransferase 9.126487 0.036801 -4.65063 

CIX2_ACCOLPAL_02084 CIX2_ACCOLPAL_02084 hypothetical protein 9.126487 0.036887 -4.65063 

CIX2_ACCOLPAL_00159 essG_6 Type VII secretion system protein EsaG 9.057014 0.036479 -4.43778 

CIX2_ACCOLPAL_01147 mscL Large-conductance mechanosensitive channel 9.057014 0.03692 -4.43778 

CIX2_ACCOLPAL_01762 mntB_2 
Manganese transport system ATP-binding protein 

MntB 
9.057014 0.036956 -4.43778 

CIX2_ACCOLPAL_01809 CIX2_ACCOLPAL_01809 hypothetical protein 9.057014 0.036922 -4.43778 

CIX2_ACCOLPAL_02219 yfhH putative protein YfhH 9.057014 0.03681 -4.43778 

CIX2_ACCOLPAL_02416 CIX2_ACCOLPAL_02416 hypothetical protein 9.057014 0.036909 -4.43778 

CIX2_ACCOLPAL_02525 CIX2_ACCOLPAL_02525 hypothetical protein 9.057014 0.037078 -4.43778 

CIX2_ACCOLPAL_00078 CIX2_ACCOLPAL_00078 hypothetical protein 8.982844 0.11172 -4.18799 

CIX2_ACCOLPAL_00244 CIX2_ACCOLPAL_00244 hypothetical protein 8.982844 0.111919 -4.18799 

CIX2_ACCOLPAL_00354 CIX2_ACCOLPAL_00354 putative lipoprotein 8.982844 0.112118 -4.18799 

CIX2_ACCOLPAL_00796 CIX2_ACCOLPAL_00796 IS30 family transposase ISSau5 8.982844 0.112316 -4.18799 

CIX2_ACCOLPAL_00797 CIX2_ACCOLPAL_00797 IS30 family transposase ISSau5 8.982844 0.112096 -4.18799 

CIX2_ACCOLPAL_00914 CIX2_ACCOLPAL_00914 hypothetical protein 8.982844 0.111971 -4.18799 

CIX2_ACCOLPAL_01128 nadX L-aspartate dehydrogenase 8.982844 0.111846 -4.18799 

CIX2_ACCOLPAL_01290 rluB Ribosomal large subunit pseudouridine synthase B 8.982844 0.111722 -4.18799 
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CIX2_ACCOLPAL_01607 CIX2_ACCOLPAL_01607 hypothetical protein 8.982844 0.111599 -4.18799 

CIX2_ACCOLPAL_01726 CIX2_ACCOLPAL_01726 hypothetical protein 8.982844 0.111476 -4.18799 

CIX2_ACCOLPAL_01912 CIX2_ACCOLPAL_01912 hypothetical protein 8.982844 0.111674 -4.18799 

CIX2_ACCOLPAL_01932 aroD 3-dehydroquinate dehydratase 8.982844 0.111872 -4.18799 

CIX2_ACCOLPAL_02150 CIX2_ACCOLPAL_02150 hypothetical protein 8.982844 0.11207 -4.18799 

CIX2_ACCOLPAL_02308 ykoE Putative HMP/thiamine permease protein YkoE 8.982844 0.111887 -4.18799 

CIX2_ACCOLPAL_02488 CIX2_ACCOLPAL_02488 hypothetical protein 8.982844 0.111778 -4.18799 

CIX2_ACCOLPAL_01970 CIX2_ACCOLPAL_01970 hypothetical protein 10.22854 3.40E-05 -3.94589 

CIX2_ACCOLPAL_00084 CIX2_ACCOLPAL_00084 hypothetical protein 8.903298 0.122552 -3.88572 

CIX2_ACCOLPAL_00411 CIX2_ACCOLPAL_00411 hypothetical protein 8.903298 0.121972 -3.88572 

CIX2_ACCOLPAL_00441 icaR 
Biofilm operon icaADBC HTH-type negative 

transcriptional regulator IcaR 
8.903298 0.121929 -3.88572 

CIX2_ACCOLPAL_00516 queH Epoxyqueuosine reductase QueH 8.903298 0.121886 -3.88572 

CIX2_ACCOLPAL_00807 CIX2_ACCOLPAL_00807 hypothetical protein 8.903298 0.121891 -3.88572 

CIX2_ACCOLPAL_00824 CIX2_ACCOLPAL_00824 hypothetical protein 8.903298 0.121873 -3.88572 

CIX2_ACCOLPAL_00838 ureA Urease subunit gamma 8.903298 0.121339 -3.88572 

CIX2_ACCOLPAL_00949 CIX2_ACCOLPAL_00949 hypothetical protein 8.903298 0.120812 -3.88572 

CIX2_ACCOLPAL_01013 def1 Peptide deformylase 1 8.903298 0.120802 -3.88572 

CIX2_ACCOLPAL_01207 CIX2_ACCOLPAL_01207 hypothetical protein 8.903298 0.120301 -3.88572 

CIX2_ACCOLPAL_01330 CIX2_ACCOLPAL_01330 hypothetical protein 8.903298 0.119807 -3.88572 

CIX2_ACCOLPAL_01365 cdd Cytidine deaminase 8.903298 0.11932 -3.88572 

CIX2_ACCOLPAL_01375 prmA Ribosomal protein L11 methyltransferase 8.903298 0.118838 -3.88572 

CIX2_ACCOLPAL_01732 ywqN 
Putative NAD(P)H-dependent FMN-containing 

oxidoreductase YwqN 
8.903298 0.118897 -3.88572 

CIX2_ACCOLPAL_01814 mgrA HTH-type transcriptional regulator MgrA 8.903298 0.118994 -3.88572 

CIX2_ACCOLPAL_02117 CIX2_ACCOLPAL_02117 hypothetical protein 8.903298 0.119091 -3.88572 

CIX2_ACCOLPAL_02303 purN Phosphoribosylglycinamide formyltransferase 8.903298 0.119187 -3.88572 

CIX2_ACCOLPAL_02378 atpB ATP synthase subunit a 8.903298 0.119297 -3.88572 
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CIX2_ACCOLPAL_02470 ydjZ 
TVP38/TMEM64 family inner membrane protein 

YdjZ 
8.903298 0.119406 -3.88572 

CIX2_ACCOLPAL_02483 mnhC1 Na(+)/H(+) antiporter subunit C1 8.903298 0.119406 -3.88572 

CIX2_ACCOLPAL_02532 srtB Sortase B  8.903298 0.119406 -3.88572 

CIX2_ACCOLPAL_02551 ctaA Heme A synthase 8.903298 0.119406 -3.88572 

CIX2_ACCOLPAL_02476 rocD2_2 Ornithine aminotransferase 2 9.68178 0.004145 -3.82117 

CIX2_ACCOLPAL_02003 CIX2_ACCOLPAL_02003 hypothetical protein 9.687996 0.004489 -3.80271 

CIX2_ACCOLPAL_00032 CIX2_ACCOLPAL_00032 hypothetical protein 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_00164 esxC Type VII secretion system extracellular protein C 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_00167 esaB Type VII secretion system accessory factor EsaB 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_00284 CIX2_ACCOLPAL_00284 hypothetical protein 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_00486 CIX2_ACCOLPAL_00486 hypothetical protein 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_00613 CIX2_ACCOLPAL_00613 hypothetical protein 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_00630 CIX2_ACCOLPAL_00630 hypothetical protein 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_00854 moaE Molybdopterin synthase catalytic subunit 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_00898 infA Translation initiation factor IF-1 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_00987 sepF Cell division protein SepF 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_01198 CIX2_ACCOLPAL_01198 hypothetical protein 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_01223 folA Dihydrofolate reductase 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_01283 CIX2_ACCOLPAL_01283 hypothetical protein 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_01306 CIX2_ACCOLPAL_01306 hypothetical protein 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_01503 msrC Free methionine-R-sulfoxide reductase 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_01707 CIX2_ACCOLPAL_01707 hypothetical protein 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_01737 ywiB putative beta-barrel protein YwiB 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_01784 CIX2_ACCOLPAL_01784 hypothetical protein 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_01905 CIX2_ACCOLPAL_01905 hypothetical protein 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_02116 CIX2_ACCOLPAL_02116 hypothetical protein 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_02121 CIX2_ACCOLPAL_02121 hypothetical protein 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_02135 CIX2_ACCOLPAL_02135 hypothetical protein 8.817536 0.4 -3.50286 
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CIX2_ACCOLPAL_02202 CIX2_ACCOLPAL_02202 hypothetical protein 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_02266 CIX2_ACCOLPAL_02266 putative ABC transporter ATP-binding protein 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_02331 potB 
Spermidine/putrescine transport system permease 

protein PotB 
8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_02462 yitU_2 
5-amino-6-(5-phospho-D-ribitylamino)uracil 

phosphatase YitU 
8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_02468 spsB_1 Signal peptidase IB 8.817536 0.4 -3.50286 

CIX2_ACCOLPAL_00749 tcaA Membrane-associated protein TcaA 9.50297 0.011806 -3.41656 

CIX2_ACCOLPAL_01649 gabR HTH-type transcriptional regulatory protein GabR 9.506074 0.029505 -3.40497 

CIX2_ACCOLPAL_02140 hisC_3 Histidinol-phosphate aminotransferase 9.401258 0.032023 -3.16103 

CIX2_ACCOLPAL_01585 CIX2_ACCOLPAL_01585 hypothetical protein 9.40143 0.032087 -3.16036 

CIX2_ACCOLPAL_01813 CIX2_ACCOLPAL_01813 
Putative multidrug export ATP-binding/permease 

protein 
9.407853 0.074245 -3.13377 

CIX2_ACCOLPAL_01619 hemY Protoporphyrinogen oxidase 9.790609 0.012933 -3.10762 

CIX2_ACCOLPAL_02395 CIX2_ACCOLPAL_02395 hypothetical protein 9.346607 0.033131 -3.01397 

CIX2_ACCOLPAL_00346 eamA putative amino-acid metabolite efflux pump 9.346607 0.033043 -3.01394 

CIX2_ACCOLPAL_01622 traP Signal transduction protein TRAP 9.34678 0.033519 -3.01338 

CIX2_ACCOLPAL_01991 CIX2_ACCOLPAL_01991 hypothetical protein 9.34678 0.033492 -3.01337 

CIX2_ACCOLPAL_02537 isdA Iron-regulated surface determinant protein A 9.349821 0.074365 -3.00056 

CIX2_ACCOLPAL_00107 tatAy Sec-independent protein translocase protein TatAy 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_00157 CIX2_ACCOLPAL_00157 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_00250 CIX2_ACCOLPAL_00250 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_00445 CIX2_ACCOLPAL_00445 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_00478 slyA_2 Transcriptional regulator SlyA 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_00542 CIX2_ACCOLPAL_00542 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_00587 yjdJ putative protein YjdJ 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_00609 sarT HTH-type transcriptional regulator SarT 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_00619 CIX2_ACCOLPAL_00619 putative lipoprotein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_00626 CIX2_ACCOLPAL_00626 hypothetical protein 8.724513 0.4 -2.98016 
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CIX2_ACCOLPAL_00633 ahpD Alkyl hydroperoxide reductase AhpD 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_00748 tcaR HTH-type transcriptional regulator TcaR 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_00819 CIX2_ACCOLPAL_00819 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_00843 bioY Biotin transporter BioY 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_00874 CIX2_ACCOLPAL_00874 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01023 CIX2_ACCOLPAL_01023 putative protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01066 rplGA putative ribosomal protein YlxQ 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01120 CIX2_ACCOLPAL_01120 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01141 CIX2_ACCOLPAL_01141 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01143 CIX2_ACCOLPAL_01143 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01169 trpF N-(5'-phosphoribosyl)anthranilate isomerase 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01176 CIX2_ACCOLPAL_01176 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01276 CIX2_ACCOLPAL_01276 Glucosaminate ammonia-lyase 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01291 scpB Segregation and condensation protein B 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01563 crcB_1 Putative fluoride ion transporter CrcB 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01587 splF Serine protease SplF 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01589 splC Serine protease SplC 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01590 splB Serine protease SplB 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01603 entG_1 Enterotoxin type G 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01646 CIX2_ACCOLPAL_01646 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01666 secE Protein translocase subunit SecE 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01715 CIX2_ACCOLPAL_01715 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01746 pip Proline iminopeptidase 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01749 CIX2_ACCOLPAL_01749 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01765 tarA 
N-acetylglucosaminyldiphosphoundecaprenol N-

acetyl-beta-D-mannosaminyltransferase 
8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01857 nrdI Protein NrdI 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01920 cspA_2 Cold shock protein CspA 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_01979 CIX2_ACCOLPAL_01979 hypothetical protein 8.724513 0.4 -2.98016 
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CIX2_ACCOLPAL_02123 CIX2_ACCOLPAL_02123 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_02127 CIX2_ACCOLPAL_02127 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_02203 CIX2_ACCOLPAL_02203 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_02282 CIX2_ACCOLPAL_02282 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_02355 CIX2_ACCOLPAL_02355 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_02357 CIX2_ACCOLPAL_02357 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_02414 czrA HTH-type transcriptional repressor CzrA 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_02469 spsB_2 Signal peptidase IB 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_02480 kapB Kinase-associated lipoprotein B 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_02549 CIX2_ACCOLPAL_02549 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_02554 CIX2_ACCOLPAL_02554 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_02569 CIX2_ACCOLPAL_02569 hypothetical protein 8.724513 0.4 -2.98016 

CIX2_ACCOLPAL_00400 noc Nucleoid occlusion protein 9.289065 0.037203 -2.85121 

CIX2_ACCOLPAL_00671 CIX2_ACCOLPAL_00671 hypothetical protein 9.289241 0.037821 -2.85057 

CIX2_ACCOLPAL_01406 pxpB_1 5-oxoprolinase subunit B 9.289241 0.037466 -2.85045 

CIX2_ACCOLPAL_00575 CIX2_ACCOLPAL_00575 hypothetical protein 9.289241 0.037458 -2.85045 

CIX2_ACCOLPAL_01823 tetA Tetracycline resistance protein, class B 9.289241 0.03711 -2.85033 

CIX2_ACCOLPAL_02578 yabJ 2-iminobutanoate/2-iminopropanoate deaminase 9.292319 0.037503 -2.83572 

CIX2_ACCOLPAL_02447 oppB 
Oligopeptide transport system permease protein 

OppB 
9.292319 0.037537 -2.83571 

CIX2_ACCOLPAL_00737 CIX2_ACCOLPAL_00737 putative lipoprotein 9.673524 0.018335 -2.82176 

CIX2_ACCOLPAL_00600 CIX2_ACCOLPAL_00600 hypothetical protein 9.29581 0.178494 -2.81796 

CIX2_ACCOLPAL_01389 CIX2_ACCOLPAL_01389 hypothetical protein 9.29581 0.178572 -2.81793 

CIX2_ACCOLPAL_01763 mntR HTH-type transcriptional regulator MntR 9.29581 0.178629 -2.8179 

CIX2_ACCOLPAL_01956 prtR HTH-type transcriptional regulator PrtR 9.965229 0.002652 -2.81109 

CIX2_ACCOLPAL_00608 sarU HTH-type transcriptional regulator SarU 9.633767 0.019842 -2.70919 

CIX2_ACCOLPAL_00594 bcrA_1 Bacitracin transport ATP-binding protein BcrA 9.640003 0.038413 -2.67458 

CIX2_ACCOLPAL_00694 tcyB L-cystine transport system permease protein TcyB 9.228305 0.098504 -2.66754 

CIX2_ACCOLPAL_01561 tal Transaldolase 9.228305 0.098374 -2.66751 
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CIX2_ACCOLPAL_01827 lacC_2 Tagatose-6-phosphate kinase 9.228305 0.098351 -2.6675 

CIX2_ACCOLPAL_00255 CIX2_ACCOLPAL_00255 hypothetical protein 9.228483 0.098711 -2.6666 

CIX2_ACCOLPAL_00620 CIX2_ACCOLPAL_00620 putative protein 9.228483 0.098355 -2.66652 

CIX2_ACCOLPAL_02198 CIX2_ACCOLPAL_02198 hypothetical protein 9.228483 0.098 -2.66643 

CIX2_ACCOLPAL_02460 oatA_2 O-acetyltransferase OatA 9.228483 0.097895 -2.6664 

CIX2_ACCOLPAL_00344 CIX2_ACCOLPAL_00344 hypothetical protein 9.231602 0.100083 -2.64933 

CIX2_ACCOLPAL_01664 yacP putative protein YacP 9.231602 0.100334 -2.6493 

CIX2_ACCOLPAL_02399 coaW Type II pantothenate kinase 9.231602 0.100461 -2.64928 

CIX2_ACCOLPAL_01986 CIX2_ACCOLPAL_01986 hypothetical protein 9.231602 0.100575 -2.64927 

CIX2_ACCOLPAL_01843 CIX2_ACCOLPAL_01843 hypothetical protein 9.235131 0.190102 -2.62789 

CIX2_ACCOLPAL_02595 folP Dihydropteroate synthase 9.582492 0.044089 -2.61201 

CIX2_ACCOLPAL_00407 bceA_1 Bacitracin export ATP-binding protein BceA 9.585419 0.044534 -2.60484 

CIX2_ACCOLPAL_02576 ispE 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase 9.819392 0.017702 -2.50953 

CIX2_ACCOLPAL_02151 CIX2_ACCOLPAL_02151 hypothetical protein 9.535827 0.070275 -2.4977 

CIX2_ACCOLPAL_02307 ykoD_2 
Putative HMP/thiamine import ATP-binding protein 

YkoD 
9.542003 0.047114 -2.47393 

CIX2_ACCOLPAL_00952 CIX2_ACCOLPAL_00952 hypothetical protein 9.163942 0.102693 -2.4558 

CIX2_ACCOLPAL_00595 CIX2_ACCOLPAL_00595 hypothetical protein 9.163942 0.102604 -2.45578 

CIX2_ACCOLPAL_00882 rpsC 30S ribosomal protein S3 9.163942 0.102509 -2.45576 

CIX2_ACCOLPAL_01801 setC Sugar efflux transporter C 9.164123 0.102978 -2.4548 

CIX2_ACCOLPAL_01417 yrrB TPR repeat-containing protein YrrB 9.164123 0.102794 -2.45476 

CIX2_ACCOLPAL_00016 nudC NADH pyrophosphatase 9.164123 0.102649 -2.45472 

CIX2_ACCOLPAL_01245 CIX2_ACCOLPAL_01245 hypothetical protein 9.164123 0.102445 -2.45467 

CIX2_ACCOLPAL_00801 CIX2_ACCOLPAL_00801 hypothetical protein 10.01837 0.007569 -2.45156 

CIX2_ACCOLPAL_02504 yutF Acid sugar phosphatase 9.167285 0.105351 -2.43585 

CIX2_ACCOLPAL_01623 CIX2_ACCOLPAL_01623 hypothetical protein 9.167285 0.105583 -2.43582 

CIX2_ACCOLPAL_00003 CIX2_ACCOLPAL_00003 Nucleoid-associated protein 9.167285 0.105815 -2.43579 

CIX2_ACCOLPAL_02193 CIX2_ACCOLPAL_02193 hypothetical protein 9.78138 0.018785 -2.41894 

CIX2_ACCOLPAL_00815 CIX2_ACCOLPAL_00815 hypothetical protein 9.170854 0.197429 -2.41204 
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CIX2_ACCOLPAL_00361 CIX2_ACCOLPAL_00361 hypothetical protein 9.170854 0.197546 -2.41199 

CIX2_ACCOLPAL_00080 cobC Adenosylcobalamin/alpha-ribazole phosphatase 9.170854 0.197663 -2.41194 

CIX2_ACCOLPAL_01771 CIX2_ACCOLPAL_01771 hypothetical protein 9.486706 0.108672 -2.35755 

CIX2_ACCOLPAL_01743 CIX2_ACCOLPAL_01743 putative protein 9.486706 0.108643 -2.35754 

CIX2_ACCOLPAL_02401 CIX2_ACCOLPAL_02401 hypothetical protein 9.486706 0.108541 -2.35751 

CIX2_ACCOLPAL_01333 gcvPB 
putative glycine dehydrogenase (decarboxylating) 

subunit 2 
9.489871 0.109426 -2.34862 

CIX2_ACCOLPAL_00340 sarS HTH-type transcriptional regulator SarS 9.489871 0.109132 -2.3486 

CIX2_ACCOLPAL_02410 CIX2_ACCOLPAL_02410 hypothetical protein 9.493289 0.111224 -2.3389 

CIX2_ACCOLPAL_00383 metXA Homoserine O-acetyltransferase 9.499723 0.157426 -2.29403 

CIX2_ACCOLPAL_01951 xerC_2 Tyrosine recombinase XerC 10.30364 0.006393 -2.25886 

CIX2_ACCOLPAL_02004 CIX2_ACCOLPAL_02004 hypothetical protein 9.435255 0.09065 -2.2218 

CIX2_ACCOLPAL_01981 CIX2_ACCOLPAL_01981 hypothetical protein 9.701261 0.039359 -2.21672 

CIX2_ACCOLPAL_01369 CIX2_ACCOLPAL_01369 hypothetical protein 9.095518 0.255819 -2.20663 

CIX2_ACCOLPAL_00574 CIX2_ACCOLPAL_00574 hypothetical protein 9.095518 0.255805 -2.20663 

CIX2_ACCOLPAL_01404 accB_2 
Biotin carboxyl carrier protein of acetyl-CoA 

carboxylase 
9.095518 0.255785 -2.20662 

CIX2_ACCOLPAL_01119 lnrL_3 Linearmycin resistance ATP-binding protein LnrL 9.095518 0.25574 -2.20661 

CIX2_ACCOLPAL_00188 lrgB Antiholin-like protein LrgB 9.095518 0.255732 -2.20661 

CIX2_ACCOLPAL_00968 CIX2_ACCOLPAL_00968 hypothetical protein 9.095518 0.25566 -2.20659 

CIX2_ACCOLPAL_01785 wecD dTDP-fucosamine acetyltransferase 9.095518 0.255548 -2.20655 

CIX2_ACCOLPAL_02583 pth Peptidyl-tRNA hydrolase 9.095518 0.25549 -2.20653 

CIX2_ACCOLPAL_02136 arcB_2 Delta(1)-pyrroline-2-carboxylate reductase 9.095518 0.255314 -2.20648 

CIX2_ACCOLPAL_02609 CIX2_ACCOLPAL_02609 hypothetical protein 9.095518 0.255234 -2.20645 

CIX2_ACCOLPAL_01126 CIX2_ACCOLPAL_01126 hypothetical protein 9.095702 0.255478 -2.20541 

CIX2_ACCOLPAL_01385 tadA_1 tRNA-specific adenosine deaminase 9.095702 0.255345 -2.20538 

CIX2_ACCOLPAL_01835 CIX2_ACCOLPAL_01835 hypothetical protein 9.095702 0.255212 -2.20534 

CIX2_ACCOLPAL_00700 yoeB Toxin YoeB 9.095702 0.25515 -2.20532 

CIX2_ACCOLPAL_00850 moaB Molybdenum cofactor biosynthesis protein B 9.438632 0.108361 -2.20106 
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CIX2_ACCOLPAL_00548 ldhD_1 D-lactate dehydrogenase 9.710517 0.027492 -2.19516 

CIX2_ACCOLPAL_02134 CIX2_ACCOLPAL_02134 putative autolysin PH 9.441667 0.156175 -2.18683 

CIX2_ACCOLPAL_01227 CIX2_ACCOLPAL_01227 hypothetical protein 9.098909 0.258226 -2.18577 

CIX2_ACCOLPAL_00045 CIX2_ACCOLPAL_00045 hypothetical protein 9.098909 0.258306 -2.18576 

CIX2_ACCOLPAL_00839 CIX2_ACCOLPAL_00839 Urea transporter 9.098909 0.25835 -2.18575 

CIX2_ACCOLPAL_00302 ywqE_1 Tyrosine-protein phosphatase YwqE 9.098909 0.258474 -2.18574 

CIX2_ACCOLPAL_02238 yjbM GTP pyrophosphokinase YjbM 9.102521 0.411567 -2.16058 

CIX2_ACCOLPAL_00043 lpl2_5 putative lipoprotein 9.102521 0.411635 -2.16053 

CIX2_ACCOLPAL_00105 CIX2_ACCOLPAL_00105 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00152 essG_2 Type VII secretion system protein EsaG 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00168 CIX2_ACCOLPAL_00168 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00182 rbsD D-ribose pyranase 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00206 gatB_1 PTS system galactitol-specific EIIB component 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00258 CIX2_ACCOLPAL_00258 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00395 rpmH 50S ribosomal protein L34 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00497 CIX2_ACCOLPAL_00497 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00498 isdG_1 Heme oxygenase (staphylobilin-producing) 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00502 CIX2_ACCOLPAL_00502 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00533 CIX2_ACCOLPAL_00533 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00627 CIX2_ACCOLPAL_00627 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00690 CIX2_ACCOLPAL_00690 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00699 yefM Antitoxin YefM 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00708 nasE 
Assimilatory nitrite reductase [NAD(P)H] small 

subunit 
8.622896 1 -2.1523 

CIX2_ACCOLPAL_00742 CIX2_ACCOLPAL_00742 putative HTH-type transcriptional regulator 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00785 CIX2_ACCOLPAL_00785 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00787 CIX2_ACCOLPAL_00787 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00804 CIX2_ACCOLPAL_00804 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00806 CIX2_ACCOLPAL_00806 hypothetical protein 8.622896 1 -2.1523 
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CIX2_ACCOLPAL_00830 CIX2_ACCOLPAL_00830 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00960 CIX2_ACCOLPAL_00960 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00967 CIX2_ACCOLPAL_00967 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01003 pyrE Orotate phosphoribosyltransferase 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01008 rpoZ DNA-directed RNA polymerase subunit omega 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01065 CIX2_ACCOLPAL_01065 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01081 pgsA 
CDP-diacylglycerol--glycerol-3-phosphate 3-

phosphatidyltransferase 
8.622896 1 -2.1523 

CIX2_ACCOLPAL_01089 CIX2_ACCOLPAL_01089 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01112 CIX2_ACCOLPAL_01112 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01114 CIX2_ACCOLPAL_01114 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01150 CIX2_ACCOLPAL_01150 1,4-dihydroxy-2-naphthoyl-CoA hydrolase 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01212 arlR Response regulator ArlR 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01246 CIX2_ACCOLPAL_01246 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01266 ndk Nucleoside diphosphate kinase 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01340 comGC ComG operon protein 3 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01374 rsmE Ribosomal RNA small subunit methyltransferase E 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01391 CIX2_ACCOLPAL_01391 RNA-binding protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01446 CIX2_ACCOLPAL_01446 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01482 cycA_2 D-serine/D-alanine/glycine transporter 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01491 CIX2_ACCOLPAL_01491 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01514 mrcA Penicillin-binding protein 1A 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01541 CIX2_ACCOLPAL_01541 Sulfurtransferase 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01560 CIX2_ACCOLPAL_01560 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01576 CIX2_ACCOLPAL_01576 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01601 CIX2_ACCOLPAL_01601 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01606 entB Enterotoxin type B 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01709 CIX2_ACCOLPAL_01709 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01735 CIX2_ACCOLPAL_01735 hypothetical protein 8.622896 1 -2.1523 
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CIX2_ACCOLPAL_01744 CIX2_ACCOLPAL_01744 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01754 mrpC Na(+)/H(+) antiporter subunit C 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01839 queD 6-carboxy-5,6,7,8-tetrahydropterin synthase 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01889 dapH_3 
2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-

acetyltransferase 
8.622896 1 -2.1523 

CIX2_ACCOLPAL_01926 CIX2_ACCOLPAL_01926 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_01934 ydbP Thioredoxin-like protein YdbP 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02015 CIX2_ACCOLPAL_02015 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02025 CIX2_ACCOLPAL_02025 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02026 CIX2_ACCOLPAL_02026 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02060 agrB Accessory gene regulator protein B 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02074 CIX2_ACCOLPAL_02074 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02087 CIX2_ACCOLPAL_02087 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02166 CIX2_ACCOLPAL_02166 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02201 CIX2_ACCOLPAL_02201 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02208 CIX2_ACCOLPAL_02208 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02228 bcp Putative peroxiredoxin bcp 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02230 perR Peroxide-responsive repressor PerR 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02234 CIX2_ACCOLPAL_02234 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02260 CIX2_ACCOLPAL_02260 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02272 CIX2_ACCOLPAL_02272 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02298 purS 
Phosphoribosylformylglycinamidine synthase 

subunit PurS 
8.622896 1 -2.1523 

CIX2_ACCOLPAL_02356 CIX2_ACCOLPAL_02356 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02478 yugI General stress protein 13 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02507 CIX2_ACCOLPAL_02507 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02510 scn_2 Staphylococcal complement inhibitor 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02513 flr FPRL1 inhibitory protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02516 CIX2_ACCOLPAL_02516 dITP/XTP pyrophosphatase 8.622896 1 -2.1523 
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CIX2_ACCOLPAL_02520 sdhC 
Succinate dehydrogenase cytochrome b558 

subunit 
8.622896 1 -2.1523 

CIX2_ACCOLPAL_02543 rsmD Ribosomal RNA small subunit methyltransferase D 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02567 yabA Initiation-control protein YabA 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02589 pnp_2 Polyribonucleotide nucleotidyltransferase 8.622896 1 -2.1523 

CIX2_ACCOLPAL_02614 CIX2_ACCOLPAL_02614 hypothetical protein 8.622896 1 -2.1523 

CIX2_ACCOLPAL_00944 orr Ornithine racemase 9.884683 0.029421 -2.13461 

CIX2_ACCOLPAL_02205 CIX2_ACCOLPAL_02205 hypothetical protein 9.658434 0.12765 -2.12035 

CIX2_ACCOLPAL_00622 CIX2_ACCOLPAL_00622 hypothetical protein 9.903062 0.067806 -2.07921 

CIX2_ACCOLPAL_02473 argH Argininosuccinate lyase 10.0563 0.055957 -2.05459 

CIX2_ACCOLPAL_01457 hemC Porphobilinogen deaminase 9.381589 0.243317 -2.04574 

CIX2_ACCOLPAL_01685 ilvE 
putative branched-chain-amino-acid 

aminotransferase 
9.381589 0.243182 -2.0457 

CIX2_ACCOLPAL_02418 ylmA putative ABC transporter ATP-binding protein YlmA 9.384658 0.245495 -2.03744 

CIX2_ACCOLPAL_01853 CIX2_ACCOLPAL_01853 Putative lipid kinase 9.384658 0.245185 -2.03742 

CIX2_ACCOLPAL_00056 ssl3 Staphylococcal superantigen-like 3 9.384834 0.245595 -2.03693 

CIX2_ACCOLPAL_00856 mobA putative molybdenum cofactor guanylyltransferase 9.854405 0.062395 -2.02942 

CIX2_ACCOLPAL_01053 codY 
GTP-sensing transcriptional pleiotropic repressor 

CodY 
9.388148 0.247529 -2.02742 

CIX2_ACCOLPAL_01876 CIX2_ACCOLPAL_01876 DegV domain-containing protein 9.388324 0.247507 -2.02688 

CIX2_ACCOLPAL_02255 ktrB_2 Ktr system potassium uptake protein B 9.388324 0.247763 -2.02684 

CIX2_ACCOLPAL_02147 CIX2_ACCOLPAL_02147 hypothetical protein 9.387907 0.295058 -2.02157 

CIX2_ACCOLPAL_01504 rpsD 30S ribosomal protein S4 9.391403 0.2494 -2.01685 

CIX2_ACCOLPAL_01486 accD 
Acetyl-coenzyme A carboxylase carboxyl 

transferase subunit beta 
9.391403 0.249597 -2.01678 

CIX2_ACCOLPAL_01887 hprK HPr kinase/phosphorylase 9.620588 0.088569 -1.96531 

CIX2_ACCOLPAL_00365 glpE Thiosulfate sulfurtransferase GlpE 9.816825 0.049534 -1.9307 

CIX2_ACCOLPAL_02417 ywpJ Phosphatase YwpJ 9.817103 0.047732 -1.9303 

CIX2_ACCOLPAL_01993 CIX2_ACCOLPAL_01993 hypothetical protein 10.42146 0.031165 -1.92427 

CIX2_ACCOLPAL_00680 bioB_1 Biotin synthase 9.826252 0.078722 -1.9126 
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CIX2_ACCOLPAL_00209 rihA Pyrimidine-specific ribonucleoside hydrolase RihA 9.989464 0.074205 -1.90569 

CIX2_ACCOLPAL_01689 tadA_2 tRNA-specific adenosine deaminase 9.022483 0.258837 -1.90531 

CIX2_ACCOLPAL_01794 CIX2_ACCOLPAL_01794 hypothetical protein 9.022483 0.258818 -1.9053 

CIX2_ACCOLPAL_02157 rutB 
Peroxyureidoacrylate/ureidoacrylate 

amidohydrolase RutB 
9.022483 0.258773 -1.90529 

CIX2_ACCOLPAL_02189 CIX2_ACCOLPAL_02189 hypothetical protein 9.022483 0.258372 -1.90516 

CIX2_ACCOLPAL_01202 CIX2_ACCOLPAL_01202 hypothetical protein 9.022483 0.25835 -1.90516 

CIX2_ACCOLPAL_00534 CIX2_ACCOLPAL_00534 hypothetical protein 9.022483 0.257972 -1.90504 

CIX2_ACCOLPAL_02237 CIX2_ACCOLPAL_02237 hypothetical protein 9.022483 0.257972 -1.90504 

CIX2_ACCOLPAL_00564 CIX2_ACCOLPAL_00564 hypothetical protein 9.022483 0.257942 -1.90503 

CIX2_ACCOLPAL_00591 CIX2_ACCOLPAL_00591 hypothetical protein 9.022483 0.257914 -1.90502 

CIX2_ACCOLPAL_00950 ydjM Inner membrane protein YdjM 9.022483 0.257887 -1.90501 

CIX2_ACCOLPAL_00998 pyrB Aspartate carbamoyltransferase 9.022483 0.257859 -1.905 

CIX2_ACCOLPAL_02527 rnhC Ribonuclease HIII 9.022483 0.257573 -1.90491 

CIX2_ACCOLPAL_00083 CIX2_ACCOLPAL_00083 hypothetical protein 9.02267 0.257398 -1.9037 

CIX2_ACCOLPAL_00945 yfmC_1 Fe(3+)-citrate-binding protein YfmC 9.02267 0.257002 -1.90358 

CIX2_ACCOLPAL_01017 stp Serine/threonine phosphatase stp 9.02267 0.256608 -1.90347 

CIX2_ACCOLPAL_01105 glnR HTH-type transcriptional regulator GlnR 9.02267 0.256571 -1.90346 

CIX2_ACCOLPAL_01307 tap Multidrug efflux pump Tap 9.02267 0.256534 -1.90345 

CIX2_ACCOLPAL_01595 CIX2_ACCOLPAL_01595 hypothetical protein 9.02267 0.256497 -1.90344 

CIX2_ACCOLPAL_02068 ktrB_1 Ktr system potassium uptake protein B 9.02267 0.256461 -1.90342 

CIX2_ACCOLPAL_01874 tagO 
putative undecaprenyl-phosphate N-

acetylglucosaminyl 1-phosphate transferase 
9.02267 0.25646 -1.90342 

CIX2_ACCOLPAL_02139 map_3 Protein map 9.02267 0.256289 -1.90338 

CIX2_ACCOLPAL_02244 CIX2_ACCOLPAL_02244 Putative transport protein 9.02267 0.256118 -1.90333 

CIX2_ACCOLPAL_02512 CIX2_ACCOLPAL_02512 hypothetical protein 9.02267 0.255947 -1.90328 

CIX2_ACCOLPAL_02637 CIX2_ACCOLPAL_02637 Protein SprT-like protein 9.02267 0.255776 -1.90323 

CIX2_ACCOLPAL_00368 CIX2_ACCOLPAL_00368 hypothetical protein 9.990066 0.016256 -1.903 

CIX2_ACCOLPAL_00044 lpl2_6 putative lipoprotein 9.025925 0.259755 -1.88328 
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CIX2_ACCOLPAL_02388 tdk Thymidine kinase 9.025925 0.259759 -1.88328 

CIX2_ACCOLPAL_00143 CIX2_ACCOLPAL_00143 hypothetical protein 9.025925 0.259925 -1.88326 

CIX2_ACCOLPAL_02343 CIX2_ACCOLPAL_02343 hypothetical protein 9.025925 0.259957 -1.88325 

CIX2_ACCOLPAL_00231 CIX2_ACCOLPAL_00231 hypothetical protein 9.025925 0.260095 -1.88323 

CIX2_ACCOLPAL_02276 menH 
2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-

carboxy late synthase 
9.025925 0.260154 -1.88323 

CIX2_ACCOLPAL_00919 CIX2_ACCOLPAL_00919 putative hydrolase 9.025925 0.260264 -1.88321 

CIX2_ACCOLPAL_01217 CIX2_ACCOLPAL_01217 putative CtpA-like serine protease 9.025925 0.260411 -1.88319 

CIX2_ACCOLPAL_01780 CIX2_ACCOLPAL_01780 hypothetical protein 9.025925 0.260559 -1.88317 

CIX2_ACCOLPAL_02264 CIX2_ACCOLPAL_02264 hypothetical protein 9.025925 0.260706 -1.88315 

CIX2_ACCOLPAL_00713 narX Nitrate reductase-like protein NarX 9.324915 0.247414 -1.86139 

CIX2_ACCOLPAL_00112 ydaF Putative ribosomal N-acetyltransferase YdaF 9.324915 0.247151 -1.86132 

CIX2_ACCOLPAL_01410 rlhA 23S rRNA 5-hydroxycytidine synthase 9.324915 0.246985 -1.86128 

CIX2_ACCOLPAL_02010 CIX2_ACCOLPAL_02010 hypothetical protein 10.28805 0.021348 -1.8587 

CIX2_ACCOLPAL_01197 lysA Diaminopimelate decarboxylase 9.029583 0.413206 -1.85693 

CIX2_ACCOLPAL_01840 queC 7-cyano-7-deazaguanine synthase 9.029583 0.413353 -1.8568 

CIX2_ACCOLPAL_00062 CIX2_ACCOLPAL_00062 hypothetical protein 9.029583 0.413442 -1.85672 

CIX2_ACCOLPAL_00845 fdhD Sulfur carrier protein FdhD 9.328024 0.248968 -1.85226 

CIX2_ACCOLPAL_01104 CIX2_ACCOLPAL_01104 hypothetical protein 9.328202 0.249194 -1.85172 

CIX2_ACCOLPAL_01767 tagG Teichoic acid translocation permease protein TagG 9.328202 0.249101 -1.85171 

CIX2_ACCOLPAL_02102 CIX2_ACCOLPAL_02102 hypothetical protein 9.328202 0.248838 -1.8517 

CIX2_ACCOLPAL_02566 CIX2_ACCOLPAL_02566 hypothetical protein 9.328202 0.248663 -1.85169 

CIX2_ACCOLPAL_00490 citN Citrate transporter 9.568375 0.174751 -1.84993 

CIX2_ACCOLPAL_00295 CIX2_ACCOLPAL_00295 hypothetical protein 9.331553 0.25186 -1.84135 

CIX2_ACCOLPAL_01938 ywqG putative protein YwqG 9.331731 0.250485 -1.84097 

CIX2_ACCOLPAL_01684 CIX2_ACCOLPAL_01684 putative epimerase/dehydratase 9.331731 0.250903 -1.84091 

CIX2_ACCOLPAL_01206 nirQ Denitrification regulatory protein NirQ 9.331731 0.250965 -1.8409 

CIX2_ACCOLPAL_00847 modB 
Molybdenum transport system permease protein 

ModB 
9.331731 0.251022 -1.84089 
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CIX2_ACCOLPAL_00705 ytmI putative N-acetyltransferase YtmI 9.331731 0.25143 -1.84083 

CIX2_ACCOLPAL_00820 atl_1 Bifunctional autolysin 9.331316 0.305428 -1.83474 

CIX2_ACCOLPAL_00068 xpt Xanthine phosphoribosyltransferase 9.331316 0.305671 -1.83471 

CIX2_ACCOLPAL_00207 fruA_1 PTS system fructose-specific EIIABC component 9.331316 0.30591 -1.83468 

CIX2_ACCOLPAL_02047 tsaD tRNA N6-adenosine threonylcarbamoyltransferase 9.574513 0.179434 -1.83152 

CIX2_ACCOLPAL_02072 hlb_1 Phospholipase C 9.334851 0.250382 -1.83105 

CIX2_ACCOLPAL_01172 femA_3 Aminoacyltransferase FemA 9.334851 0.250519 -1.83101 

CIX2_ACCOLPAL_01472 nrdR Transcriptional repressor NrdR 9.778051 0.050643 -1.82618 

CIX2_ACCOLPAL_00204 CIX2_ACCOLPAL_00204 D-arabitol-phosphate dehydrogenase 9.950526 0.046637 -1.82575 

CIX2_ACCOLPAL_01146 sbcC Nuclease SbcCD subunit C 9.959603 0.047498 -1.8133 

CIX2_ACCOLPAL_01760 mntA Manganese-binding lipoprotein MntA 9.581357 0.18502 -1.80824 

CIX2_ACCOLPAL_01672 rsmC Ribosomal RNA small subunit methyltransferase C 9.338392 0.310347 -1.78259 

CIX2_ACCOLPAL_02501 dltA D-alanine--D-alanyl carrier protein ligase 10.07425 0.052611 -1.75524 

CIX2_ACCOLPAL_00747 CIX2_ACCOLPAL_00747 hypothetical protein 10.22971 0.032522 -1.73861 

CIX2_ACCOLPAL_00323 wbnH O-antigen biosynthesis glycosyltransferase WbnH 9.918954 0.101024 -1.73119 

CIX2_ACCOLPAL_00528 CIX2_ACCOLPAL_00528 hypothetical protein 9.519808 0.238015 -1.72268 

CIX2_ACCOLPAL_00023 mccA 
O-acetylserine dependent cystathionine beta-

synthase 
9.738091 0.103558 -1.71292 

CIX2_ACCOLPAL_02227 hemL2 Glutamate-1-semialdehyde 2,1-aminomutase 2 9.738256 0.103519 -1.71262 

CIX2_ACCOLPAL_01682 hchA Protein/nucleic acid deglycase HchA 9.520151 0.179647 -1.70386 

CIX2_ACCOLPAL_00144 lolD 
Lipoprotein-releasing system ATP-binding protein 

LolD 
9.520151 0.179514 -1.70382 

CIX2_ACCOLPAL_00492 cutD Choline trimethylamine-lyase activating enzyme 9.520151 0.179362 -1.70378 

CIX2_ACCOLPAL_02358 cls_2 Cardiolipin synthase 9.744515 0.158512 -1.70011 

CIX2_ACCOLPAL_00460 CIX2_ACCOLPAL_00460 hypothetical protein 10.45159 0.019199 -1.69648 

CIX2_ACCOLPAL_00511 CIX2_ACCOLPAL_00511 hypothetical protein 9.523341 0.180254 -1.69378 

CIX2_ACCOLPAL_00766 mro Aldose 1-epimerase 9.747595 0.157431 -1.69376 

CIX2_ACCOLPAL_00686 hlgA Gamma-hemolysin component A 9.523169 0.146642 -1.68923 

CIX2_ACCOLPAL_01450 fpgS Folylpolyglutamate synthase 9.523169 0.146562 -1.68922 
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CIX2_ACCOLPAL_01686 ppaX Pyrophosphatase PpaX 9.526446 0.181493 -1.6841 

CIX2_ACCOLPAL_01371 CIX2_ACCOLPAL_01371 hypothetical protein 9.526619 0.147536 -1.68379 

CIX2_ACCOLPAL_00580 srtA Sortase A  9.529646 0.147001 -1.67872 

CIX2_ACCOLPAL_01256 bshA N-acetyl-alpha-D-glucosaminyl L-malate synthase 9.529818 0.147253 -1.67838 

CIX2_ACCOLPAL_00293 CIX2_ACCOLPAL_00293 hypothetical protein 10.04334 0.076029 -1.66905 

CIX2_ACCOLPAL_00818 CIX2_ACCOLPAL_00818 hypothetical protein 9.264904 0.416464 -1.66736 

CIX2_ACCOLPAL_00042 CIX2_ACCOLPAL_00042 putative protein 9.265265 0.416674 -1.66503 

CIX2_ACCOLPAL_00297 dapH_1 
2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-

acetyltransferase 
9.265265 0.416557 -1.66496 

CIX2_ACCOLPAL_01834 saeR Response regulator SaeR 9.265265 0.41644 -1.66489 

CIX2_ACCOLPAL_01156 glcT GlcA/glcB genes antiterminator 9.53285 0.18622 -1.66159 

CIX2_ACCOLPAL_01016 rlmN 
putative dual-specificity RNA methyltransferase 

RlmN 
9.533279 0.191483 -1.65868 

CIX2_ACCOLPAL_00852 moeA Molybdopterin molybdenumtransferase 9.88 0.122283 -1.65355 

CIX2_ACCOLPAL_01254 birA Bifunctional ligase/repressor BirA 9.265085 0.249341 -1.64907 

CIX2_ACCOLPAL_00353 CIX2_ACCOLPAL_00353 putative lipoprotein 9.265085 0.249073 -1.64899 

CIX2_ACCOLPAL_01234 norB_4 Quinolone resistance protein NorB 9.536315 0.191686 -1.64714 

CIX2_ACCOLPAL_00702 CIX2_ACCOLPAL_00702 hypothetical protein 9.268236 0.250785 -1.63956 

CIX2_ACCOLPAL_01702 hxlB 3-hexulose-6-phosphate isomerase 9.268236 0.250422 -1.63953 

CIX2_ACCOLPAL_01987 CIX2_ACCOLPAL_01987 hypothetical protein 9.268236 0.250358 -1.63952 

CIX2_ACCOLPAL_02144 CIX2_ACCOLPAL_02144 hypothetical protein 9.268236 0.250194 -1.63951 

CIX2_ACCOLPAL_01792 CIX2_ACCOLPAL_01792 hypothetical protein 9.268417 0.250592 -1.63896 

CIX2_ACCOLPAL_00225 pflA Pyruvate formate-lyase-activating enzyme 9.268417 0.250134 -1.63893 

CIX2_ACCOLPAL_01706 yhfS Putative acetyl-CoA C-acetyltransferase YhfS 9.268417 0.249819 -1.63891 

CIX2_ACCOLPAL_00853 mobB 
Molybdopterin-guanine dinucleotide biosynthesis 

adapter protein 
9.268417 0.249552 -1.63889 

CIX2_ACCOLPAL_01305 malR HTH-type transcriptional regulator MalR 9.268417 0.249297 -1.63888 

CIX2_ACCOLPAL_00035 lpl2_1 putative lipoprotein 10.06156 0.083939 -1.6366 

CIX2_ACCOLPAL_02304 purH Bifunctional purine biosynthesis protein PurH 9.689641 0.31095 -1.63408 
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CIX2_ACCOLPAL_00177 yxeI putative protein YxeI 9.886294 0.106039 -1.6305 

CIX2_ACCOLPAL_01106 glnA Glutamine synthetase 9.88642 0.083565 -1.62832 

CIX2_ACCOLPAL_01845 pxpC_2 5-oxoprolinase subunit C 9.271806 0.253672 -1.62824 

CIX2_ACCOLPAL_01793 CIX2_ACCOLPAL_01793 putative autolysin SsaALP 9.271987 0.252493 -1.62781 

CIX2_ACCOLPAL_01464 CIX2_ACCOLPAL_01464 hypothetical protein 9.271987 0.25313 -1.62771 

CIX2_ACCOLPAL_01086 ymdB 2',3'-cyclic-nucleotide 2'-phosphodiesterase 9.271573 0.554052 -1.62062 

CIX2_ACCOLPAL_00883 rplP 50S ribosomal protein L16 9.27515 0.254214 -1.61685 

CIX2_ACCOLPAL_00235 malG 
Maltose/maltodextrin transport system permease 

protein MalG 
9.27515 0.254384 -1.61679 

CIX2_ACCOLPAL_02284 atl_3 Bifunctional autolysin 10.39242 0.044307 -1.60693 

CIX2_ACCOLPAL_00200 tarI2 Ribitol-5-phosphate cytidylyltransferase 2 9.696177 0.130788 -1.59271 

CIX2_ACCOLPAL_00228 CIX2_ACCOLPAL_00228 putative sensor-like histidine kinase 9.69601 0.104539 -1.59077 

CIX2_ACCOLPAL_02173 CIX2_ACCOLPAL_02173 hypothetical protein 9.69628 0.101098 -1.59028 

CIX2_ACCOLPAL_02413 yhfK putative sugar epimerase YhfK 9.69922 0.146036 -1.58534 

CIX2_ACCOLPAL_00217 carA_1 Caffeate CoA-transferase 10.76772 0.01882 -1.57702 

CIX2_ACCOLPAL_01631 cpdA_2 
3',5'-cyclic adenosine monophosphate 

phosphodiesterase CpdA 
9.705719 0.158329 -1.57144 

CIX2_ACCOLPAL_02126 CIX2_ACCOLPAL_02126 hypothetical protein 9.278733 0.554805 -1.56146 

CIX2_ACCOLPAL_00285 czcD_1 Cadmium, cobalt and zinc/H(+)-K(+) antiporter 10.0268 0.082606 -1.55664 

CIX2_ACCOLPAL_01483 pyk Pyruvate kinase 10.28376 0.061052 -1.55051 

CIX2_ACCOLPAL_01474 coaE Dephospho-CoA kinase 9.469475 0.356772 -1.54142 

CIX2_ACCOLPAL_01711 ung Uracil-DNA glycosylase 9.469475 0.356414 -1.54128 

CIX2_ACCOLPAL_02053 nrgA Ammonium transporter 9.469475 0.356286 -1.54123 

CIX2_ACCOLPAL_00948 CIX2_ACCOLPAL_00948 hypothetical protein 9.469649 0.356533 -1.54074 

CIX2_ACCOLPAL_01775 fepC 
Ferric enterobactin transport ATP-binding protein 

FepC 
9.472531 0.357221 -1.5313 

CIX2_ACCOLPAL_01219 crr PTS system glucose-specific EIIA component 9.472879 0.356772 -1.53002 

CIX2_ACCOLPAL_02210 CIX2_ACCOLPAL_02210 hypothetical protein 9.472879 0.356769 -1.53002 

CIX2_ACCOLPAL_02419 glmS 
Glutamine--fructose-6-phosphate aminotransferase 

[isomerizing] 
10.37691 0.036461 -1.52826 
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CIX2_ACCOLPAL_01235 steT Serine/threonine exchanger SteT 9.472705 0.325986 -1.52484 

CIX2_ACCOLPAL_00762 yhaI Inner membrane protein YhaI 8.944169 0.683732 -1.52423 

CIX2_ACCOLPAL_00566 cidA Holin-like protein CidA 8.944169 0.683804 -1.5242 

CIX2_ACCOLPAL_00523 CIX2_ACCOLPAL_00523 hypothetical protein 8.944169 0.683877 -1.52417 

CIX2_ACCOLPAL_00963 CIX2_ACCOLPAL_00963 Superantigen-like protein 13 8.944169 0.684046 -1.52409 

CIX2_ACCOLPAL_00189 lrgA Antiholin-like protein LrgA 8.944169 0.684237 -1.52401 

CIX2_ACCOLPAL_01046 femA_2 Aminoacyltransferase FemA 8.944169 0.68438 -1.52395 

CIX2_ACCOLPAL_01819 phrB Deoxyribodipyrimidine photo-lyase 8.944169 0.684716 -1.5238 

CIX2_ACCOLPAL_02019 CIX2_ACCOLPAL_02019 hypothetical protein 8.944169 0.685008 -1.52368 

CIX2_ACCOLPAL_01361 ccpN Transcriptional repressor CcpN 8.944169 0.685083 -1.52365 

CIX2_ACCOLPAL_02132 CIX2_ACCOLPAL_02132 hypothetical protein 8.944169 0.685297 -1.52355 

CIX2_ACCOLPAL_02555 CIX2_ACCOLPAL_02555 hypothetical protein 8.944169 0.685433 -1.52349 

CIX2_ACCOLPAL_02346 kdpC Potassium-transporting ATPase KdpC subunit 8.944169 0.685548 -1.52344 

CIX2_ACCOLPAL_01573 CIX2_ACCOLPAL_01573 
Putative membrane protein insertion efficiency 

factor 
8.944169 0.685592 -1.52343 

CIX2_ACCOLPAL_01431 apt Adenine phosphoribosyltransferase 8.944169 0.685778 -1.52334 

CIX2_ACCOLPAL_01489 nrnA 
Bifunctional oligoribonuclease and PAP 

phosphatase NrnA 
8.944169 0.686485 -1.52304 

CIX2_ACCOLPAL_00005 CIX2_ACCOLPAL_00005 hypothetical protein 8.944359 0.685093 -1.52236 

CIX2_ACCOLPAL_00037 lpl2_2 putative lipoprotein 8.944359 0.685335 -1.52226 

CIX2_ACCOLPAL_00450 CIX2_ACCOLPAL_00450 hypothetical protein 8.944359 0.685355 -1.52225 

CIX2_ACCOLPAL_00487 bsaA_1 Glutathione peroxidase BsaA 8.944359 0.685375 -1.52224 

CIX2_ACCOLPAL_00535 CIX2_ACCOLPAL_00535 hypothetical protein 8.944359 0.685395 -1.52223 

CIX2_ACCOLPAL_00867 CIX2_ACCOLPAL_00867 hypothetical protein 8.944359 0.685415 -1.52223 

CIX2_ACCOLPAL_00869 CIX2_ACCOLPAL_00869 hypothetical protein 8.944359 0.685434 -1.52222 

CIX2_ACCOLPAL_00973 yfnB Putative HAD-hydrolase YfnB 8.944359 0.685453 -1.52221 

CIX2_ACCOLPAL_01121 CIX2_ACCOLPAL_01121 hypothetical protein 8.944359 0.685472 -1.5222 

CIX2_ACCOLPAL_01136 rpsN2 Alternate 30S ribosomal protein S14 8.944359 0.685472 -1.5222 

CIX2_ACCOLPAL_01448 CIX2_ACCOLPAL_01448 hypothetical protein 8.944359 0.685497 -1.52219 
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CIX2_ACCOLPAL_01555 arsB Arsenical pump membrane protein 8.944359 0.685522 -1.52218 

CIX2_ACCOLPAL_01728 CIX2_ACCOLPAL_01728 hypothetical protein 8.944359 0.685522 -1.52218 

CIX2_ACCOLPAL_01976 CIX2_ACCOLPAL_01976 hypothetical protein 8.944359 0.685522 -1.52218 

CIX2_ACCOLPAL_02002 CIX2_ACCOLPAL_02002 hypothetical protein 8.944359 0.685522 -1.52218 

CIX2_ACCOLPAL_02107 CIX2_ACCOLPAL_02107 hypothetical protein 8.944359 0.685585 -1.52216 

CIX2_ACCOLPAL_02119 CIX2_ACCOLPAL_02119 hypothetical protein 8.944359 0.685647 -1.52213 

CIX2_ACCOLPAL_02297 purC 
Phosphoribosylaminoimidazole-

succinocarboxamide synthase 
8.944359 0.685707 -1.52211 

CIX2_ACCOLPAL_02514 CIX2_ACCOLPAL_02514 hypothetical protein 8.944359 0.685726 -1.5221 

CIX2_ACCOLPAL_02536 isdC Iron-regulated surface determinant protein C 8.944359 0.685736 -1.5221 

CIX2_ACCOLPAL_02624 CIX2_ACCOLPAL_02624 hypothetical protein 8.944359 0.68609 -1.52196 

CIX2_ACCOLPAL_02420 mtlA PTS system mannitol-specific EIICB component 9.475765 0.361185 -1.52044 

CIX2_ACCOLPAL_01196 alr1_1 Alanine racemase 1 9.476017 0.358977 -1.51979 

CIX2_ACCOLPAL_02287 tagU_2 
Polyisoprenyl-teichoic acid--peptidoglycan teichoic 

acid transferase TagU 
9.852428 0.102805 -1.51967 

CIX2_ACCOLPAL_00779 CIX2_ACCOLPAL_00779 hypothetical protein 9.476191 0.328553 -1.51948 

CIX2_ACCOLPAL_01789 bceA_2 Bacitracin export ATP-binding protein BceA 9.476191 0.328636 -1.51948 

CIX2_ACCOLPAL_01820 CIX2_ACCOLPAL_01820 hypothetical protein 9.476191 0.328676 -1.51948 

CIX2_ACCOLPAL_01050 xerC_1 Tyrosine recombinase XerC 9.476366 0.359582 -1.51854 

CIX2_ACCOLPAL_01996 CIX2_ACCOLPAL_01996 hypothetical protein 10.58898 0.027673 -1.51643 

CIX2_ACCOLPAL_01652 nupC_2 Nucleoside permease NupC 9.855741 0.107141 -1.51377 

CIX2_ACCOLPAL_02110 CIX2_ACCOLPAL_02110 hypothetical protein 9.479432 0.330785 -1.51336 

CIX2_ACCOLPAL_00540 oatA_1 O-acetyltransferase OatA 10.14826 0.078672 -1.51257 

CIX2_ACCOLPAL_01566 CIX2_ACCOLPAL_01566 IS1182 family transposase ISSau3 8.947665 0.683356 -1.49969 

CIX2_ACCOLPAL_01113 CIX2_ACCOLPAL_01113 hypothetical protein 8.947665 0.683343 -1.49968 

CIX2_ACCOLPAL_01791 CIX2_ACCOLPAL_01791 hypothetical protein 8.947665 0.683336 -1.49968 

CIX2_ACCOLPAL_00396 rnpA Ribonuclease P protein component 8.947665 0.683328 -1.49968 

CIX2_ACCOLPAL_00324 CIX2_ACCOLPAL_00324 hypothetical protein 8.947665 0.683314 -1.49968 

CIX2_ACCOLPAL_00069 CIX2_ACCOLPAL_00069 hypothetical protein 8.947665 0.6833 -1.49968 
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CIX2_ACCOLPAL_00051 ssl7_1 Staphylococcal superantigen-like 7 8.947665 0.682924 -1.49961 

CIX2_ACCOLPAL_00378 purA Adenylosuccinate synthetase 10.73015 0.028735 -1.49314 

CIX2_ACCOLPAL_00896 secY_2 Protein translocase subunit SecY 9.48293 0.369167 -1.49153 

CIX2_ACCOLPAL_02530 CIX2_ACCOLPAL_02530 Putative TrmH family tRNA/rRNA methyltransferase 9.646216 0.263404 -1.48356 

CIX2_ACCOLPAL_02031 CIX2_ACCOLPAL_02031 hypothetical protein 9.646216 0.263313 -1.48353 

CIX2_ACCOLPAL_02591 hpt Hypoxanthine-guanine phosphoribosyltransferase 9.646553 0.26377 -1.48247 

CIX2_ACCOLPAL_00504 yhdG putative amino acid permease YhdG 10.26025 0.088101 -1.4797 

CIX2_ACCOLPAL_00024 CIX2_ACCOLPAL_00024 hypothetical protein 9.98453 0.050858 -1.47903 

CIX2_ACCOLPAL_02153 CIX2_ACCOLPAL_02153 hypothetical protein 8.951372 0.679452 -1.4701 

CIX2_ACCOLPAL_02081 CIX2_ACCOLPAL_02081 hypothetical protein 8.951372 0.679094 -1.46979 

CIX2_ACCOLPAL_01911 CIX2_ACCOLPAL_01911 hypothetical protein 8.951372 0.678732 -1.46947 

CIX2_ACCOLPAL_01817 CIX2_ACCOLPAL_01817 hypothetical protein 8.951372 0.678366 -1.46916 

CIX2_ACCOLPAL_00470 argR_1 Arginine repressor 8.951372 0.678165 -1.46898 

CIX2_ACCOLPAL_01270 hup DNA-binding protein HU 8.951372 0.677997 -1.46884 

CIX2_ACCOLPAL_01259 CIX2_ACCOLPAL_01259 hypothetical protein 8.951372 0.677623 -1.46851 

CIX2_ACCOLPAL_01312 CIX2_ACCOLPAL_01312 hypothetical protein 9.649352 0.214939 -1.46222 

CIX2_ACCOLPAL_01797 CIX2_ACCOLPAL_01797 putative transcriptional regulatory protein 9.64952 0.21505 -1.46194 

CIX2_ACCOLPAL_00472 arcB_1 Ornithine carbamoyltransferase, catabolic 9.652491 0.219278 -1.45717 

CIX2_ACCOLPAL_00430 hisC_1 Histidinol-phosphate aminotransferase 9.659051 0.294664 -1.44494 

CIX2_ACCOLPAL_00260 CIX2_ACCOLPAL_00260 PTS system EIIBC component 10.11561 0.11567 -1.43859 

CIX2_ACCOLPAL_02241 mgtE Magnesium transporter MgtE 9.805001 0.161776 -1.42574 

CIX2_ACCOLPAL_00597 CIX2_ACCOLPAL_00597 hypothetical protein 10.21898 0.086348 -1.42437 

CIX2_ACCOLPAL_02426 cdaR CdaA regulatory protein CdaR 9.808823 0.212734 -1.42334 

CIX2_ACCOLPAL_02232 CIX2_ACCOLPAL_02232 hypothetical protein 9.201538 0.422879 -1.42204 

CIX2_ACCOLPAL_01740 btuF Vitamin B12-binding protein 9.201538 0.422796 -1.42198 

CIX2_ACCOLPAL_02380 mnaA_2 UDP-N-acetylglucosamine 2-epimerase 9.201538 0.422775 -1.42197 

CIX2_ACCOLPAL_01214 CIX2_ACCOLPAL_01214 hypothetical protein 9.201538 0.422767 -1.42196 

CIX2_ACCOLPAL_00272 CIX2_ACCOLPAL_00272 hypothetical protein 9.805165 0.145328 -1.4214 
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CIX2_ACCOLPAL_00256 CIX2_ACCOLPAL_00256 hypothetical protein 9.201904 0.422795 -1.41921 

CIX2_ACCOLPAL_00512 CIX2_ACCOLPAL_00512 hypothetical protein 9.201904 0.422774 -1.41919 

CIX2_ACCOLPAL_02200 CIX2_ACCOLPAL_02200 IS30 family transposase ISSau5 9.201904 0.422753 -1.41918 

CIX2_ACCOLPAL_00557 feoB Fe(2+) transporter FeoB 10.61401 0.039609 -1.41672 

CIX2_ACCOLPAL_00121 CIX2_ACCOLPAL_00121 hypothetical protein 10.22768 0.083773 -1.414 

CIX2_ACCOLPAL_00770 hutG Formimidoylglutamase 9.811105 0.168459 -1.41271 

CIX2_ACCOLPAL_02283 slyA_3 Transcriptional regulator SlyA 9.201721 0.38938 -1.40033 

CIX2_ACCOLPAL_01917 emp Extracellular matrix protein-binding protein emp 9.201721 0.389365 -1.40032 

CIX2_ACCOLPAL_00515 CIX2_ACCOLPAL_00515 hypothetical protein 9.201721 0.389327 -1.4003 

CIX2_ACCOLPAL_01360 yqfL 
Putative pyruvate, phosphate dikinase regulatory 

protein 
9.201721 0.389264 -1.40027 

CIX2_ACCOLPAL_00241 CIX2_ACCOLPAL_00241 putative lipoprotein 9.201721 0.38923 -1.40025 

CIX2_ACCOLPAL_00373 yycH 
Two-component system WalR/WalK regulatory 

protein YycH 
9.944638 0.126146 -1.39986 

CIX2_ACCOLPAL_01149 acnA Aconitate hydratase A 10.23657 0.105839 -1.3979 

CIX2_ACCOLPAL_01344 CIX2_ACCOLPAL_01344 hypothetical protein 9.204918 0.542758 -1.3902 

CIX2_ACCOLPAL_01236 tdcB L-threonine dehydratase catabolic TdcB 9.205101 0.542847 -1.38959 

CIX2_ACCOLPAL_01255 cca CCA-adding enzyme 9.205101 0.542801 -1.38957 

CIX2_ACCOLPAL_01518 acuA Acetoin utilization protein AcuA 9.205101 0.542755 -1.38956 

CIX2_ACCOLPAL_00338 yfiZ_1 
putative siderophore transport system permease 

protein YfiZ 
9.205101 0.542745 -1.38956 

CIX2_ACCOLPAL_02302 purM Phosphoribosylformylglycinamidine cyclo-ligase 9.205101 0.542665 -1.38954 

CIX2_ACCOLPAL_01051 hslV ATP-dependent protease subunit HslV 9.205101 0.542665 -1.38954 

CIX2_ACCOLPAL_00095 metI 
Cystathionine gamma-synthase/O-

acetylhomoserine (thiol)-lyase 
9.953817 0.13142 -1.3792 

CIX2_ACCOLPAL_01301 rnz Ribonuclease Z 9.208531 0.543338 -1.37777 

CIX2_ACCOLPAL_00878 rplW 50S ribosomal protein L23 9.208531 0.543384 -1.37775 

CIX2_ACCOLPAL_01510 nagP 
PTS system N-acetylglucosamine-specific EIICB 

component 
9.208531 0.543488 -1.37769 

CIX2_ACCOLPAL_01879 hpf Ribosome hibernation promotion factor 9.208531 0.543489 -1.37768 



                                                                                                                                                                                                                        Chapter 8: Appendices 

 

256 
 

locus_tag gene_name function logCPM PValue logFC 

CIX2_ACCOLPAL_01604 entA_3 Enterotoxin type A 9.208531 0.543534 -1.37766 

CIX2_ACCOLPAL_02505 CIX2_ACCOLPAL_02505 hypothetical protein 9.208715 0.543442 -1.37704 

CIX2_ACCOLPAL_00526 CIX2_ACCOLPAL_00526 hypothetical protein 9.956635 0.113728 -1.37699 

CIX2_ACCOLPAL_01720 galK Galactokinase 9.208715 0.543558 -1.37697 

CIX2_ACCOLPAL_00283 CIX2_ACCOLPAL_00283 hypothetical protein 9.208715 0.543561 -1.37696 

CIX2_ACCOLPAL_01296 nudF ADP-ribose pyrophosphatase 9.208715 0.543601 -1.37694 

CIX2_ACCOLPAL_01158 mprF Phosphatidylglycerol lysyltransferase 9.959455 0.132839 -1.37128 

CIX2_ACCOLPAL_02306 ecfT_2 
Energy-coupling factor transporter transmembrane 

protein EcfT 
9.208303 0.55517 -1.36922 

CIX2_ACCOLPAL_02218 recX Regulatory protein RecX 9.208303 0.555182 -1.3692 

CIX2_ACCOLPAL_00798 CIX2_ACCOLPAL_00798 hypothetical protein 9.208303 0.555211 -1.36914 

CIX2_ACCOLPAL_01978 CIX2_ACCOLPAL_01978 hypothetical protein 9.211923 0.544038 -1.36456 

CIX2_ACCOLPAL_01194 dapH_2 
2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-

acetyltransferase 
9.211923 0.54407 -1.36451 

CIX2_ACCOLPAL_02009 CIX2_ACCOLPAL_02009 hypothetical protein 11.57773 0.005223 -1.35892 

CIX2_ACCOLPAL_00313 phnE_2 Phosphate-import permease protein PhnE 9.41646 0.360955 -1.35758 

CIX2_ACCOLPAL_00976 mraZ Transcriptional regulator MraZ 9.41646 0.360759 -1.35751 

CIX2_ACCOLPAL_01331 lipM Octanoyltransferase LipM 9.41646 0.360251 -1.35731 

CIX2_ACCOLPAL_02204 infB_2 Translation initiation factor IF-2 9.41646 0.359756 -1.35712 

CIX2_ACCOLPAL_01988 CIX2_ACCOLPAL_01988 hypothetical protein 9.41646 0.359745 -1.35711 

CIX2_ACCOLPAL_01783 aes Acetyl esterase 9.416637 0.360547 -1.3568 

CIX2_ACCOLPAL_01703 gph_2 Phosphoglycolate phosphatase 9.416637 0.360019 -1.3566 

CIX2_ACCOLPAL_00667 nhaK_1 
Sodium, potassium, lithium and rubidium/H(+) 

antiporter 
10.52673 0.078961 -1.35466 

CIX2_ACCOLPAL_00544 crtQ 4,4'-diaponeurosporenoate glycosyltransferase 10.08557 0.108928 -1.3495 

CIX2_ACCOLPAL_01570 pckA Phosphoenolpyruvate carboxykinase (ATP) 10.08801 0.126062 -1.34755 

CIX2_ACCOLPAL_00184 COQ5 
2-methoxy-6-polyprenyl-1,4-benzoquinol 

methylase, mitochondrial 
9.419556 0.361979 -1.34684 

CIX2_ACCOLPAL_01958 CIX2_ACCOLPAL_01958 hypothetical protein 9.419556 0.361972 -1.34684 

CIX2_ACCOLPAL_02571 metG Methionine--tRNA ligase 10.19418 0.140861 -1.34604 
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CIX2_ACCOLPAL_02393 murA2 
UDP-N-acetylglucosamine 1-

carboxyvinyltransferase 2 
9.419909 0.361855 -1.34553 

CIX2_ACCOLPAL_01163 proC_1 Pyrroline-5-carboxylate reductase 9.419909 0.361576 -1.34548 

CIX2_ACCOLPAL_01363 recO DNA repair protein RecO 9.419909 0.361566 -1.34548 

CIX2_ACCOLPAL_00418 CIX2_ACCOLPAL_00418 hypothetical protein 10.19417 0.09263 -1.34451 

CIX2_ACCOLPAL_02013 CIX2_ACCOLPAL_02013 hypothetical protein 11.49988 0.039125 -1.34086 

CIX2_ACCOLPAL_01894 whiA putative cell division protein WhiA 9.419733 0.32554 -1.33932 

CIX2_ACCOLPAL_00113 CIX2_ACCOLPAL_00113 hypothetical protein 9.601103 0.268386 -1.33644 

CIX2_ACCOLPAL_02465 CIX2_ACCOLPAL_02465 putative protein 9.42301 0.366217 -1.3344 

CIX2_ACCOLPAL_01335 gcvT Aminomethyltransferase 9.423258 0.326509 -1.33405 

CIX2_ACCOLPAL_01929 argO Arginine exporter protein ArgO 9.423435 0.362682 -1.33302 

CIX2_ACCOLPAL_00907 truA tRNA pseudouridine synthase A 9.423435 0.362785 -1.33302 

CIX2_ACCOLPAL_00752 aaeA p-hydroxybenzoic acid efflux pump subunit AaeA 9.423435 0.363094 -1.33301 

CIX2_ACCOLPAL_02568 yfiC tRNA1(Val) (adenine(37)-N6)-methyltransferase 9.603764 0.268247 -1.32653 

CIX2_ACCOLPAL_01428 CIX2_ACCOLPAL_01428 hypothetical protein 9.762578 0.331333 -1.31953 

CIX2_ACCOLPAL_00086 CIX2_ACCOLPAL_00086 hypothetical protein 9.607112 0.220897 -1.30982 

CIX2_ACCOLPAL_01556 atl_2 Bifunctional autolysin 9.429651 0.36876 -1.30784 

CIX2_ACCOLPAL_02269 yfmC_2 Fe(3+)-citrate-binding protein YfmC 9.429651 0.368794 -1.30782 

CIX2_ACCOLPAL_00296 CIX2_ACCOLPAL_00296 hypothetical protein 9.429901 0.372982 -1.30519 

CIX2_ACCOLPAL_01548 putB Proline dehydrogenase 2 9.610559 0.261812 -1.30482 

CIX2_ACCOLPAL_02319 ktrA Ktr system potassium uptake protein A 9.430079 0.37225 -1.30475 

CIX2_ACCOLPAL_01816 ydhF Oxidoreductase YdhF 9.430079 0.372547 -1.30462 

CIX2_ACCOLPAL_00192 scdA Iron-sulfur cluster repair protein ScdA 9.430079 0.372694 -1.30455 

CIX2_ACCOLPAL_01461 clpX 
ATP-dependent Clp protease ATP-binding subunit 

ClpX 
9.765329 0.16539 -1.30418 

CIX2_ACCOLPAL_01829 nagA N-acetylglucosamine-6-phosphate deacetylase 9.610388 0.215488 -1.30396 

CIX2_ACCOLPAL_00067 pucK Uric acid permease PucK 9.610388 0.215897 -1.30395 

CIX2_ACCOLPAL_00269 argJ Arginine biosynthesis bifunctional protein ArgJ 9.76566 0.166079 -1.30358 

CIX2_ACCOLPAL_01916 CIX2_ACCOLPAL_01916 hypothetical protein 9.610123 0.276582 -1.30271 
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CIX2_ACCOLPAL_00449 CIX2_ACCOLPAL_00449 hypothetical protein 9.21555 0.555612 -1.30264 

CIX2_ACCOLPAL_02579 spoVG Putative septation protein SpoVG 9.21555 0.55562 -1.30248 

CIX2_ACCOLPAL_02050 rex Redox-sensing transcriptional repressor Rex 9.613574 0.296156 -1.29756 

CIX2_ACCOLPAL_02437 trpS Tryptophan--tRNA ligase 9.613574 0.296574 -1.29749 

CIX2_ACCOLPAL_01093 mutS_1 DNA mismatch repair protein MutS 9.613746 0.297001 -1.29708 

CIX2_ACCOLPAL_00828 rhaS_2 HTH-type transcriptional activator RhaS 9.769023 0.166513 -1.29617 

CIX2_ACCOLPAL_00547 bacF Transaminase BacF 9.768413 0.151135 -1.29511 

CIX2_ACCOLPAL_01427 hisS Histidine--tRNA ligase 9.768857 0.20133 -1.29421 

CIX2_ACCOLPAL_00114 CIX2_ACCOLPAL_00114 NAD(P)H-dependent FAD/FMN reductase 9.433194 0.372279 -1.29146 

CIX2_ACCOLPAL_00124 ulaA Ascorbate-specific PTS system EIIC component 9.772112 0.220408 -1.28899 

CIX2_ACCOLPAL_00651 ysdC_1 Putative aminopeptidase YsdC 9.771781 0.177774 -1.28846 

CIX2_ACCOLPAL_01061 proS Proline--tRNA ligase 9.774873 0.180538 -1.28515 

CIX2_ACCOLPAL_01899 cggR Central glycolytic genes regulator 9.77825 0.184338 -1.28104 

CIX2_ACCOLPAL_00685 hlgC Gamma-hemolysin component C 9.915605 0.126076 -1.27809 

CIX2_ACCOLPAL_01969 CIX2_ACCOLPAL_01969 hypothetical protein 9.915605 0.125943 -1.27808 

CIX2_ACCOLPAL_00435 hisI Histidine biosynthesis bifunctional protein HisIE 10.16313 0.190904 -1.27563 

CIX2_ACCOLPAL_00640 cntA Metal-staphylopine-binding protein CntA 10.16552 0.146942 -1.26244 

CIX2_ACCOLPAL_02396 pyrG CTP synthase 10.0537 0.206371 -1.26166 

CIX2_ACCOLPAL_01424 CIX2_ACCOLPAL_01424 putative AAA domain-containing protein 9.924894 0.278274 -1.26095 

CIX2_ACCOLPAL_01098 glpD Aerobic glycerol-3-phosphate dehydrogenase 10.16807 0.156798 -1.26 

CIX2_ACCOLPAL_01048 topA DNA topoisomerase 1 10.05725 0.249899 -1.25086 

CIX2_ACCOLPAL_00555 ydfJ Membrane protein YdfJ 10.55838 0.097327 -1.24777 

CIX2_ACCOLPAL_00110 efeN putative deferrochelatase/peroxidase EfeN 10.38156 0.084796 -1.24756 

CIX2_ACCOLPAL_00618 CIX2_ACCOLPAL_00618 putative protein 9.436743 0.41856 -1.23314 

CIX2_ACCOLPAL_00298 wbpI 
UDP-2,3-diacetamido-2,3-dideoxy-D-glucuronate 2-

epimerase 
10.12476 0.295658 -1.21675 

CIX2_ACCOLPAL_00459 gtfB 

UDP-N-acetylglucosamine--peptide N-

acetylglucosaminyltransferase stabilizing protein 

GtfB 

9.869914 0.247936 -1.19798 
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CIX2_ACCOLPAL_01435 tgt_1 Queuine tRNA-ribosyltransferase 10.13018 0.132949 -1.18734 

CIX2_ACCOLPAL_00320 sodM Superoxide dismutase [Mn/Fe] 2 9.723943 0.355263 -1.18422 

CIX2_ACCOLPAL_00300 capD UDP-glucose 4-epimerase 10.63164 0.152032 -1.17815 

CIX2_ACCOLPAL_00647 CIX2_ACCOLPAL_00647 hypothetical protein 10.25216 0.206302 -1.17658 

CIX2_ACCOLPAL_00774 hutI Imidazolonepropionase 10.13896 0.148671 -1.17367 

CIX2_ACCOLPAL_00644 cntF 
Metal-staphylopine import system ATP-binding 

protein CntF 
10.14199 0.149618 -1.17055 

CIX2_ACCOLPAL_00173 CIX2_ACCOLPAL_00173 hypothetical protein 10.01527 0.143824 -1.16916 

CIX2_ACCOLPAL_00905 ecfA2 
Energy-coupling factor transporter ATP-binding 

protein EcfA2 
9.879295 0.241825 -1.16528 

CIX2_ACCOLPAL_02458 ampR HTH-type transcriptional activator AmpR 9.556831 0.471662 -1.16153 

CIX2_ACCOLPAL_00677 CIX2_ACCOLPAL_00677 putative ABC transporter ATP-binding protein 10.14472 0.324775 -1.16127 

CIX2_ACCOLPAL_02129 CIX2_ACCOLPAL_02129 hypothetical protein 9.727399 0.293508 -1.16111 

CIX2_ACCOLPAL_00263 ptsG_3 PTS system glucose-specific EIICBA component 9.885338 0.233098 -1.15903 

CIX2_ACCOLPAL_00916 alsS Acetolactate synthase 9.730632 0.348168 -1.15454 

CIX2_ACCOLPAL_00046 CIX2_ACCOLPAL_00046 hypothetical protein 9.730632 0.348059 -1.15454 

CIX2_ACCOLPAL_01653 ctsR Transcriptional regulator CtsR 9.556485 0.437371 -1.15091 

CIX2_ACCOLPAL_00275 mdrP_1 Na(+), Li(+), K(+)/H(+) antiporter 9.360667 0.685253 -1.1456 

CIX2_ACCOLPAL_00576 CIX2_ACCOLPAL_00576 hypothetical protein 9.360667 0.685285 -1.14551 

CIX2_ACCOLPAL_01980 CIX2_ACCOLPAL_01980 hypothetical protein 9.559964 0.437736 -1.14505 

CIX2_ACCOLPAL_02398 mshD_2 Mycothiol acetyltransferase 9.736726 0.394132 -1.1408 

CIX2_ACCOLPAL_00554 CIX2_ACCOLPAL_00554 hypothetical protein 9.562924 0.475733 -1.13759 

CIX2_ACCOLPAL_00809 CIX2_ACCOLPAL_00809 hypothetical protein 9.363805 0.685111 -1.13445 

CIX2_ACCOLPAL_00399 rsmG Ribosomal RNA small subunit methyltransferase G 9.363805 0.685137 -1.13441 

CIX2_ACCOLPAL_01411 trmR tRNA 5-hydroxyuridine methyltransferase 9.364164 0.685083 -1.13316 

CIX2_ACCOLPAL_02383 CIX2_ACCOLPAL_02383 hypothetical protein 9.364164 0.685097 -1.13314 

CIX2_ACCOLPAL_00545 crtM 4,4'-diapophytoene synthase 9.56624 0.441008 -1.13294 

CIX2_ACCOLPAL_01379 hrcA Heat-inducible transcription repressor HrcA 9.566413 0.440915 -1.13261 

CIX2_ACCOLPAL_00343 lctP_1 L-lactate permease 9.363984 0.322623 -1.12594 
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CIX2_ACCOLPAL_00322 CIX2_ACCOLPAL_00322 hypothetical protein 9.363984 0.322563 -1.12593 

CIX2_ACCOLPAL_00529 cpnA Cyclopentanol dehydrogenase 9.363984 0.322374 -1.1259 

CIX2_ACCOLPAL_01755 mnhD1_1 Na(+)/H(+) antiporter subunit D1 9.363984 0.322126 -1.12586 

CIX2_ACCOLPAL_01815 yciC_2 Putative metal chaperone YciC 9.363984 0.322049 -1.12584 

CIX2_ACCOLPAL_02615 CIX2_ACCOLPAL_02615 hypothetical protein 9.566503 0.4659 -1.12559 

CIX2_ACCOLPAL_00437 icaC 
putative poly-beta-1,6-N-acetyl-D-glucosamine 

export protein 
9.134189 0.428041 -1.1236 

CIX2_ACCOLPAL_00439 icaD 
Poly-beta-1,6-N-acetyl-D-glucosamine synthesis 

protein IcaD 
9.134189 0.427963 -1.12354 

CIX2_ACCOLPAL_01384 comEC ComE operon protein 3 9.134189 0.427884 -1.12348 

CIX2_ACCOLPAL_00536 CIX2_ACCOLPAL_00536 hypothetical protein 9.367127 0.684229 -1.12232 

CIX2_ACCOLPAL_02350 kdpE KDP operon transcriptional regulatory protein KdpE 9.367307 0.684237 -1.12159 

CIX2_ACCOLPAL_01168 trpC Indole-3-glycerol phosphate synthase 9.367307 0.684245 -1.12159 

CIX2_ACCOLPAL_00385 CIX2_ACCOLPAL_00385 hypothetical protein 9.367307 0.684274 -1.12159 

CIX2_ACCOLPAL_00424 ykoC Putative HMP/thiamine permease protein YkoC 9.367307 0.684307 -1.12159 

CIX2_ACCOLPAL_01705 menE_2 2-succinylbenzoate--CoA ligase 9.367551 0.323405 -1.12122 

CIX2_ACCOLPAL_01519 acuC Acetoin utilization protein AcuC 9.367551 0.323892 -1.12122 

CIX2_ACCOLPAL_01688 dgk Deoxyguanosine kinase 9.367551 0.323897 -1.12122 

CIX2_ACCOLPAL_01696 gtfA_3 
UDP-N-acetylglucosamine--peptide N-

acetylglucosaminyltransferase GtfA subunit 
9.367551 0.323899 -1.12122 

CIX2_ACCOLPAL_02099 CIX2_ACCOLPAL_02099 hypothetical protein 9.134561 0.428577 -1.12093 

CIX2_ACCOLPAL_00382 CIX2_ACCOLPAL_00382 hypothetical protein 9.134561 0.428517 -1.12088 

CIX2_ACCOLPAL_00938 CIX2_ACCOLPAL_00938 hypothetical protein 9.36773 0.684891 -1.1201 

CIX2_ACCOLPAL_02261 CIX2_ACCOLPAL_02261 Lipoate--protein ligase 1 9.36773 0.684891 -1.1201 

CIX2_ACCOLPAL_01131 CIX2_ACCOLPAL_01131 Putative phosphatase 9.370879 0.324808 -1.11619 

CIX2_ACCOLPAL_00733 CIX2_ACCOLPAL_00733 Ferredoxin--NADP reductase 10.09711 0.248375 -1.10541 

CIX2_ACCOLPAL_00109 CIX2_ACCOLPAL_00109 hypothetical protein 10.21964 0.191787 -1.10145 

CIX2_ACCOLPAL_02042 ilvB Acetolactate synthase large subunit 10.21949 0.184936 -1.10088 

CIX2_ACCOLPAL_01618 ydeN Putative hydrolase YdeN 9.134375 0.390784 -1.09883 
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CIX2_ACCOLPAL_01581 CIX2_ACCOLPAL_01581 hypothetical protein 9.134375 0.390495 -1.09867 

CIX2_ACCOLPAL_01468 lysP_2 Lysine-specific permease 9.134375 0.390439 -1.09864 

CIX2_ACCOLPAL_00918 map_1 Protein map 9.134375 0.390383 -1.09861 

CIX2_ACCOLPAL_00848 cysA Sulfate/thiosulfate import ATP-binding protein CysA 9.134375 0.390328 -1.09858 

CIX2_ACCOLPAL_00688 mneS Manganese efflux system protein MneS 9.134375 0.390273 -1.09855 

CIX2_ACCOLPAL_00670 CIX2_ACCOLPAL_00670 hypothetical protein 9.134375 0.390035 -1.09841 

CIX2_ACCOLPAL_00740 mqo1 putative malate:quinone oxidoreductase 1 10.1026 0.253962 -1.09582 

CIX2_ACCOLPAL_00348 CIX2_ACCOLPAL_00348 hypothetical protein 10.74243 0.145939 -1.09523 

CIX2_ACCOLPAL_00372 yycI 
Two-component system WalR/WalK regulatory 

protein YycI 
9.374032 0.68371 -1.09336 

CIX2_ACCOLPAL_02223 mutY Adenine DNA glycosylase 9.374458 0.682799 -1.08949 

CIX2_ACCOLPAL_00233 iolG 
Inositol 2-dehydrogenase/D-chiro-inositol 3-

dehydrogenase 
9.13762 0.543589 -1.08819 

CIX2_ACCOLPAL_00539 CIX2_ACCOLPAL_00539 hypothetical protein 9.13762 0.543556 -1.08818 

CIX2_ACCOLPAL_00744 hssR Heme response regulator HssR 9.13762 0.54354 -1.08817 

CIX2_ACCOLPAL_01741 CIX2_ACCOLPAL_01741 putative ABC transporter permease protein 9.13762 0.543523 -1.08817 

CIX2_ACCOLPAL_02577 purR Pur operon repressor 9.137806 0.543716 -1.08755 

CIX2_ACCOLPAL_02397 rpoE 
putative DNA-directed RNA polymerase subunit 

delta 
9.137806 0.543685 -1.08754 

CIX2_ACCOLPAL_00725 ydaG General stress protein 26 9.137806 0.543607 -1.08752 

CIX2_ACCOLPAL_00055 ssl4_1 Staphylococcal superantigen-like 4 9.137806 0.543551 -1.08751 

CIX2_ACCOLPAL_00531 CIX2_ACCOLPAL_00531 hypothetical protein 9.137806 0.54354 -1.0875 

CIX2_ACCOLPAL_01544 bioB_2 Biotin synthase 9.137806 0.543487 -1.08749 

CIX2_ACCOLPAL_00290 wecC UDP-N-acetyl-D-mannosamine dehydrogenase 9.97617 0.334623 -1.07801 

CIX2_ACCOLPAL_02558 suhB Inositol-1-monophosphatase 9.14128 0.544907 -1.07455 

CIX2_ACCOLPAL_00962 CIX2_ACCOLPAL_00962 Superantigen-like protein 13 9.14128 0.544981 -1.07451 

CIX2_ACCOLPAL_00025 est_1 Carboxylesterase 9.14128 0.545054 -1.07446 

CIX2_ACCOLPAL_00917 aldC_2 Alpha-acetolactate decarboxylase 9.141466 0.544795 -1.07389 

CIX2_ACCOLPAL_01077 CIX2_ACCOLPAL_01077 hypothetical protein 9.141466 0.544826 -1.07387 
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CIX2_ACCOLPAL_01175 yitU_1 
5-amino-6-(5-phospho-D-ribitylamino)uracil 

phosphatase YitU 
9.141466 0.544856 -1.07385 

CIX2_ACCOLPAL_00020 metP_1 Methionine import system permease protein MetP 9.141466 0.544872 -1.07384 

CIX2_ACCOLPAL_02040 ilvC Ketol-acid reductoisomerase (NADP(+)) 9.141466 0.545171 -1.07363 

CIX2_ACCOLPAL_01551 ribE Riboflavin synthase 9.141466 0.545256 -1.07358 

CIX2_ACCOLPAL_01322 xseA Exodeoxyribonuclease 7 large subunit 9.141056 0.555752 -1.0651 

CIX2_ACCOLPAL_01582 CIX2_ACCOLPAL_01582 IS3 family transposase ISClsp1 9.141056 0.555753 -1.0651 

CIX2_ACCOLPAL_02028 pnoA Nitronate monooxygenase 9.141056 0.555753 -1.06509 

CIX2_ACCOLPAL_01734 CIX2_ACCOLPAL_01734 hypothetical protein 9.985101 0.144822 -1.06269 

CIX2_ACCOLPAL_01188 cvfB Conserved virulence factor B 9.144723 0.545884 -1.05947 

CIX2_ACCOLPAL_01569 metK S-adenosylmethionine synthase 9.991545 0.337043 -1.04836 

CIX2_ACCOLPAL_00455 asp2 Accessory Sec system protein Asp2 10.40508 0.185089 -1.04738 

CIX2_ACCOLPAL_00447 CIX2_ACCOLPAL_00447 hypothetical protein 9.841237 0.466121 -1.04606 

CIX2_ACCOLPAL_01624 ecsA ABC-type transporter ATP-binding protein EcsA 9.678403 0.334517 -1.0394 

CIX2_ACCOLPAL_00562 mvaA 3-hydroxy-3-methylglutaryl-coenzyme A reductase 10.3008 0.234834 -1.03494 

CIX2_ACCOLPAL_01488 dnaE DNA polymerase III subunit alpha 10.30405 0.221066 -1.03095 

CIX2_ACCOLPAL_00232 CIX2_ACCOLPAL_00232 hypothetical protein 9.681557 0.30762 -1.02252 

CIX2_ACCOLPAL_00550 copA Copper-exporting P-type ATPase 10.65442 0.161774 -1.02053 

CIX2_ACCOLPAL_01901 pgk Phosphoglycerate kinase 9.853957 0.469708 -1.01881 

CIX2_ACCOLPAL_01962 CIX2_ACCOLPAL_01962 hypothetical protein 9.681388 0.287185 -1.01767 

CIX2_ACCOLPAL_00695 tcyC_1 L-cystine import ATP-binding protein TcyC 9.684376 0.292604 -1.01379 

CIX2_ACCOLPAL_01420 CIX2_ACCOLPAL_01420 hypothetical protein 9.684546 0.292046 -1.01341 

CIX2_ACCOLPAL_00661 opuCD Carnitine transport permease protein OpuCD 9.684819 0.288671 -1.01271 

CIX2_ACCOLPAL_00355 CIX2_ACCOLPAL_00355 putative lipoprotein 9.687708 0.342824 -1.01016 

CIX2_ACCOLPAL_00990 CIX2_ACCOLPAL_00990 hypothetical protein 9.504077 0.503166 -1.00818 

CIX2_ACCOLPAL_00126 CIX2_ACCOLPAL_00126 Lipoate--protein ligase 2 10.06863 0.268499 -1.00723 

CIX2_ACCOLPAL_01173 femB Aminoacyltransferase FemB 9.687812 0.344977 -1.00694 

CIX2_ACCOLPAL_01195 scmP_3 N-acetylcysteine deacetylase 9.687983 0.345424 -1.00682 

CIX2_ACCOLPAL_00119 mepA Multidrug export protein MepA 10.20011 0.181948 -1.00632 
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CIX2_ACCOLPAL_01288 srrB Sensor protein SrrB 10.13344 0.367958 -1.0043 

CIX2_ACCOLPAL_01075 CIX2_ACCOLPAL_01075 hypothetical protein 8.859751 0.679438 -1.00337 

CIX2_ACCOLPAL_01471 dnaB 
Replication initiation and membrane attachment 

protein 
8.859751 0.679673 -1.00327 

CIX2_ACCOLPAL_00829 CIX2_ACCOLPAL_00829 hypothetical protein 8.859751 0.679785 -1.00322 

CIX2_ACCOLPAL_01768 tarB Teichoic acid glycerol-phosphate primase 8.859751 0.679905 -1.00317 

CIX2_ACCOLPAL_00777 CIX2_ACCOLPAL_00777 hypothetical protein 8.859751 0.680133 -1.00308 

CIX2_ACCOLPAL_01977 CIX2_ACCOLPAL_01977 hypothetical protein 8.859751 0.680136 -1.00307 

CIX2_ACCOLPAL_02001 CIX2_ACCOLPAL_02001 hypothetical protein 8.859751 0.680365 -1.00298 

CIX2_ACCOLPAL_00683 CIX2_ACCOLPAL_00683 hypothetical protein 8.859751 0.680482 -1.00293 

CIX2_ACCOLPAL_02109 CIX2_ACCOLPAL_02109 hypothetical protein 8.859751 0.680593 -1.00288 

CIX2_ACCOLPAL_00033 CIX2_ACCOLPAL_00033 hypothetical protein 8.859751 0.680662 -1.00285 

CIX2_ACCOLPAL_02366 ssbA_3 Single-stranded DNA-binding protein A 8.859751 0.680818 -1.00278 

CIX2_ACCOLPAL_00367 CIX2_ACCOLPAL_00367 hypothetical protein 8.859751 0.680831 -1.00278 

CIX2_ACCOLPAL_00082 CIX2_ACCOLPAL_00082 hypothetical protein 8.859751 0.680923 -1.00274 

CIX2_ACCOLPAL_02428 arg Arginase  8.859751 0.681041 -1.00269 

CIX2_ACCOLPAL_00151 essG_1 Type VII secretion system protein EsaG 8.859751 0.681181 -1.00263 

CIX2_ACCOLPAL_02439 gsiC 
Glutathione transport system permease protein 

GsiC 
8.859751 0.681263 -1.00259 

CIX2_ACCOLPAL_02550 ctaB2 Protoheme IX farnesyltransferase 2 8.859751 0.681483 -1.0025 

CIX2_ACCOLPAL_00026 CIX2_ACCOLPAL_00026 hypothetical protein 8.859945 0.681335 -1.00115 

CIX2_ACCOLPAL_01466 rpmI 50S ribosomal protein L35 8.859945 0.68138 -1.00114 

CIX2_ACCOLPAL_00190 lytR Sensory transduction protein LytR 8.859945 0.681552 -1.00107 

CIX2_ACCOLPAL_01558 CIX2_ACCOLPAL_01558 hypothetical protein 8.859945 0.681555 -1.00107 

CIX2_ACCOLPAL_01572 ytkD Putative 8-oxo-dGTP diphosphatase YtkD 8.859945 0.681727 -1.001 

CIX2_ACCOLPAL_00403 CIX2_ACCOLPAL_00403 hypothetical protein 8.859945 0.681767 -1.00098 

CIX2_ACCOLPAL_01352 znuB 
High-affinity zinc uptake system membrane protein 

ZnuB 
8.859945 0.681783 -1.00098 

CIX2_ACCOLPAL_00448 CIX2_ACCOLPAL_00448 hypothetical protein 8.859945 0.68198 -1.0009 
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CIX2_ACCOLPAL_01351 zur Zinc-specific metallo-regulatory protein 8.859945 0.682188 -1.00082 

CIX2_ACCOLPAL_00632 CIX2_ACCOLPAL_00632 hypothetical protein 8.859945 0.682192 -1.00082 

CIX2_ACCOLPAL_00375 walR Transcriptional regulatory protein WalR 10.20089 0.377638 -1.00081 

CIX2_ACCOLPAL_01747 sarA Transcriptional regulator SarA 8.859945 0.682253 -1.00079 

CIX2_ACCOLPAL_01781 CIX2_ACCOLPAL_01781 hypothetical protein 8.859945 0.682399 -1.00073 

CIX2_ACCOLPAL_00765 CIX2_ACCOLPAL_00765 hypothetical protein 8.859945 0.682402 -1.00073 

CIX2_ACCOLPAL_01803 CIX2_ACCOLPAL_01803 hypothetical protein 8.859945 0.682543 -1.00068 

CIX2_ACCOLPAL_01327 efp Elongation factor P 8.859945 0.682593 -1.00066 

CIX2_ACCOLPAL_00946 yfiZ_2 
putative siderophore transport system permease 

protein YfiZ 
8.859945 0.682611 -1.00065 

CIX2_ACCOLPAL_01811 uppP Undecaprenyl-diphosphatase 8.859945 0.682687 -1.00062 

CIX2_ACCOLPAL_00974 CIX2_ACCOLPAL_00974 putative N-acetyltransferase 8.859945 0.682818 -1.00057 

CIX2_ACCOLPAL_01897 CIX2_ACCOLPAL_01897 Epimerase family protein 8.859945 0.68283 -1.00056 

CIX2_ACCOLPAL_01955 CIX2_ACCOLPAL_01955 hypothetical protein 8.859945 0.682972 -1.00051 

CIX2_ACCOLPAL_01319 argR_2 Arginine repressor 8.859945 0.683 -1.0005 

CIX2_ACCOLPAL_01019 rsgA Small ribosomal subunit biogenesis GTPase RsgA 8.859945 0.683023 -1.00049 

CIX2_ACCOLPAL_01985 CIX2_ACCOLPAL_01985 hypothetical protein 8.859945 0.683113 -1.00045 

CIX2_ACCOLPAL_02057 agrA Accessory gene regulator protein A 8.859945 0.683253 -1.00039 

CIX2_ACCOLPAL_02182 CIX2_ACCOLPAL_02182 
Putative bifunctional exonuclease/endonuclease 

protein 
8.859945 0.683701 -1.00022 

CIX2_ACCOLPAL_02314 ptsH Phosphocarrier protein HPr 8.859945 0.684141 -1.00004 

CIX2_ACCOLPAL_02457 frbC 2-phosphonomethylmalate synthase 8.859945 0.684588 -0.99986 

CIX2_ACCOLPAL_02340 mazE Antitoxin MazE 8.859945 0.684607 -0.99986 

CIX2_ACCOLPAL_02365 sceD putative transglycosylase SceD 8.859945 0.685063 -0.99967 

CIX2_ACCOLPAL_00304 cap8A_1 
Capsular polysaccharide type 8 biosynthesis 

protein cap8A 
9.694255 0.376893 -0.99621 

CIX2_ACCOLPAL_02086 CIX2_ACCOLPAL_02086 hypothetical protein 9.148396 0.555741 -0.99186 

CIX2_ACCOLPAL_01509 gph_1 Phosphoglycolate phosphatase 9.148396 0.555737 -0.99166 

CIX2_ACCOLPAL_00552 CIX2_ACCOLPAL_00552 Putative acetyltransferase 9.148396 0.555732 -0.99146 
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CIX2_ACCOLPAL_01995 CIX2_ACCOLPAL_01995 hypothetical protein 10.79157 0.17336 -0.99054 

CIX2_ACCOLPAL_01693 sdrD Serine-aspartate repeat-containing protein D 11.83435 0.155804 -0.98934 

CIX2_ACCOLPAL_00825 odh Opine dehydrogenase 9.69743 0.380429 -0.98912 

CIX2_ACCOLPAL_01253 dinG 3'-5' exonuclease DinG 10.07526 0.224111 -0.98864 

CIX2_ACCOLPAL_00729 CIX2_ACCOLPAL_00729 hypothetical protein 9.503726 0.464072 -0.98492 

CIX2_ACCOLPAL_00782 CIX2_ACCOLPAL_00782 hypothetical protein 9.503726 0.464004 -0.98489 

CIX2_ACCOLPAL_02051 CIX2_ACCOLPAL_02051 hypothetical protein 9.503726 0.463873 -0.98481 

CIX2_ACCOLPAL_01362 glyQS Glycine--tRNA ligase 10.08112 0.255997 -0.98168 

CIX2_ACCOLPAL_02538 isdB Iron-regulated surface determinant protein B 10.37534 0.181614 -0.9815 

CIX2_ACCOLPAL_00827 ssaA2 Staphylococcal secretory antigen ssaA2 9.50663 0.475481 -0.97962 

CIX2_ACCOLPAL_00771 fosB Metallothiol transferase FosB 8.863306 0.67785 -0.97597 

CIX2_ACCOLPAL_00868 CIX2_ACCOLPAL_00868 hypothetical protein 8.863306 0.677505 -0.97591 

CIX2_ACCOLPAL_00467 zipA Cell division protein ZipA 8.863306 0.677457 -0.9759 

CIX2_ACCOLPAL_00646 CIX2_ACCOLPAL_00646 hypothetical protein 8.863306 0.677427 -0.97589 

CIX2_ACCOLPAL_02587 CIX2_ACCOLPAL_02587 hypothetical protein 8.863306 0.67719 -0.97585 

CIX2_ACCOLPAL_02511 fib Fibrinogen-binding protein 8.863306 0.677181 -0.97585 

CIX2_ACCOLPAL_02497 nfuA Fe/S biogenesis protein NfuA 8.863306 0.67717 -0.97585 

CIX2_ACCOLPAL_02289 qoxD Quinol oxidase subunit 4 8.863306 0.677159 -0.97585 

CIX2_ACCOLPAL_01841 trpG_2 Anthranilate synthase component 2 8.863306 0.677147 -0.97584 

CIX2_ACCOLPAL_01602 CIX2_ACCOLPAL_01602 hypothetical protein 8.863306 0.677136 -0.97584 

CIX2_ACCOLPAL_01599 CIX2_ACCOLPAL_01599 hypothetical protein 8.863306 0.677125 -0.97584 

CIX2_ACCOLPAL_01456 CIX2_ACCOLPAL_01456 hypothetical protein 8.863306 0.677114 -0.97584 

CIX2_ACCOLPAL_01392 aroE Shikimate dehydrogenase (NADP(+)) 8.863306 0.677103 -0.97584 

CIX2_ACCOLPAL_01332 yibN putative protein YibN 8.863306 0.677092 -0.97583 

CIX2_ACCOLPAL_01230 rnhA 14.7 kDa ribonuclease H-like protein 8.863306 0.677081 -0.97583 

CIX2_ACCOLPAL_00871 CIX2_ACCOLPAL_00871 hypothetical protein 8.863306 0.67707 -0.97583 

CIX2_ACCOLPAL_00624 CIX2_ACCOLPAL_00624 hypothetical protein 8.863306 0.676952 -0.97581 

CIX2_ACCOLPAL_00826 mleN_2 Malate-2H(+)/Na(+)-lactate antiporter 10.08422 0.290698 -0.97496 
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CIX2_ACCOLPAL_01727 CIX2_ACCOLPAL_01727 hypothetical protein 9.941256 0.342978 -0.96721 

CIX2_ACCOLPAL_01328 ypdF Aminopeptidase YpdF 9.510241 0.466062 -0.96336 

CIX2_ACCOLPAL_02529 pheS Phenylalanine--tRNA ligase alpha subunit 9.510241 0.465866 -0.96333 

CIX2_ACCOLPAL_01258 CIX2_ACCOLPAL_01258 hypothetical protein 9.700609 0.425489 -0.96281 

CIX2_ACCOLPAL_00921 hylB Hyaluronate lyase 9.943946 0.319712 -0.95837 

CIX2_ACCOLPAL_02374 atpA ATP synthase subunit alpha 10.43809 0.269185 -0.95722 

CIX2_ACCOLPAL_01274 cmk Cytidylate kinase 9.513588 0.417674 -0.95513 

CIX2_ACCOLPAL_01766 tagH_1 Teichoic acids export ATP-binding protein TagH 9.513588 0.417762 -0.95513 

CIX2_ACCOLPAL_01965 CIX2_ACCOLPAL_01965 hypothetical protein 9.513412 0.439153 -0.95404 

CIX2_ACCOLPAL_00458 gtfA_1 
UDP-N-acetylglucosamine--peptide N-

acetylglucosaminyltransferase GtfA subunit 
10.2748 0.2348 -0.95347 

CIX2_ACCOLPAL_02156 ppaC 
putative manganese-dependent inorganic 

pyrophosphatase 
9.950413 0.296873 -0.94957 

CIX2_ACCOLPAL_02391 CIX2_ACCOLPAL_02391 Putative aldehyde dehydrogenase 10.28012 0.254738 -0.94714 

CIX2_ACCOLPAL_00953 sdrM Multidrug efflux pump SdrM 9.516682 0.442859 -0.94703 

CIX2_ACCOLPAL_01405 pxpC_1 5-oxoprolinase subunit C 9.516858 0.443113 -0.94659 

CIX2_ACCOLPAL_01559 CIX2_ACCOLPAL_01559 hypothetical protein 9.516941 0.469766 -0.93894 

CIX2_ACCOLPAL_01945 CIX2_ACCOLPAL_01945 hypothetical protein 8.867066 0.668538 -0.93807 

CIX2_ACCOLPAL_01339 CIX2_ACCOLPAL_01339 hypothetical protein 8.867066 0.668526 -0.93806 

CIX2_ACCOLPAL_02023 CIX2_ACCOLPAL_02023 hypothetical protein 8.867066 0.668522 -0.93806 

CIX2_ACCOLPAL_00420 CIX2_ACCOLPAL_00420 hypothetical protein 8.867066 0.668513 -0.93805 

CIX2_ACCOLPAL_02122 CIX2_ACCOLPAL_02122 hypothetical protein 8.867066 0.668507 -0.93805 

CIX2_ACCOLPAL_02169 CIX2_ACCOLPAL_02169 hypothetical protein 8.867066 0.668491 -0.93803 

CIX2_ACCOLPAL_02479 CIX2_ACCOLPAL_02479 Putative peptidyl-prolyl cis-trans isomerase 8.867066 0.668475 -0.93802 

CIX2_ACCOLPAL_02482 mnhB1 Na(+)/H(+) antiporter subunit B1 8.867066 0.667945 -0.93757 

CIX2_ACCOLPAL_00983 ftsA Cell division protein FtsA 9.520393 0.554352 -0.9375 

CIX2_ACCOLPAL_02486 mnhF1 Na(+)/H(+) antiporter subunit F1 8.867066 0.667425 -0.93714 

CIX2_ACCOLPAL_00726 rhaR_1 HTH-type transcriptional activator RhaR 9.799914 0.440708 -0.92864 

CIX2_ACCOLPAL_00186 ptsG_1 PTS system glucose-specific EIICBA component 9.3016 0.667312 -0.9235 
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CIX2_ACCOLPAL_00549 copZ Copper chaperone CopZ 9.302146 0.666838 -0.92001 

CIX2_ACCOLPAL_00127 CIX2_ACCOLPAL_00127 Protein ADP-ribosyltransferase 10.16859 0.310293 -0.91756 

CIX2_ACCOLPAL_00485 bceB_2 Bacitracin export permease protein BceB 10.16875 0.35382 -0.91727 

CIX2_ACCOLPAL_02382 glyA Serine hydroxymethyltransferase 9.799131 0.452729 -0.91529 

CIX2_ACCOLPAL_01722 CIX2_ACCOLPAL_01722 Phosphomevalonate kinase 9.799131 0.452361 -0.91521 

CIX2_ACCOLPAL_02018 CIX2_ACCOLPAL_02018 hypothetical protein 10.9342 0.166329 -0.91245 

CIX2_ACCOLPAL_01475 mutM Formamidopyrimidine-DNA glycosylase 9.523495 0.570803 -0.91236 

CIX2_ACCOLPAL_00227 CIX2_ACCOLPAL_00227 putative protein 9.808857 0.43695 -0.90278 

CIX2_ACCOLPAL_01189 ybiT putative ABC transporter ATP-binding protein YbiT 9.809024 0.437138 -0.90259 

CIX2_ACCOLPAL_00362 dus putative tRNA-dihydrouridine synthase 10.35368 0.287196 -0.90059 

CIX2_ACCOLPAL_02581 prs_2 Ribose-phosphate pyrophosphokinase 9.301782 0.684195 -0.89852 

CIX2_ACCOLPAL_01329 lpp Major outer membrane lipoprotein Lpp 9.301782 0.684208 -0.89849 

CIX2_ACCOLPAL_01571 CIX2_ACCOLPAL_01571 hypothetical protein 9.301964 0.683944 -0.89837 

CIX2_ACCOLPAL_01842 menF Isochorismate synthase MenF 9.301964 0.683947 -0.89837 

CIX2_ACCOLPAL_01027 plsX Phosphate acyltransferase 9.301964 0.683987 -0.89828 

CIX2_ACCOLPAL_00625 CIX2_ACCOLPAL_00625 putative protein 9.301782 0.684319 -0.89822 

CIX2_ACCOLPAL_00586 catE_1 Catechol-2,3-dioxygenase 9.301782 0.684339 -0.89817 

CIX2_ACCOLPAL_00760 gltS Sodium/glutamate symporter 9.301964 0.684053 -0.89813 

CIX2_ACCOLPAL_00941 CIX2_ACCOLPAL_00941 hypothetical protein 9.304964 0.683763 -0.88647 

CIX2_ACCOLPAL_00482 graR_1 Response regulator protein GraR 9.304964 0.683764 -0.88647 

CIX2_ACCOLPAL_00145 CIX2_ACCOLPAL_00145 putative ABC transporter permease 9.304964 0.683787 -0.88644 

CIX2_ACCOLPAL_00085 selX Enterotoxin-like toxin X 9.305329 0.683758 -0.88497 

CIX2_ACCOLPAL_02333 potD Spermidine/putrescine-binding periplasmic protein 9.305329 0.683818 -0.8849 

CIX2_ACCOLPAL_02353 ddl D-alanine--D-alanine ligase 10.04315 0.426219 -0.88127 

CIX2_ACCOLPAL_00634 abgT p-aminobenzoyl-glutamate transport protein 9.633481 0.566863 -0.87768 

CIX2_ACCOLPAL_01907 est_2 Carboxylesterase 9.308517 0.682823 -0.87191 

CIX2_ACCOLPAL_01042 rnhB Ribonuclease HII 9.308517 0.682832 -0.87191 

CIX2_ACCOLPAL_01799 CIX2_ACCOLPAL_01799 hypothetical protein 9.308517 0.68285 -0.87191 
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CIX2_ACCOLPAL_01850 CIX2_ACCOLPAL_01850 hypothetical protein 9.308574 0.683463 -0.87165 

CIX2_ACCOLPAL_02259 CIX2_ACCOLPAL_02259 hypothetical protein 9.308574 0.683376 -0.87165 

CIX2_ACCOLPAL_00922 adhR HTH-type transcriptional regulator AdhR 9.308757 0.688664 -0.87143 

CIX2_ACCOLPAL_01078 phaB Acetoacetyl-CoA reductase 9.308757 0.688656 -0.87142 

CIX2_ACCOLPAL_01279 CIX2_ACCOLPAL_01279 hypothetical protein 9.308757 0.688648 -0.87142 

CIX2_ACCOLPAL_02191 vraS Sensor protein VraS 9.308939 0.683504 -0.87011 

CIX2_ACCOLPAL_02092 gloB_2 Hydroxyacylglutathione hydrolase 9.308939 0.683492 -0.87011 

CIX2_ACCOLPAL_01788 graS_2 Sensor histidine kinase GraS 9.308939 0.683386 -0.8701 

CIX2_ACCOLPAL_01644 tcyC_2 L-cystine import ATP-binding protein TcyC 9.308939 0.683278 -0.87008 

CIX2_ACCOLPAL_02275 menD 
2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene- 

1-carboxylate synthase 
10.05548 0.446473 -0.86953 

CIX2_ACCOLPAL_01342 comGA ComG operon protein 1 9.312133 0.688699 -0.86652 

CIX2_ACCOLPAL_00077 CIX2_ACCOLPAL_00077 hypothetical protein 9.636503 0.554728 -0.85942 

CIX2_ACCOLPAL_01972 CIX2_ACCOLPAL_01972 hypothetical protein 10.25668 0.225882 -0.85849 

CIX2_ACCOLPAL_01975 CIX2_ACCOLPAL_01975 hypothetical protein 10.81157 0.161011 -0.85692 

CIX2_ACCOLPAL_00132 CIX2_ACCOLPAL_00132 hypothetical protein 9.902416 0.554488 -0.85214 

CIX2_ACCOLPAL_02623 entD_2 Enterotoxin type D 10.43406 0.253089 -0.84789 

CIX2_ACCOLPAL_01721 thrB_2 Homoserine kinase 10.58666 0.211373 -0.84588 

CIX2_ACCOLPAL_00641 cntB 
Metal-staphylopine import system permease 

protein CntB 
9.642903 0.558416 -0.84514 

CIX2_ACCOLPAL_00489 sirC Precorrin-2 dehydrogenase 9.642903 0.558409 -0.84514 

CIX2_ACCOLPAL_00059 qorB Quinone oxidoreductase 2 9.643174 0.649822 -0.84257 

CIX2_ACCOLPAL_01500 thiI putative tRNA sulfurtransferase 9.643174 0.649816 -0.84256 

CIX2_ACCOLPAL_01909 smpB SsrA-binding protein 9.315331 0.682355 -0.84075 

CIX2_ACCOLPAL_00629 CIX2_ACCOLPAL_00629 putative oxidoreductase 9.646208 0.656952 -0.83837 

CIX2_ACCOLPAL_01041 rbgA Ribosome biogenesis GTPase A 9.315756 0.681373 -0.8367 

CIX2_ACCOLPAL_01787 graR_2 Response regulator protein GraR 9.649691 0.65801 -0.83146 

CIX2_ACCOLPAL_00662 norB_3 Quinolone resistance protein NorB 9.917763 0.287997 -0.82517 

CIX2_ACCOLPAL_00656 yveA Aspartate-proton symporter 9.917763 0.288038 -0.82517 
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CIX2_ACCOLPAL_01630 CIX2_ACCOLPAL_01630 hypothetical protein 10.64335 0.275916 -0.82178 

CIX2_ACCOLPAL_02172 ligA DNA ligase 10.13817 0.501938 -0.82164 

CIX2_ACCOLPAL_02054 treR_2 HTH-type transcriptional regulator TreR 9.31896 0.681174 -0.82057 

CIX2_ACCOLPAL_00573 yicL putative inner membrane transporter YicL 9.31896 0.681109 -0.82038 

CIX2_ACCOLPAL_00309 CIX2_ACCOLPAL_00309 hypothetical protein 10.4976 0.274815 -0.81517 

CIX2_ACCOLPAL_00803 CIX2_ACCOLPAL_00803 hypothetical protein 9.920956 0.55463 -0.81219 

CIX2_ACCOLPAL_00759 fni Isopentenyl-diphosphate delta-isomerase 9.752817 0.66564 -0.8097 

CIX2_ACCOLPAL_00432 hisH 
Imidazole glycerol phosphate synthase subunit 

HisH 
9.752817 0.665641 -0.80965 

CIX2_ACCOLPAL_01032 smc_2 Chromosome partition protein Smc 10.91307 0.162866 -0.80605 

CIX2_ACCOLPAL_01485 accA 
Acetyl-coenzyme A carboxylase carboxyl 

transferase subunit alpha 
9.752649 0.66488 -0.80186 

CIX2_ACCOLPAL_01250 nth_1 Endonuclease III 9.752481 0.418611 -0.799 

CIX2_ACCOLPAL_00334 sbnC Staphyloferrin B synthase 11.06698 0.182223 -0.78934 

CIX2_ACCOLPAL_02354 rodA Peptidoglycan glycosyltransferase RodA 10.00436 0.402583 -0.78421 

CIX2_ACCOLPAL_01567 yvgN Glyoxal reductase 9.758246 0.665081 -0.78299 

CIX2_ACCOLPAL_01057 frr Ribosome-recycling factor 9.451372 0.803633 -0.78119 

CIX2_ACCOLPAL_00650 CIX2_ACCOLPAL_00650 hypothetical protein 9.451728 0.803368 -0.77987 

CIX2_ACCOLPAL_02281 dapX 
putative N-acetyl-LL-diaminopimelate 

aminotransferase 
9.451728 0.803375 -0.77986 

CIX2_ACCOLPAL_02491 pepA_2 Cytosol aminopeptidase 9.755614 0.382728 -0.77716 

CIX2_ACCOLPAL_00866 swrC_3 Swarming motility protein SwrC 9.758414 0.385925 -0.77223 

CIX2_ACCOLPAL_02012 CIX2_ACCOLPAL_02012 hypothetical protein 11.39796 0.13475 -0.76888 

CIX2_ACCOLPAL_00140 nupC_1 Nucleoside permease NupC 9.761669 0.484111 -0.76751 

CIX2_ACCOLPAL_02048 mutS_2 DNA mismatch repair protein MutS 9.761555 0.472059 -0.76595 

CIX2_ACCOLPAL_02387 prfA Peptide chain release factor 1 9.455028 0.803692 -0.7657 

CIX2_ACCOLPAL_01738 argS Arginine--tRNA ligase 10.01633 0.421639 -0.76514 

CIX2_ACCOLPAL_01846 ltaS Lipoteichoic acid synthase 10.01649 0.43089 -0.76449 

CIX2_ACCOLPAL_00655 pnbA Para-nitrobenzyl esterase 10.01586 0.45319 -0.76371 
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CIX2_ACCOLPAL_00666 kimA Potassium transporter KimA 10.01933 0.434434 -0.76195 

CIX2_ACCOLPAL_00381 gdpP Cyclic-di-AMP phosphodiesterase GdpP 10.97958 0.285225 -0.76012 

CIX2_ACCOLPAL_01153 parE DNA topoisomerase 4 subunit B 9.764813 0.467216 -0.75875 

CIX2_ACCOLPAL_00034 CIX2_ACCOLPAL_00034 hypothetical protein 9.765151 0.434359 -0.75815 

CIX2_ACCOLPAL_00454 asp1 Accessory Sec system protein Asp1 10.23178 0.425516 -0.7572 

CIX2_ACCOLPAL_00436 lipA_1 Lipase 1  10.46916 0.415944 -0.75526 

CIX2_ACCOLPAL_01186 CIX2_ACCOLPAL_01186 hypothetical protein 9.768415 0.438461 -0.75511 

CIX2_ACCOLPAL_00746 hrtA Putative hemin import ATP-binding protein HrtA 9.768131 0.450966 -0.75378 

CIX2_ACCOLPAL_00681 CIX2_ACCOLPAL_00681 
8-amino-7-oxononanoate synthase/2-amino-3-

ketobutyrate coenzyme A ligase 
9.454671 0.832363 -0.7523 

CIX2_ACCOLPAL_00789 ybbH_3 putative HTH-type transcriptional regulator YbbH 9.454671 0.832536 -0.7522 

CIX2_ACCOLPAL_02163 nadE NH(3)-dependent NAD(+) synthetase 9.454671 0.832579 -0.75217 

CIX2_ACCOLPAL_01508 serA D-3-phosphoglycerate dehydrogenase 9.454671 0.832582 -0.75217 

CIX2_ACCOLPAL_01060 CIX2_ACCOLPAL_01060 Putative zinc metalloprotease 9.45485 0.832336 -0.75201 

CIX2_ACCOLPAL_01044 sucD Succinate--CoA ligase [ADP-forming] subunit alpha 9.45485 0.832407 -0.75197 

CIX2_ACCOLPAL_02248 ltaA putative glycolipid permease LtaA 9.767961 0.470337 -0.75191 

CIX2_ACCOLPAL_02114 clpP_2 ATP-dependent Clp protease proteolytic subunit 10.02233 0.472481 -0.75091 

CIX2_ACCOLPAL_00224 CIX2_ACCOLPAL_00224 hypothetical protein 10.23449 0.443492 -0.74833 

CIX2_ACCOLPAL_01418 mnmA tRNA-specific 2-thiouridylase MnmA 10.23561 0.435322 -0.74767 

CIX2_ACCOLPAL_00104 CIX2_ACCOLPAL_00104 hypothetical protein 9.457976 0.829673 -0.74745 

CIX2_ACCOLPAL_01869 garK_2 Glycerate 2-kinase 9.457976 0.829764 -0.74742 

CIX2_ACCOLPAL_02069 dapE putative succinyl-diaminopimelate desuccinylase 9.45823 0.832 -0.74667 

CIX2_ACCOLPAL_02560 mntH_2 Divalent metal cation transporter MntH 9.458409 0.832025 -0.74636 

CIX2_ACCOLPAL_02621 CIX2_ACCOLPAL_02621 hypothetical protein 10.63406 0.301043 -0.74496 

CIX2_ACCOLPAL_02082 CIX2_ACCOLPAL_02082 hypothetical protein 9.062319 0.847224 -0.74388 

CIX2_ACCOLPAL_00252 CIX2_ACCOLPAL_00252 hypothetical protein 9.062319 0.847464 -0.74381 

CIX2_ACCOLPAL_02588 divIC Cell division protein DivIC 9.062319 0.847507 -0.7438 

CIX2_ACCOLPAL_01262 aroA_1 3-phosphoshikimate 1-carboxyvinyltransferase 9.46154 0.844399 -0.74269 

CIX2_ACCOLPAL_02390 rho Transcription termination factor Rho 9.77501 0.458371 -0.74146 
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CIX2_ACCOLPAL_00769 lyrA Lysostaphin resistance protein A 9.77501 0.458679 -0.74135 

CIX2_ACCOLPAL_01097 glpK Glycerol kinase 9.461361 0.831685 -0.74128 

CIX2_ACCOLPAL_00799 CIX2_ACCOLPAL_00799 hypothetical protein 9.062697 0.848424 -0.74029 

CIX2_ACCOLPAL_00736 paiA Spermidine/spermine N(1)-acetyltransferase 9.062697 0.848426 -0.74029 

CIX2_ACCOLPAL_00858 sarV HTH-type transcriptional regulator SarV 9.062697 0.848804 -0.7402 

CIX2_ACCOLPAL_00861 CIX2_ACCOLPAL_00861 hypothetical protein 9.062697 0.849182 -0.7401 

CIX2_ACCOLPAL_01627 CIX2_ACCOLPAL_01627 hypothetical protein 9.062697 0.84956 -0.74001 

CIX2_ACCOLPAL_00674 garK_1 Glycerate 2-kinase 10.24088 0.487546 -0.73812 

CIX2_ACCOLPAL_01662 mrnC Mini-ribonuclease 3 9.464854 0.829284 -0.73402 

CIX2_ACCOLPAL_00392 CIX2_ACCOLPAL_00392 hypothetical protein 9.464854 0.829222 -0.73399 

CIX2_ACCOLPAL_02361 thiE Thiamine-phosphate synthase 9.464854 0.8292 -0.73398 

CIX2_ACCOLPAL_00543 crtP 4,4'-diaponeurosporene oxygenase 10.30548 0.431426 -0.72979 

CIX2_ACCOLPAL_01402 pxpA 5-oxoprolinase subunit A 10.09948 0.451028 -0.72637 

CIX2_ACCOLPAL_00605 fnbA Fibronectin-binding protein A 11.44806 0.261049 -0.72591 

CIX2_ACCOLPAL_02376 atpF ATP synthase subunit b 9.464931 0.808492 -0.72512 

CIX2_ACCOLPAL_02274 pchA Salicylate biosynthesis isochorismate synthase 9.464931 0.808299 -0.72505 

CIX2_ACCOLPAL_02062 yafV Omega-amidase YafV 9.46843 0.825548 -0.72402 

CIX2_ACCOLPAL_01933 fbiB Bifunctional F420 biosynthesis protein FbiB 9.46843 0.825412 -0.72391 

CIX2_ACCOLPAL_01718 pta Phosphate acetyltransferase 9.46529 0.808548 -0.72376 

CIX2_ACCOLPAL_00238 msmX 
Oligosaccharides import ATP-binding protein 

MsmX 
9.86515 0.550103 -0.7163 

CIX2_ACCOLPAL_00456 CIX2_ACCOLPAL_00456 hypothetical protein 9.062508 0.942204 -0.7134 

CIX2_ACCOLPAL_01040 CIX2_ACCOLPAL_01040 hypothetical protein 9.062508 0.942381 -0.71334 

CIX2_ACCOLPAL_01808 CIX2_ACCOLPAL_01808 
Putative cytokinin riboside 5'-monophosphate 

phosphoribohydrolase 
9.062508 0.942567 -0.71328 

CIX2_ACCOLPAL_02392 yodB HTH-type transcriptional regulator YodB 9.062508 0.943216 -0.71305 

CIX2_ACCOLPAL_02192 vraR Response regulator protein VraR 9.062508 0.943217 -0.71305 

CIX2_ACCOLPAL_01822 CIX2_ACCOLPAL_01822 hypothetical protein 9.062508 0.943217 -0.71305 
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CIX2_ACCOLPAL_02185 gatD_3 
Lipid II isoglutaminyl synthase (glutamine-

hydrolyzing) subunit GatD 
9.062508 0.943217 -0.71305 

CIX2_ACCOLPAL_00273 CIX2_ACCOLPAL_00273 hypothetical protein 9.940288 0.656029 -0.71189 

CIX2_ACCOLPAL_00276 CIX2_ACCOLPAL_00276 Formate dehydrogenase 10.11093 0.540776 -0.71058 

CIX2_ACCOLPAL_02148 CIX2_ACCOLPAL_02148 hypothetical protein 9.065804 1 -0.70457 

CIX2_ACCOLPAL_01992 CIX2_ACCOLPAL_01992 hypothetical protein 9.065804 1 -0.70457 

CIX2_ACCOLPAL_01825 ybaK Cys-tRNA(Pro)/Cys-tRNA(Cys) deacylase YbaK 9.065804 1 -0.70456 

CIX2_ACCOLPAL_01201 yccX Acylphosphatase 9.065804 1 -0.70456 

CIX2_ACCOLPAL_01038 trmD tRNA (guanine-N(1)-)-methyltransferase 9.065804 1 -0.70456 

CIX2_ACCOLPAL_00978 ftsL Cell division protein FtsL 9.065804 1 -0.70455 

CIX2_ACCOLPAL_00716 nreC Oxygen regulatory protein NreC 9.065804 1 -0.70453 

CIX2_ACCOLPAL_00631 CIX2_ACCOLPAL_00631 hypothetical protein 9.065804 1 -0.7045 

CIX2_ACCOLPAL_00047 ssl5_1 Staphylococcal superantigen-like 5 9.065804 1 -0.70449 

CIX2_ACCOLPAL_00312 phnE_1 Phosphate-import permease protein PhnE 9.065804 1 -0.70448 

CIX2_ACCOLPAL_02499 dltC D-alanyl carrier protein 9.065994 1 -0.70409 

CIX2_ACCOLPAL_02364 tenA Aminopyrimidine aminohydrolase 9.065994 1 -0.70409 

CIX2_ACCOLPAL_02337 rsbV Anti-sigma-B factor antagonist 9.065994 1 -0.70409 

CIX2_ACCOLPAL_02101 CIX2_ACCOLPAL_02101 hypothetical protein 9.065994 1 -0.70408 

CIX2_ACCOLPAL_02033 CIX2_ACCOLPAL_02033 hypothetical protein 9.065994 1 -0.70408 

CIX2_ACCOLPAL_01280 CIX2_ACCOLPAL_01280 Ferredoxin 9.065994 1 -0.70408 

CIX2_ACCOLPAL_00356 CIX2_ACCOLPAL_00356 putative lipoprotein 9.065994 1 -0.70407 

CIX2_ACCOLPAL_00903 rplQ 50S ribosomal protein L17 9.065994 1 -0.70402 

CIX2_ACCOLPAL_00357 plc 1-phosphatidylinositol phosphodiesterase 9.586564 0.576157 -0.70326 

CIX2_ACCOLPAL_00306 CIX2_ACCOLPAL_00306 hypothetical protein 9.87127 0.541317 -0.70244 

CIX2_ACCOLPAL_00036 CIX2_ACCOLPAL_00036 putative lipoprotein 9.587086 0.576353 -0.70133 

CIX2_ACCOLPAL_02021 CIX2_ACCOLPAL_02021 hypothetical protein 11.15257 0.163899 -0.70041 

CIX2_ACCOLPAL_01881 prfB Peptide chain release factor 2 9.871435 0.525735 -0.69865 

CIX2_ACCOLPAL_01900 gapA1 Glyceraldehyde-3-phosphate dehydrogenase 1 9.871435 0.525545 -0.69861 

CIX2_ACCOLPAL_02519 frdA Fumarate reductase flavoprotein subunit 10.38083 0.370477 -0.69527 
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CIX2_ACCOLPAL_01273 rpsA 30S ribosomal protein S1 9.877902 0.521004 -0.69352 

CIX2_ACCOLPAL_00951 CIX2_ACCOLPAL_00951 putative uridylyltransferase 9.877736 0.530463 -0.69319 

CIX2_ACCOLPAL_00660 opuCC Carnitine transport binding protein OpuCC 9.877608 0.530971 -0.6931 

CIX2_ACCOLPAL_01547 ytpA Phospholipase YtpA 9.069513 1 -0.69245 

CIX2_ACCOLPAL_01096 glpF Glycerol uptake facilitator protein 9.069703 1 -0.69173 

CIX2_ACCOLPAL_01769 tagX Putative glycosyltransferase TagX 9.880993 0.522343 -0.69124 

CIX2_ACCOLPAL_00462 CIX2_ACCOLPAL_00462 
N-acetylmuramoyl-L-alanine amidase domain-

containing protein 
10.93054 0.393764 -0.68952 

CIX2_ACCOLPAL_00166 essB Type VII secretion system protein EssB 10.18916 0.41056 -0.68585 

CIX2_ACCOLPAL_01633 CIX2_ACCOLPAL_01633 hypothetical protein 9.883923 0.534387 -0.68533 

CIX2_ACCOLPAL_01358 sigA RNA polymerase sigma factor SigA 9.884218 0.535738 -0.68472 

CIX2_ACCOLPAL_00577 sdhA L-serine dehydratase, alpha chain 9.069295 0.974152 -0.68133 

CIX2_ACCOLPAL_00163 esxB Type VII secretion system extracellular protein B 9.069295 0.974015 -0.68132 

CIX2_ACCOLPAL_01527 CIX2_ACCOLPAL_01527 hypothetical protein 9.069295 0.973602 -0.68129 

CIX2_ACCOLPAL_02561 CIX2_ACCOLPAL_02561 hypothetical protein 9.069295 0.973324 -0.68127 

CIX2_ACCOLPAL_01277 ebpS Elastin-binding protein EbpS 9.884089 0.54688 -0.68089 

CIX2_ACCOLPAL_00288 isdI Heme oxygenase (staphylobilin-producing) 2 9.073011 1 -0.6783 

CIX2_ACCOLPAL_01133 lysP_1 Lysine-specific permease 9.073011 1 -0.67828 

CIX2_ACCOLPAL_01528 ytpP Thioredoxin-like protein YtpP 9.073011 1 -0.67754 

CIX2_ACCOLPAL_02080 CIX2_ACCOLPAL_02080 hypothetical protein 9.073011 1 -0.6775 

CIX2_ACCOLPAL_02209 CIX2_ACCOLPAL_02209 hypothetical protein 9.073011 1 -0.67745 

CIX2_ACCOLPAL_02313 CIX2_ACCOLPAL_02313 hypothetical protein 9.073011 1 -0.67741 

CIX2_ACCOLPAL_02407 deoD1 Purine nucleoside phosphorylase DeoD-type 1 9.073011 1 -0.67739 

CIX2_ACCOLPAL_00351 rhaS_1 HTH-type transcriptional activator RhaS 10.44647 0.442356 -0.67304 

CIX2_ACCOLPAL_02017 CIX2_ACCOLPAL_02017 hypothetical protein 10.81067 0.527012 -0.67158 

CIX2_ACCOLPAL_01828 fruA_2 PTS system fructose-specific EIIABC component 10.6217 0.428229 -0.67137 

CIX2_ACCOLPAL_01663 CIX2_ACCOLPAL_01663 Putative TrmH family tRNA/rRNA methyltransferase 9.589973 0.546483 -0.66867 

CIX2_ACCOLPAL_02445 oppD_2 Oligopeptide transport ATP-binding protein OppD 9.593038 0.548721 -0.66444 

CIX2_ACCOLPAL_00117 glpT Glycerol-3-phosphate transporter 9.593481 0.54616 -0.66306 
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CIX2_ACCOLPAL_01118 cls_1 Cardiolipin synthase 9.596107 0.571152 -0.66217 

CIX2_ACCOLPAL_00359 recD RecBCD enzyme subunit RecD 10.6714 0.338251 -0.66141 

CIX2_ACCOLPAL_00932 lacE PTS system lactose-specific EIICB component 9.969801 0.62648 -0.65744 

CIX2_ACCOLPAL_00137 bglK Beta-glucoside kinase 9.59655 0.649244 -0.65704 

CIX2_ACCOLPAL_01710 pdxK Pyridoxine kinase 9.596725 0.649378 -0.65694 

CIX2_ACCOLPAL_02421 CIX2_ACCOLPAL_02421 hypothetical protein 9.973448 0.63324 -0.65568 

CIX2_ACCOLPAL_00180 degA HTH-type transcriptional regulator DegA 9.972662 0.628098 -0.65433 

CIX2_ACCOLPAL_01790 bceB_3 Bacitracin export permease protein BceB 9.600068 0.658619 -0.65165 

CIX2_ACCOLPAL_02386 prmC Release factor glutamine methyltransferase 9.600243 0.658638 -0.65128 

CIX2_ACCOLPAL_01478 sasA Adaptive-response sensory-kinase SasA 9.976614 0.631469 -0.64972 

CIX2_ACCOLPAL_01419 iscS_1 Cysteine desulfurase IscS 10.3349 0.57856 -0.64631 

CIX2_ACCOLPAL_00982 divIB Cell division protein DivIB 9.979157 0.623803 -0.64496 

CIX2_ACCOLPAL_02225 CIX2_ACCOLPAL_02225 
Putative multidrug export ATP-binding/permease 

protein 
9.978855 0.620037 -0.64482 

CIX2_ACCOLPAL_02373 atpG ATP synthase gamma chain 9.985387 0.710574 -0.6397 

CIX2_ACCOLPAL_01832 csbB Putative glycosyltransferase CsbB 9.710221 0.664442 -0.63593 

CIX2_ACCOLPAL_00220 fadN putative 3-hydroxyacyl-CoA dehydrogenase 10.52803 0.503748 -0.63217 

CIX2_ACCOLPAL_00267 rocD2_1 Ornithine aminotransferase 2 10.28782 0.520665 -0.62704 

CIX2_ACCOLPAL_00307 CIX2_ACCOLPAL_00307 hypothetical protein 9.239251 1 -0.62604 

CIX2_ACCOLPAL_02158 CIX2_ACCOLPAL_02158 hypothetical protein 9.239251 1 -0.62591 

CIX2_ACCOLPAL_02011 CIX2_ACCOLPAL_02011 hypothetical protein 11.08489 0.373236 -0.62334 

CIX2_ACCOLPAL_00931 lacF PTS system lactose-specific EIIA component 9.239805 1 -0.62171 

CIX2_ACCOLPAL_01625 hit Protein hit 9.239805 1 -0.62165 

CIX2_ACCOLPAL_02336 rsbW Serine-protein kinase RsbW 9.606675 0.665466 -0.61978 

CIX2_ACCOLPAL_02670 CIX2_ACCOLPAL_02670 ISL3 family transposase IS1181 11.56658 0.250497 -0.60914 

CIX2_ACCOLPAL_00299 wbjC 
UDP-2-acetamido-2,6-beta-L-arabino-hexul-4-ose 

reductase 
10.07374 0.537088 -0.60761 

CIX2_ACCOLPAL_01134 katA Catalase  10.0739 0.52263 -0.60606 

CIX2_ACCOLPAL_00093 mscS Small-conductance mechanosensitive channel 9.716849 0.762351 -0.60583 
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CIX2_ACCOLPAL_00617 uvrB_1 UvrABC system protein B 10.42086 0.44226 -0.60564 

CIX2_ACCOLPAL_00291 gnu 
N-acetyl-alpha-D-glucosaminyl-diphospho-ditrans,o 

ctacis-undecaprenol 4-epimerase 
9.716398 0.655511 -0.60347 

CIX2_ACCOLPAL_00509 panC Pantothenate synthetase 9.719516 0.759209 -0.60325 

CIX2_ACCOLPAL_00222 CIX2_ACCOLPAL_00222 Staphylocoagulase 10.42006 0.424297 -0.60319 

CIX2_ACCOLPAL_00589 mhqA_2 Putative ring-cleaving dioxygenase MhqA 10.07671 0.523542 -0.60278 

CIX2_ACCOLPAL_02293 CIX2_ACCOLPAL_02293 hypothetical protein 9.076734 0.957899 -0.60243 

CIX2_ACCOLPAL_01798 CIX2_ACCOLPAL_01798 hypothetical protein 9.076734 0.957778 -0.60238 

CIX2_ACCOLPAL_01269 CIX2_ACCOLPAL_01269 hypothetical protein 9.076734 0.957657 -0.60234 

CIX2_ACCOLPAL_00800 CIX2_ACCOLPAL_00800 hypothetical protein 9.719407 0.761454 -0.60159 

CIX2_ACCOLPAL_02216 CIX2_ACCOLPAL_02216 putative protein 9.239436 0.682798 -0.59934 

CIX2_ACCOLPAL_01739 nth_2 Endonuclease III 9.239436 0.682828 -0.59928 

CIX2_ACCOLPAL_01774 CIX2_ACCOLPAL_01774 hypothetical protein 9.239621 0.682631 -0.59887 

CIX2_ACCOLPAL_01463 CIX2_ACCOLPAL_01463 hypothetical protein 9.239621 0.68267 -0.5988 

CIX2_ACCOLPAL_01064 nusA 
Transcription termination/antitermination protein 

NusA 
9.239621 0.682701 -0.59873 

CIX2_ACCOLPAL_00325 wbgU UDP-N-acetylglucosamine 4-epimerase 10.07938 0.541704 -0.59793 

CIX2_ACCOLPAL_01094 mutL DNA mismatch repair protein MutL 9.826178 0.746574 -0.59634 

CIX2_ACCOLPAL_01261 bepA_1 Beta-barrel assembly-enhancing protease 9.719858 0.764978 -0.59574 

CIX2_ACCOLPAL_00956 salA Iron-sulfur cluster carrier protein 10.08298 0.522702 -0.59565 

CIX2_ACCOLPAL_00022 mccB Cystathionine gamma-lyase 10.0833 0.522894 -0.59523 

CIX2_ACCOLPAL_02214 queE_2 7-carboxy-7-deazaguanine synthase 9.72259 0.757333 -0.59511 

CIX2_ACCOLPAL_00431 hisB Imidazoleglycerol-phosphate dehydratase 9.722871 0.764884 -0.59399 

CIX2_ACCOLPAL_01224 thyA Thymidylate synthase 9.726341 0.764683 -0.59113 

CIX2_ACCOLPAL_01502 ezrA Septation ring formation regulator EzrA 10.15943 0.569861 -0.58965 

CIX2_ACCOLPAL_00607 gtaB UTP--glucose-1-phosphate uridylyltransferase 10.15651 0.545286 -0.58854 

CIX2_ACCOLPAL_01824 CIX2_ACCOLPAL_01824 hypothetical protein 9.726683 0.761499 -0.58591 

CIX2_ACCOLPAL_00282 nrtD Nitrate import ATP-binding protein NrtD 9.242666 0.68246 -0.5857 

CIX2_ACCOLPAL_01138 CIX2_ACCOLPAL_01138 hypothetical protein 9.242666 0.682499 -0.58566 
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CIX2_ACCOLPAL_00318 fadR Fatty acid metabolism regulator protein 9.243036 0.682613 -0.5839 

CIX2_ACCOLPAL_00698 bdbD Disulfide bond formation protein D 9.243036 0.682646 -0.58387 

CIX2_ACCOLPAL_00758 zntB Zinc transport protein ZntB 9.243036 0.682683 -0.58384 

CIX2_ACCOLPAL_01343 CIX2_ACCOLPAL_01343 putative metallo-hydrolase 9.243036 0.682719 -0.5838 

CIX2_ACCOLPAL_00165 essC Type VII secretion system protein EssC 11.37993 0.335311 -0.5832 

CIX2_ACCOLPAL_00773 hutU Urocanate hydratase 10.15667 0.602541 -0.58251 

CIX2_ACCOLPAL_02574 rsmA Ribosomal RNA small subunit methyltransferase A 9.725777 0.745024 -0.58248 

CIX2_ACCOLPAL_00465 manP PTS system mannose-specific EIIBCA component 10.30051 0.578389 -0.57799 

CIX2_ACCOLPAL_02484 mnhD1_2 Na(+)/H(+) antiporter subunit D1 9.72925 0.757377 -0.57493 

CIX2_ACCOLPAL_00724 CIX2_ACCOLPAL_00724 hypothetical protein 9.242851 0.688827 -0.57362 

CIX2_ACCOLPAL_00734 CIX2_ACCOLPAL_00734 hypothetical protein 9.242851 0.688832 -0.57359 

CIX2_ACCOLPAL_02330 potA 
Spermidine/putrescine import ATP-binding protein 

PotA 
9.242851 0.688832 -0.57359 

CIX2_ACCOLPAL_02444 oppF_2 Oligopeptide transport ATP-binding protein OppF 9.242851 0.688836 -0.57357 

CIX2_ACCOLPAL_00926 lacR Lactose phosphotransferase system repressor 9.242851 0.688838 -0.57357 

CIX2_ACCOLPAL_02125 CIX2_ACCOLPAL_02125 hypothetical protein 9.242851 0.688843 -0.57354 

CIX2_ACCOLPAL_00652 fetA putative iron export ATP-binding protein FetA 9.246086 0.681664 -0.57058 

CIX2_ACCOLPAL_01190 lysC Aspartokinase 9.246086 0.681702 -0.57057 

CIX2_ACCOLPAL_01826 ydjF putative HTH-type transcriptional regulator YdjF 9.246086 0.681787 -0.57056 

CIX2_ACCOLPAL_01960 CIX2_ACCOLPAL_01960 hypothetical protein 9.246086 0.681819 -0.57056 

CIX2_ACCOLPAL_02243 fabI Enoyl-[acyl-carrier-protein] reductase [NADPH] FabI 9.246086 0.681851 -0.57056 

CIX2_ACCOLPAL_01861 yclO Petrobactin import system permease protein YclO 9.246272 0.681815 -0.5697 

CIX2_ACCOLPAL_01473 gapA2 Glyceraldehyde-3-phosphate dehydrogenase 2 9.246272 0.681834 -0.5697 

CIX2_ACCOLPAL_01129 thrC Threonine synthase 9.246272 0.681853 -0.5697 

CIX2_ACCOLPAL_00693 CIX2_ACCOLPAL_00693 
putative amino-acid ABC transporter-binding 

protein 
9.246272 0.681871 -0.5697 

CIX2_ACCOLPAL_01002 pyrF Orotidine 5'-phosphate decarboxylase 9.246322 0.682686 -0.56936 

CIX2_ACCOLPAL_00788 yifK putative transport protein YifK 9.246322 0.682659 -0.56936 

CIX2_ACCOLPAL_00360 CIX2_ACCOLPAL_00360 hypothetical protein 9.246322 0.682633 -0.56935 
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CIX2_ACCOLPAL_00841 fhuD Iron(3+)-hydroxamate-binding protein FhuD 9.246507 0.688809 -0.56918 

CIX2_ACCOLPAL_01216 CIX2_ACCOLPAL_01216 hypothetical protein 9.246693 0.682641 -0.56772 

CIX2_ACCOLPAL_01145 sbcD Nuclease SbcCD subunit D 9.246693 0.682573 -0.56771 

CIX2_ACCOLPAL_00319 CIX2_ACCOLPAL_00319 hypothetical protein 9.246693 0.682572 -0.56771 

CIX2_ACCOLPAL_02369 murA1 
UDP-N-acetylglucosamine 1-

carboxyvinyltransferase 1 
9.82996 0.855216 -0.56613 

CIX2_ACCOLPAL_01883 yfbR 5'-deoxynucleotidase YfbR 9.249748 0.688807 -0.56497 

CIX2_ACCOLPAL_00099 CIX2_ACCOLPAL_00099 Isatin hydrolase 9.249934 0.688827 -0.56482 

CIX2_ACCOLPAL_01232 ebhA_2 Extracellular matrix-binding protein EbhA 9.249934 0.688817 -0.56477 

CIX2_ACCOLPAL_01524 murC UDP-N-acetylmuramate--L-alanine ligase 9.249934 0.688807 -0.56472 

CIX2_ACCOLPAL_02037 leuC 3-isopropylmalate dehydratase large subunit 9.249934 0.688807 -0.56472 

CIX2_ACCOLPAL_00419 CIX2_ACCOLPAL_00419 Lactonase drp35 9.830082 0.86099 -0.5627 

CIX2_ACCOLPAL_00643 cntD 
Metal-staphylopine import system ATP-binding 

protein CntD 
9.736041 0.75998 -0.56072 

CIX2_ACCOLPAL_00466 manR Transcriptional regulator ManR 10.50355 0.502446 -0.55823 

CIX2_ACCOLPAL_00642 cntC 
Metal-staphylopine import system permease 

protein CntC 
9.832866 0.542643 -0.55527 

CIX2_ACCOLPAL_01462 tig Trigger factor 10.50899 0.490443 -0.55307 

CIX2_ACCOLPAL_02226 CIX2_ACCOLPAL_02226 hypothetical protein 9.397016 0.761893 -0.55125 

CIX2_ACCOLPAL_00141 psuG Pseudouridine-5'-phosphate glycosidase 9.8332 0.525997 -0.55107 

CIX2_ACCOLPAL_01015 rsmB Ribosomal RNA small subunit methyltransferase B 9.836445 0.544606 -0.54994 

CIX2_ACCOLPAL_01210 odhA 2-oxoglutarate dehydrogenase E1 component 9.931981 0.649167 -0.54957 

CIX2_ACCOLPAL_01278 recQ_1 ATP-dependent DNA helicase RecQ 9.836154 0.518215 -0.54786 

CIX2_ACCOLPAL_01000 carA_2 Carbamoyl-phosphate synthase small chain 9.836154 0.517738 -0.54782 

CIX2_ACCOLPAL_00471 arcA Arginine deiminase 10.18037 0.615723 -0.54494 

CIX2_ACCOLPAL_01025 recG ATP-dependent DNA helicase RecG 10.25187 0.436308 -0.54075 

CIX2_ACCOLPAL_00423 ykoD_1 
Putative HMP/thiamine import ATP-binding protein 

YkoD 
10.91953 0.479852 -0.53932 

CIX2_ACCOLPAL_00245 CIX2_ACCOLPAL_00245 hypothetical protein 9.845664 0.534401 -0.53784 

CIX2_ACCOLPAL_02096 CIX2_ACCOLPAL_02096 hypothetical protein 9.845957 0.53582 -0.53721 
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CIX2_ACCOLPAL_00038 lpl2_3 putative lipoprotein 9.842407 0.854137 -0.5367 

CIX2_ACCOLPAL_00257 hsdR Type-1 restriction enzyme R protein 11.04951 0.437842 -0.53602 

CIX2_ACCOLPAL_00821 auaG Aurachin C monooxygenase/isomerase 10.25763 0.501015 -0.53573 

CIX2_ACCOLPAL_00637 cntK Histidine racemase 9.253418 1 -0.53344 

CIX2_ACCOLPAL_00720 CIX2_ACCOLPAL_00720 Acid shock protein 9.396836 0.799789 -0.53241 

CIX2_ACCOLPAL_00602 xylB Xylulose kinase 10.83649 0.510132 -0.53186 

CIX2_ACCOLPAL_00364 gloB_1 Hydroxyacylglutathione hydrolase 9.934843 0.636579 -0.53028 

CIX2_ACCOLPAL_00268 argC N-acetyl-gamma-glutamyl-phosphate reductase 10.26017 0.685036 -0.5267 

CIX2_ACCOLPAL_00778 mleN_1 Malate-2H(+)/Na(+)-lactate antiporter 9.937274 0.638645 -0.52644 

CIX2_ACCOLPAL_00101 CIX2_ACCOLPAL_00101 hypothetical protein 9.396655 0.811095 -0.5254 

CIX2_ACCOLPAL_00823 CIX2_ACCOLPAL_00823 hypothetical protein 9.400182 0.799355 -0.5177 

CIX2_ACCOLPAL_01487 CIX2_ACCOLPAL_01487 NAD-dependent malic enzyme 9.937901 0.618108 -0.5157 

CIX2_ACCOLPAL_00028 CIX2_ACCOLPAL_00028 hypothetical protein 10.6406 0.472651 -0.51567 

CIX2_ACCOLPAL_00491 nrdD Anaerobic ribonucleoside-triphosphate reductase 10.93221 0.463437 -0.51388 

CIX2_ACCOLPAL_00808 CIX2_ACCOLPAL_00808 hypothetical protein 10.39861 0.599942 -0.51339 

CIX2_ACCOLPAL_00966 CIX2_ACCOLPAL_00966 hypothetical protein 9.943997 0.624607 -0.51121 

CIX2_ACCOLPAL_00103 btuD_1 Vitamin B12 import ATP-binding protein BtuD 9.944024 0.620657 -0.51073 

CIX2_ACCOLPAL_02425 glmM Phosphoglucosamine mutase 9.946762 0.626329 -0.50741 

CIX2_ACCOLPAL_00075 ahpF Alkyl hydroperoxide reductase subunit F 10.97792 0.51369 -0.50686 

CIX2_ACCOLPAL_01033 ftsY Signal recognition particle receptor FtsY 9.950133 0.710541 -0.50605 

CIX2_ACCOLPAL_00139 sglT Sodium/glucose cotransporter 10.34235 0.581995 -0.50429 

CIX2_ACCOLPAL_01226 CIX2_ACCOLPAL_01226 hypothetical protein 9.403241 0.798352 -0.50378 

CIX2_ACCOLPAL_01862 yclP Petrobactin import ATP-binding protein YclP 9.39982 0.831368 -0.50312 

CIX2_ACCOLPAL_01651 pdxT Pyridoxal 5'-phosphate synthase subunit PdxT 9.39982 0.831474 -0.50306 

CIX2_ACCOLPAL_01782 CIX2_ACCOLPAL_01782 hypothetical protein 9.400001 0.831098 -0.50295 

CIX2_ACCOLPAL_00940 CIX2_ACCOLPAL_00940 Alkaline shock protein 23 9.39982 0.831779 -0.50287 

CIX2_ACCOLPAL_00761 CIX2_ACCOLPAL_00761 Putative 3-methyladenine DNA glycosylase 9.39982 0.831848 -0.50283 

CIX2_ACCOLPAL_02352 murF 
UDP-N-acetylmuramoyl-tripeptide--D-alanyl-D-alani 

ne ligase 
9.400001 0.831462 -0.50274 
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CIX2_ACCOLPAL_01184 pstB3 Phosphate import ATP-binding protein PstB 3 9.403353 0.807291 -0.502 

CIX2_ACCOLPAL_01892 CIX2_ACCOLPAL_01892 Nucleotide-binding protein 9.403353 0.807417 -0.50198 

CIX2_ACCOLPAL_00735 yhfP Putative quinone oxidoreductase YhfP 10.032 0.715908 -0.49824 

CIX2_ACCOLPAL_02273 menA 1,4-dihydroxy-2-naphthoate octaprenyltransferase 9.403172 0.828254 -0.49801 

CIX2_ACCOLPAL_00928 lacB Galactose-6-phosphate isomerase subunit LacB 9.403172 0.828396 -0.49798 

CIX2_ACCOLPAL_00442 cap8A_2 
Capsular polysaccharide type 8 biosynthesis 

protein cap8A 
9.403422 0.831036 -0.49711 

CIX2_ACCOLPAL_02564 darA Cyclic di-AMP receptor A 9.403604 0.830972 -0.49679 

CIX2_ACCOLPAL_00822 CIX2_ACCOLPAL_00822 Putative 2-hydroxyacid dehydrogenase 10.03783 0.720449 -0.49615 

CIX2_ACCOLPAL_02206 CIX2_ACCOLPAL_02206 hypothetical protein 9.956585 0.714501 -0.49528 

CIX2_ACCOLPAL_02179 rlmCD 23S rRNA (uracil-C(5))-methyltransferase RlmCD 10.03816 0.719336 -0.49319 

CIX2_ACCOLPAL_01831 dkgA 2,5-diketo-D-gluconic acid reductase A 9.406779 0.845789 -0.49311 

CIX2_ACCOLPAL_00098 metE 
5-methyltetrahydropteroyltriglutamate--homocystei 

ne methyltransferase 
10.75372 0.429088 -0.49253 

CIX2_ACCOLPAL_01949 sufU Zinc-dependent sulfurtransferase SufU 9.406598 0.831293 -0.49145 

CIX2_ACCOLPAL_01155 alsT Amino-acid carrier protein AlsT 9.406598 0.831074 -0.49143 

CIX2_ACCOLPAL_02562 speA Arginine decarboxylase 10.12049 0.554219 -0.49124 

CIX2_ACCOLPAL_00764 yhaP putative protein YhaP 9.957054 0.716687 -0.49073 

CIX2_ACCOLPAL_00710 narG Respiratory nitrate reductase 1 alpha chain 11.60816 0.344661 -0.49072 

CIX2_ACCOLPAL_00286 aldA Putative aldehyde dehydrogenase AldA 10.03878 0.715953 -0.4886 

CIX2_ACCOLPAL_02115 CIX2_ACCOLPAL_02115 hypothetical protein 9.95997 0.716957 -0.48528 

CIX2_ACCOLPAL_01304 malL Oligo-1,6-glucosidase 10.03815 0.803146 -0.48466 

CIX2_ACCOLPAL_02097 CIX2_ACCOLPAL_02097 hypothetical protein 10.03847 0.803123 -0.4845 

CIX2_ACCOLPAL_02183 ftnA Bacterial non-heme ferritin 10.04194 0.801187 -0.48377 

CIX2_ACCOLPAL_01090 miaB 
tRNA-2-methylthio-N(6)-dimethylallyladenosine 

synthase 
10.04099 0.802391 -0.48373 

CIX2_ACCOLPAL_02424 CIX2_ACCOLPAL_02424 hypothetical protein 12.09539 0.314581 -0.48364 

CIX2_ACCOLPAL_00421 salL Adenosyl-chloride synthase 9.537813 0.921287 -0.48333 

CIX2_ACCOLPAL_02344 CIX2_ACCOLPAL_02344 hypothetical protein 10.03831 0.803439 -0.48332 
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CIX2_ACCOLPAL_00004 ruvB_1 
Holliday junction ATP-dependent DNA helicase 

RuvB 
10.4156 0.664414 -0.48279 

CIX2_ACCOLPAL_00494 opcR HTH-type transcriptional repressor OpcR 9.410394 0.825265 -0.48202 

CIX2_ACCOLPAL_02349 kdpD Sensor protein KdpD 10.04416 0.802217 -0.48031 

CIX2_ACCOLPAL_00387 hutH Histidine ammonia-lyase 10.47841 0.503507 -0.48016 

CIX2_ACCOLPAL_00314 deoB Phosphopentomutase 10.54067 0.591638 -0.47858 

CIX2_ACCOLPAL_01520 ccpA Catabolite control protein A 9.541445 0.900916 -0.47634 

CIX2_ACCOLPAL_00171 CIX2_ACCOLPAL_00171 hypothetical protein 9.541445 0.900932 -0.47633 

CIX2_ACCOLPAL_01731 iolS Aldo-keto reductase IolS 9.413579 0.825281 -0.47446 

CIX2_ACCOLPAL_00530 slmA Nucleoid occlusion factor SlmA 9.413761 0.8253 -0.47404 

CIX2_ACCOLPAL_01579 CIX2_ACCOLPAL_01579 hypothetical protein 9.410212 0.803884 -0.47358 

CIX2_ACCOLPAL_01433 secDF Protein translocase subunit SecDF 10.20851 0.627624 -0.47257 

CIX2_ACCOLPAL_00259 ybbH_2 putative HTH-type transcriptional regulator YbbH 10.53977 0.559515 -0.47227 

CIX2_ACCOLPAL_00599 ywaC GTP pyrophosphokinase YwaC 9.410575 0.80394 -0.47209 

CIX2_ACCOLPAL_01162 umuC Protein UmuC 10.05365 0.802259 -0.46994 

CIX2_ACCOLPAL_02590 tilS tRNA(Ile)-lysidine synthase 9.544285 0.901687 -0.4633 

CIX2_ACCOLPAL_01692 sdrC Serine-aspartate repeat-containing protein C 11.54461 0.43107 -0.46181 

CIX2_ACCOLPAL_00007 treA Trehalose-6-phosphate hydrolase 10.13242 0.596599 -0.4609 

CIX2_ACCOLPAL_00253 macB 
Macrolide export ATP-binding/permease protein 

MacB 
10.13568 0.59294 -0.45737 

CIX2_ACCOLPAL_01719 lipL Octanoyl-[GcvH]:protein N-octanoyltransferase 9.541091 0.964062 -0.45607 

CIX2_ACCOLPAL_02301 purF Amidophosphoribosyltransferase 10.13879 0.595645 -0.45451 

CIX2_ACCOLPAL_02402 abgB p-aminobenzoyl-glutamate hydrolase subunit B 9.544462 0.948953 -0.45402 

CIX2_ACCOLPAL_02477 CIX2_ACCOLPAL_02477 putative oxidoreductase 9.544816 0.948704 -0.45321 

CIX2_ACCOLPAL_00611 entS Enterobactin exporter EntS 9.668872 0.665542 -0.45236 

CIX2_ACCOLPAL_00689 gpmA 
2,3-bisphosphoglycerate-dependent 

phosphoglycerate mutase 
9.544197 0.961244 -0.45164 

CIX2_ACCOLPAL_00665 flp Protein flp 9.544375 0.960808 -0.45142 

CIX2_ACCOLPAL_00088 ssbA_1 Single-stranded DNA-binding protein A 9.547573 0.949433 -0.44655 
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CIX2_ACCOLPAL_00048 CIX2_ACCOLPAL_00048 hypothetical protein 9.547928 1 -0.444 

CIX2_ACCOLPAL_00943 CIX2_ACCOLPAL_00943 hypothetical protein 10.29242 0.754369 -0.44248 

CIX2_ACCOLPAL_00131 CIX2_ACCOLPAL_00131 putative oxidoreductase 9.551043 1 -0.44207 

CIX2_ACCOLPAL_00363 CIX2_ACCOLPAL_00363 hypothetical protein 9.551043 1 -0.44207 

CIX2_ACCOLPAL_00860 CIX2_ACCOLPAL_00860 putative HTH-type transcriptional regulator 9.550865 1 -0.43995 

CIX2_ACCOLPAL_00066 guaB Inosine-5'-monophosphate dehydrogenase 10.22086 0.670135 -0.4387 

CIX2_ACCOLPAL_01076 CIX2_ACCOLPAL_01076 hypothetical protein 9.554607 1 -0.43831 

CIX2_ACCOLPAL_01467 infC Translation initiation factor IF-3 9.554607 1 -0.43821 

CIX2_ACCOLPAL_00561 mvaS Hydroxymethylglutaryl-CoA synthase 10.14766 0.614171 -0.43775 

CIX2_ACCOLPAL_00230 uhpT Hexose-6-phosphate:phosphate antiporter 9.672365 0.665528 -0.43708 

CIX2_ACCOLPAL_02625 entA_4 Enterotoxin type A 11.06025 0.473848 -0.43628 

CIX2_ACCOLPAL_00920 CIX2_ACCOLPAL_00920 hypothetical protein 9.669045 0.662747 -0.43626 

CIX2_ACCOLPAL_00610 CIX2_ACCOLPAL_00610 Putative surface protein 11.05942 0.463559 -0.43584 

CIX2_ACCOLPAL_02035 ilvA L-threonine dehydratase biosynthetic IlvA 9.554429 1 -0.4323 

CIX2_ACCOLPAL_01432 CIX2_ACCOLPAL_01432 hypothetical protein 9.783751 0.753782 -0.4319 

CIX2_ACCOLPAL_01586 CIX2_ACCOLPAL_01586 putative type I restriction enzymeP M protein 10.2273 0.685575 -0.43096 

CIX2_ACCOLPAL_02632 blaR12 beta-lactam sensor/signal transducer BlaR1 11.30273 0.481335 -0.4289 

CIX2_ACCOLPAL_00793 cysQ 3'(2'),5'-bisphosphate nucleotidase CysQ 9.669391 0.65851 -0.42711 

CIX2_ACCOLPAL_01657 radA DNA repair protein RadA 10.30125 0.752076 -0.42526 

CIX2_ACCOLPAL_00210 ptsG_2 PTS system glucose-specific EIICBA component 10.30094 0.75054 -0.42434 

CIX2_ACCOLPAL_01943 metQ_2 Methionine-binding lipoprotein MetQ 9.557909 1 -0.42374 

CIX2_ACCOLPAL_01725 rclA_2 
putative pyridine nucleotide-disulfide 

oxidoreductase RclA 
9.672262 0.659279 -0.42246 

CIX2_ACCOLPAL_01318 recN DNA repair protein RecN 9.672262 0.659234 -0.42241 

CIX2_ACCOLPAL_01659 gltX Glutamate--tRNA ligase 10.30393 0.752406 -0.42196 

CIX2_ACCOLPAL_00216 CIX2_ACCOLPAL_00216 hypothetical protein 9.675309 0.665066 -0.42195 

CIX2_ACCOLPAL_01237 ald1 Alanine dehydrogenase 1 9.672608 0.659345 -0.42181 

CIX2_ACCOLPAL_01759 nhaK_2 
Sodium, potassium, lithium and rubidium/H(+) 

antiporter 
9.672711 0.762313 -0.42079 
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CIX2_ACCOLPAL_02517 murI Glutamate racemase 9.672711 0.762341 -0.42074 

CIX2_ACCOLPAL_00718 CIX2_ACCOLPAL_00718 hypothetical protein 9.672884 0.7623 -0.42048 

CIX2_ACCOLPAL_01677 rpsG 30S ribosomal protein S7 9.672884 0.762311 -0.42046 

CIX2_ACCOLPAL_00776 yghA putative oxidoreductase YghA 10.37693 0.61331 -0.42024 

CIX2_ACCOLPAL_00065 guaA GMP synthase [glutamine-hydrolyzing] 10.30695 0.826804 -0.41809 

CIX2_ACCOLPAL_00115 luxA Alkanal monooxygenase alpha chain 9.672435 0.655409 -0.41792 

CIX2_ACCOLPAL_00567 cidB Holin-like protein CidB 9.672435 0.655328 -0.41784 

CIX2_ACCOLPAL_01006 rqcH Rqc2 RqcH 9.787068 0.756141 -0.41744 

CIX2_ACCOLPAL_00226 pflB Formate acetyltransferase 11.11633 0.512676 -0.41591 

CIX2_ACCOLPAL_01915 clfA Clumping factor A 11.51523 0.600572 -0.41415 

CIX2_ACCOLPAL_00251 CIX2_ACCOLPAL_00251 hypothetical protein 9.79022 0.829798 -0.41321 

CIX2_ACCOLPAL_01517 acsA_2 Acetyl-coenzyme A synthetase 9.786561 0.760463 -0.41033 

CIX2_ACCOLPAL_00935 yfmJ Putative NADP-dependent oxidoreductase YfmJ 9.675933 0.765083 -0.40981 

CIX2_ACCOLPAL_00639 cntM Staphylopine synthase 9.679158 0.765005 -0.40844 

CIX2_ACCOLPAL_00237 cycB Cyclodextrin-binding protein 10.3163 0.825281 -0.4066 

CIX2_ACCOLPAL_00433 hisA 

1-(5-phosphoribosyl)-5-[(5-

phosphoribosylamino)me thylideneamino] 

imidazole-4-carboxamide isomerase 

9.682493 0.76483 -0.40611 

CIX2_ACCOLPAL_00265 yecD Isochorismatase family protein YecD 9.682666 0.764791 -0.40585 

CIX2_ACCOLPAL_01650 pdxS Pyridoxal 5'-phosphate synthase subunit PdxS 9.894629 0.919386 -0.40566 

CIX2_ACCOLPAL_02229 ghrB_1 Glyoxylate/hydroxypyruvate reductase B 9.789544 0.853677 -0.40391 

CIX2_ACCOLPAL_00474 arcC2 Carbamate kinase 2 9.789713 0.86412 -0.39711 

CIX2_ACCOLPAL_00341 spa_1 Immunoglobulin G-binding protein A 9.792868 0.862427 -0.39244 

CIX2_ACCOLPAL_01187 pstS Phosphate-binding protein PstS 9.68618 0.760087 -0.39093 

CIX2_ACCOLPAL_01752 mrpA Na(+)/H(+) antiporter subunit A 9.898379 0.9364 -0.38838 

CIX2_ACCOLPAL_02608 CIX2_ACCOLPAL_02608 hypothetical protein 10.70058 0.57873 -0.38752 

CIX2_ACCOLPAL_00493 opuD_1 Glycine betaine transporter OpuD 9.796435 0.853137 -0.38745 

CIX2_ACCOLPAL_00310 phnD2 
putative ABC transporter phosphonate/phosphite 

binding protein PhnD2 
9.793156 0.87386 -0.38724 



                                                                                                                                                                                                                        Chapter 8: Appendices 

 

283 
 

locus_tag gene_name function logCPM PValue logFC 

CIX2_ACCOLPAL_02300 purL 
Phosphoribosylformylglycinamidine synthase 

subunit PurL 
10.46406 0.709153 -0.38505 

CIX2_ACCOLPAL_00136 ybbH_1 putative HTH-type transcriptional regulator YbbH 9.796486 0.873203 -0.38431 

CIX2_ACCOLPAL_01521 aroA_2 Protein AroA(G) 9.799309 0.871678 -0.38146 

CIX2_ACCOLPAL_00451 CIX2_ACCOLPAL_00451 hypothetical protein 9.898214 0.955394 -0.38143 

CIX2_ACCOLPAL_00229 CIX2_ACCOLPAL_00229 putative response regulatory protein 9.799599 0.871898 -0.38135 

CIX2_ACCOLPAL_00218 lcfB Long-chain-fatty-acid--CoA ligase 9.901306 0.944152 -0.37888 

CIX2_ACCOLPAL_00331 sbnF 
2-[(L-alanin-3-ylcarbamoyl)methyl]-3-(2-aminoethy 

lcarbamoyl)-2-hydroxypropanoate synthase 
10.52933 0.545062 -0.37874 

CIX2_ACCOLPAL_01898 CIX2_ACCOLPAL_01898 hypothetical protein 9.90177 0.952289 -0.37582 

CIX2_ACCOLPAL_01848 recQ_2 ATP-dependent DNA helicase RecQ 9.806229 0.868995 -0.37247 

CIX2_ACCOLPAL_00687 sbi Immunoglobulin-binding protein Sbi 9.806229 0.868924 -0.37243 

CIX2_ACCOLPAL_00767 yiiM Protein YiiM 9.803057 0.854072 -0.37154 

CIX2_ACCOLPAL_00234 gfo Glucose--fructose oxidoreductase 9.901273 0.971353 -0.3711 

CIX2_ACCOLPAL_02610 CIX2_ACCOLPAL_02610 hypothetical protein 9.901604 0.971394 -0.37068 

CIX2_ACCOLPAL_00679 bioK L-Lysine--8-amino-7-oxononanoate transaminase 10.00143 0.719332 -0.36619 

CIX2_ACCOLPAL_02492 CIX2_ACCOLPAL_02492 NADH dehydrogenase-like protein 9.911036 0.981152 -0.36062 

CIX2_ACCOLPAL_00606 fnbB Fibronectin-binding protein B 11.14853 0.601342 -0.35963 

CIX2_ACCOLPAL_01628 prsA Foldase protein PrsA 9.805646 0.839482 -0.35946 

CIX2_ACCOLPAL_01286 CIX2_ACCOLPAL_01286 hypothetical protein 9.91057 0.965106 -0.35942 

CIX2_ACCOLPAL_01656 clpC 
ATP-dependent Clp protease ATP-binding subunit 

ClpC 
10.60812 0.675981 -0.35664 

CIX2_ACCOLPAL_01681 CIX2_ACCOLPAL_01681 
Putative pyridoxal phosphate-dependent 

acyltransferase 
10.0983 0.792274 -0.35474 

CIX2_ACCOLPAL_00930 lacD Tagatose 1,6-diphosphate aldolase 9.809111 0.850269 -0.35442 

CIX2_ACCOLPAL_01302 zwf Glucose-6-phosphate 1-dehydrogenase 9.914142 0.958399 -0.35285 

CIX2_ACCOLPAL_00212 hmp Flavohemoprotein 10.00783 0.803332 -0.34818 

CIX2_ACCOLPAL_02277 menB 1,4-dihydroxy-2-naphthoyl-CoA synthase 9.812582 0.852158 -0.34692 

CIX2_ACCOLPAL_01231 ebhA_1 Extracellular matrix-binding protein EbhA 12.80565 0.383379 -0.34549 

CIX2_ACCOLPAL_00394 dnaA Chromosomal replication initiator protein DnaA 10.09815 0.886433 -0.34364 
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CIX2_ACCOLPAL_00678 bioD ATP-dependent dethiobiotin synthetase BioD 10.01741 0.803358 -0.34278 

CIX2_ACCOLPAL_02467 addB 
ATP-dependent helicase/deoxyribonuclease 

subunit B 
10.73238 0.647962 -0.34097 

CIX2_ACCOLPAL_02618 CIX2_ACCOLPAL_02618 hypothetical protein 10.26549 0.754946 -0.34001 

CIX2_ACCOLPAL_00923 CIX2_ACCOLPAL_00923 putative oxidoreductase/MSMEI_2347 9.917522 1 -0.33978 

CIX2_ACCOLPAL_00342 spa_2 Immunoglobulin G-binding protein A 10.1016 0.889321 -0.33851 

CIX2_ACCOLPAL_01535 CIX2_ACCOLPAL_01535 Putative dipeptidase 10.10175 0.889254 -0.33836 

CIX2_ACCOLPAL_01024 CIX2_ACCOLPAL_01024 putative protein 10.10175 0.889271 -0.33835 

CIX2_ACCOLPAL_01522 CIX2_ACCOLPAL_01522 hypothetical protein 10.34351 0.821869 -0.33415 

CIX2_ACCOLPAL_02634 CIX2_ACCOLPAL_02634 hypothetical protein 10.84365 0.752853 -0.33273 

CIX2_ACCOLPAL_01209 odhB 

Dihydrolipoyllysine-residue succinyltransferase 

component of 2-oxoglutarate dehydrogenase 

complex 

10.18948 0.676274 -0.33028 

CIX2_ACCOLPAL_02442 appA Oligopeptide-binding protein AppA 10.1981 0.67162 -0.32068 

CIX2_ACCOLPAL_00072 tcyP L-cystine uptake protein TcyP 10.42814 0.712791 -0.30721 

CIX2_ACCOLPAL_01010 priA primosomal protein N' 10.35838 0.901875 -0.30703 

CIX2_ACCOLPAL_00333 sbnD Staphyloferrin B transporter 10.11967 0.872158 -0.30564 

CIX2_ACCOLPAL_02347 kdpB 
Potassium-transporting ATPase ATP-binding 

subunit 
10.28943 0.826371 -0.30454 

CIX2_ACCOLPAL_01415 alaS Alanine--tRNA ligase 10.02381 0.784749 -0.30333 

CIX2_ACCOLPAL_01083 recA Protein RecA 10.20739 0.754904 -0.30196 

CIX2_ACCOLPAL_01885 uvrB_2 UvrABC system protein B 10.44036 0.705534 -0.29478 

CIX2_ACCOLPAL_02124 smc_3 Chromosome partition protein Smc 11.64426 0.595477 -0.29109 

CIX2_ACCOLPAL_00559 clpL 
ATP-dependent Clp protease ATP-binding subunit 

ClpL 
11.31079 0.679703 -0.2837 

CIX2_ACCOLPAL_00469 aur Zinc metalloproteinase aureolysin 10.69717 0.794849 -0.28367 

CIX2_ACCOLPAL_01859 nrdF 
Ribonucleoside-diphosphate reductase subunit 

beta 
10.29615 0.812389 -0.2722 

CIX2_ACCOLPAL_01525 CIX2_ACCOLPAL_01525 hypothetical protein 11.15904 0.793148 -0.26679 

CIX2_ACCOLPAL_00408 CIX2_ACCOLPAL_00408 hypothetical protein 9.486126 0.844694 -0.26426 
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CIX2_ACCOLPAL_01454 hemL1 Glutamate-1-semialdehyde 2,1-aminomutase 1 9.339101 1 -0.25193 

CIX2_ACCOLPAL_01303 CIX2_ACCOLPAL_01303 hypothetical protein 9.339101 1 -0.25189 

CIX2_ACCOLPAL_01103 hflX GTPase HflX 9.620014 1 -0.24478 

CIX2_ACCOLPAL_02586 CIX2_ACCOLPAL_02586 hypothetical protein 9.620014 1 -0.24478 

CIX2_ACCOLPAL_00794 tagU_1 
Polyisoprenyl-teichoic acid--peptidoglycan teichoic 

acid transferase TagU 
9.620014 1 -0.24474 

CIX2_ACCOLPAL_00178 norB_1 Quinolone resistance protein NorB 9.620364 1 -0.24366 

CIX2_ACCOLPAL_00696 femA_1 Aminoacyltransferase FemA 9.620364 1 -0.24358 

CIX2_ACCOLPAL_00937 opuD_2 Glycine betaine transporter OpuD 9.856756 0.917275 -0.24226 

CIX2_ACCOLPAL_00379 dnaC Replicative DNA helicase 11.26341 0.803638 -0.23865 

CIX2_ACCOLPAL_00879 rplB 50S ribosomal protein L2 10.05717 0.796937 -0.23645 

CIX2_ACCOLPAL_00193 tarS 
Poly(ribitol-phosphate) beta-N-

acetylglucosaminyltransferase TarS 
10.39306 0.882061 -0.23593 

CIX2_ACCOLPAL_00181 glcU_1 putative glucose uptake protein GlcU 9.338551 1 -0.23376 

CIX2_ACCOLPAL_00753 mdtD Putative multidrug resistance protein MdtD 9.860177 0.917382 -0.23139 

CIX2_ACCOLPAL_01393 yqeH putative protein YqeH 9.490168 0.893814 -0.22851 

CIX2_ACCOLPAL_00169 esaA Type VII secretion system accessory factor EsaA 10.89548 0.812794 -0.22664 

CIX2_ACCOLPAL_00833 ureG Urease accessory protein UreG 9.338734 1 -0.22511 

CIX2_ACCOLPAL_00176 lytM Glycyl-glycine endopeptidase LytM 9.338734 1 -0.22507 

CIX2_ACCOLPAL_00345 norG HTH-type transcriptional regulator NorG 8.985272 0.833117 -0.22494 

CIX2_ACCOLPAL_02077 CIX2_ACCOLPAL_02077 hypothetical protein 8.985272 0.833294 -0.22489 

CIX2_ACCOLPAL_00614 CIX2_ACCOLPAL_00614 hypothetical protein 8.985272 0.833328 -0.22489 

CIX2_ACCOLPAL_02187 CIX2_ACCOLPAL_02187 hypothetical protein 8.985272 0.833473 -0.22485 

CIX2_ACCOLPAL_01345 glcK Glucokinase 8.985272 0.833538 -0.22483 

CIX2_ACCOLPAL_02075 CIX2_ACCOLPAL_02075 hypothetical protein 8.985272 0.833584 -0.22482 

CIX2_ACCOLPAL_02211 CIX2_ACCOLPAL_02211 hypothetical protein 8.985272 0.833652 -0.2248 

CIX2_ACCOLPAL_01439 CIX2_ACCOLPAL_01439 hypothetical protein 8.985272 0.833748 -0.22478 

CIX2_ACCOLPAL_01867 CIX2_ACCOLPAL_01867 hypothetical protein 8.985272 0.833875 -0.22474 

CIX2_ACCOLPAL_01506 CIX2_ACCOLPAL_01506 hypothetical protein 8.985272 0.833957 -0.22472 
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CIX2_ACCOLPAL_01805 CIX2_ACCOLPAL_01805 hypothetical protein 8.985272 0.834166 -0.22467 

CIX2_ACCOLPAL_02535 CIX2_ACCOLPAL_02535 hypothetical protein 9.745352 0.760296 -0.22449 

CIX2_ACCOLPAL_02184 murT 
Lipid II isoglutaminyl synthase (glutamine-

hydrolyzing) subunit MurT 
9.749001 0.841556 -0.22176 

CIX2_ACCOLPAL_00054 ssl5_2 Staphylococcal superantigen-like 5 8.985657 0.833994 -0.22119 

CIX2_ACCOLPAL_00153 essG_3 Type VII secretion system protein EsaG 8.985657 0.83417 -0.22114 

CIX2_ACCOLPAL_00155 essG_5 Type VII secretion system protein EsaG 8.985657 0.834323 -0.2211 

CIX2_ACCOLPAL_01888 lgt 
Phosphatidylglycerol--prolipoprotein diacylglyceryl 

transferase 
8.985657 0.834477 -0.22107 

CIX2_ACCOLPAL_01984 CIX2_ACCOLPAL_01984 hypothetical protein 8.985657 0.834569 -0.22104 

CIX2_ACCOLPAL_02149 CIX2_ACCOLPAL_02149 hypothetical protein 8.985657 0.834662 -0.22102 

CIX2_ACCOLPAL_02299 purQ 
Phosphoribosylformylglycinamidine synthase 

subunit PurQ 
8.985657 0.834754 -0.221 

CIX2_ACCOLPAL_02629 bin3 Putative transposon Tn552 DNA-invertase bin3 11.31089 0.70242 -0.21842 

CIX2_ACCOLPAL_00842 rihB Pyrimidine-specific ribonucleoside hydrolase RihB 9.173189 1 -0.21833 

CIX2_ACCOLPAL_01014 fmt Methionyl-tRNA formyltransferase 9.173189 1 -0.21813 

CIX2_ACCOLPAL_00730 CIX2_ACCOLPAL_00730 hypothetical protein 9.173377 1 -0.21751 

CIX2_ACCOLPAL_01499 yfcA putative membrane transporter protein YfcA 9.173377 1 -0.21749 

CIX2_ACCOLPAL_00906 ecfT_1 
Energy-coupling factor transporter transmembrane 

protein EcfT 
9.342314 1 -0.21686 

CIX2_ACCOLPAL_00955 farB_2 Fatty acid resistance protein FarB 9.342314 1 -0.21686 

CIX2_ACCOLPAL_00197 tarF Teichoic acid glycerol-phosphate transferase 10.06317 0.800631 -0.21671 

CIX2_ACCOLPAL_01695 gtfA_2 
UDP-N-acetylglucosamine--peptide N-

acetylglucosaminyltransferase GtfA subunit 
9.623269 1 -0.21579 

CIX2_ACCOLPAL_00280 ssuC 
Putative aliphatic sulfonates transport permease 

protein SsuC 
9.623269 1 -0.21544 

CIX2_ACCOLPAL_02385 ywlC Threonylcarbamoyl-AMP synthase 9.860217 0.961859 -0.21469 

CIX2_ACCOLPAL_01946 sufC Vegetative protein 296 9.748658 0.8589 -0.21416 

CIX2_ACCOLPAL_02573 rnmV_2 Ribonuclease M5 9.489629 0.944709 -0.21416 

CIX2_ACCOLPAL_00305 adhE Aldehyde-alcohol dehydrogenase 11.00481 0.777223 -0.21389 
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CIX2_ACCOLPAL_00999 pyrC Dihydroorotase 9.492779 0.911345 -0.21327 

CIX2_ACCOLPAL_01918 CIX2_ACCOLPAL_01918 hypothetical protein 9.489988 0.944626 -0.21327 

CIX2_ACCOLPAL_00812 CIX2_ACCOLPAL_00812 hypothetical protein 9.489988 0.944689 -0.21325 

CIX2_ACCOLPAL_02055 scrB Sucrose-6-phosphate hydrolase 9.489988 0.944747 -0.21323 

CIX2_ACCOLPAL_00875 rpsJ 30S ribosomal protein S10 9.493318 0.911267 -0.2112 

CIX2_ACCOLPAL_00925 cobB NAD-dependent protein deacetylase 9.493318 0.911424 -0.21117 

CIX2_ACCOLPAL_02524 polX DNA polymerase/3'-5' exonuclease PolX 9.751568 0.855573 -0.20932 

CIX2_ACCOLPAL_02371 atpC ATP synthase epsilon chain 9.626803 1 -0.20864 

CIX2_ACCOLPAL_01294 xerD_1 Tyrosine recombinase XerD 10.06649 0.889372 -0.20782 

CIX2_ACCOLPAL_02043 ilvD Dihydroxy-acid dehydratase 10.67839 0.796613 -0.20759 

CIX2_ACCOLPAL_00464 yvyI Putative mannose-6-phosphate isomerase YvyI 10.32882 0.825633 -0.20681 

CIX2_ACCOLPAL_00596 sauU putative sulfoacetate transporter SauU 10.24713 0.749898 -0.20588 

CIX2_ACCOLPAL_00461 CIX2_ACCOLPAL_00461 N-carbamoylsarcosine amidase 9.626529 1 -0.20552 

CIX2_ACCOLPAL_00977 rsmH_1 Ribosomal RNA small subunit methyltransferase H 10.06934 0.890897 -0.20427 

CIX2_ACCOLPAL_02155 aldH1 4,4'-diaponeurosporen-aldehyde dehydrogenase 9.754424 0.849563 -0.20394 

CIX2_ACCOLPAL_01122 desR Transcriptional regulatory protein DesR 9.17647 1 -0.20378 

CIX2_ACCOLPAL_01182 pepF1_1 Oligoendopeptidase F, plasmid 10.2502 1 -0.20335 

CIX2_ACCOLPAL_00019 metQ_1 putative D-methionine-binding lipoprotein MetQ 9.866944 0.969438 -0.203 

CIX2_ACCOLPAL_00658 opuCA Carnitine transport ATP-binding protein OpuCA 10.67263 0.792683 -0.20252 

CIX2_ACCOLPAL_02326 pdhC_2 
Dihydrolipoyllysine-residue acetyltransferase 

component of pyruvate dehydrogenase complex 
10.40985 0.974704 -0.2023 

CIX2_ACCOLPAL_00795 CIX2_ACCOLPAL_00795 Putative formate dehydrogenase 9.754997 0.851341 -0.2022 

CIX2_ACCOLPAL_00537 CIX2_ACCOLPAL_00537 hypothetical protein 9.176847 1 -0.20203 

CIX2_ACCOLPAL_01438 ruvA 
Holliday junction ATP-dependent DNA helicase 

RuvA 
9.176847 1 -0.20201 

CIX2_ACCOLPAL_01383 yqeN putative protein YqeN 9.176847 1 -0.20201 

CIX2_ACCOLPAL_01293 CIX2_ACCOLPAL_01293 hypothetical protein 9.176847 1 -0.202 

CIX2_ACCOLPAL_01597 lukEv Leucotoxin LukEv 9.34541 1 -0.20197 

CIX2_ACCOLPAL_00211 ldh1 L-lactate dehydrogenase 1 9.755226 0.853335 -0.20138 
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CIX2_ACCOLPAL_00715 nreB Oxygen sensor histidine kinase NreB 10.16561 0.966812 -0.20127 

CIX2_ACCOLPAL_02475 gluD NAD-specific glutamate dehydrogenase 10.07283 0.890995 -0.20116 

CIX2_ACCOLPAL_00393 dnaN Beta sliding clamp 10.16576 0.973004 -0.20092 

CIX2_ACCOLPAL_00327 CIX2_ACCOLPAL_00327 hypothetical protein 9.341947 1 -0.2003 

CIX2_ACCOLPAL_01498 tpx Thiol peroxidase 9.341947 1 -0.20023 

CIX2_ACCOLPAL_01742 hdlIVa (S)-2-haloacid dehalogenase 4A 9.341947 1 -0.20017 

CIX2_ACCOLPAL_00281 cmpC Bicarbonate transport ATP-binding protein CmpC 9.341947 1 -0.20016 

CIX2_ACCOLPAL_00270 argB Acetylglutamate kinase 9.345532 1 -0.20014 

CIX2_ACCOLPAL_00087 rpsR 30S ribosomal protein S18 9.34213 1 -0.19998 

CIX2_ACCOLPAL_00390 gyrB DNA gyrase subunit B 11.06414 0.863353 -0.19995 

CIX2_ACCOLPAL_00520 CIX2_ACCOLPAL_00520 putative ketoamine kinase 9.869577 0.974039 -0.19941 

CIX2_ACCOLPAL_01872 yjjP Inner membrane protein YjjP 9.345963 1 -0.1994 

CIX2_ACCOLPAL_01568 CIX2_ACCOLPAL_01568 hypothetical protein 9.345963 1 -0.1994 

CIX2_ACCOLPAL_00975 bshC Putative cysteine ligase BshC 9.629891 1 -0.19929 

CIX2_ACCOLPAL_02039 leuA_1 2-isopropylmalate synthase 10.33563 0.894549 -0.19888 

CIX2_ACCOLPAL_00475 arcR HTH-type transcriptional regulator ArcR 9.870042 0.983402 -0.19872 

CIX2_ACCOLPAL_00374 walK Sensor protein kinase WalK 10.07536 0.888123 -0.19864 

CIX2_ACCOLPAL_00979 pbpB Penicillin-binding protein 2B 10.16824 0.976265 -0.19838 

CIX2_ACCOLPAL_01364 era GTPase Era 9.63306 1 -0.19704 

CIX2_ACCOLPAL_00669 cpdA_1 
3',5'-cyclic adenosine monophosphate 

phosphodiesterase CpdA 
9.63316 1 -0.19569 

CIX2_ACCOLPAL_02498 dltD Protein DltD 9.63316 1 -0.19569 

CIX2_ACCOLPAL_01264 aroC Chorismate synthase 9.63316 1 -0.19568 

CIX2_ACCOLPAL_02071 CIX2_ACCOLPAL_02071 putative leukocidin-like protein 1 9.496914 0.944557 -0.19567 

CIX2_ACCOLPAL_00215 nikA Nickel-binding protein NikA 9.633336 1 -0.19559 

CIX2_ACCOLPAL_00388 nnrD ADP-dependent (S)-NAD(P)H-hydrate dehydratase 9.345348 1 -0.19556 

CIX2_ACCOLPAL_01778 dhaK 
PTS-dependent dihydroxyacetone kinase, 

dihydroxyacetone-binding subunit DhaK 
9.633512 1 -0.19507 

CIX2_ACCOLPAL_00964 argF Ornithine carbamoyltransferase 9.757798 0.823951 -0.19499 
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CIX2_ACCOLPAL_01877 comFA ComF operon protein 1 9.757798 0.823979 -0.19499 

CIX2_ACCOLPAL_02014 CIX2_ACCOLPAL_02014 hypothetical protein 9.345595 1 -0.19457 

CIX2_ACCOLPAL_00294 CIX2_ACCOLPAL_00294 hypothetical protein 9.496554 0.984244 -0.19434 

CIX2_ACCOLPAL_00415 CIX2_ACCOLPAL_00415 hypothetical protein 9.496554 0.984271 -0.19434 

CIX2_ACCOLPAL_00981 murD UDP-N-acetylmuramoylalanine--D-glutamate ligase 9.496554 0.984335 -0.19434 

CIX2_ACCOLPAL_02495 yjlD NADH dehydrogenase-like protein YjlD 9.872548 0.942703 -0.19431 

CIX2_ACCOLPAL_00129 CIX2_ACCOLPAL_00129 Glycine cleavage system H-like protein 9.345779 1 -0.19429 

CIX2_ACCOLPAL_00864 swrC_1 Swarming motility protein SwrC 9.496734 0.984207 -0.19424 

CIX2_ACCOLPAL_00477 CIX2_ACCOLPAL_00477 S-formylglutathione hydrolase 9.345779 1 -0.19424 

CIX2_ACCOLPAL_00510 panD Aspartate 1-decarboxylase 9.496734 0.984282 -0.19424 

CIX2_ACCOLPAL_00668 cycA_1 D-serine/D-alanine/glycine transporter 9.761409 0.876166 -0.1941 

CIX2_ACCOLPAL_00638 cntL D-histidine 2-aminobutanoyltransferase 9.499893 1 -0.19214 

CIX2_ACCOLPAL_01967 CIX2_ACCOLPAL_01967 hypothetical protein 9.499893 1 -0.19214 

CIX2_ACCOLPAL_02161 nos Nitric oxide synthase oxygenase 9.499893 1 -0.1921 

CIX2_ACCOLPAL_00817 CIX2_ACCOLPAL_00817 Putative formate dehydrogenase 10.49283 0.842186 -0.19203 

CIX2_ACCOLPAL_02363 thiD 
Hydroxymethylpyrimidine/phosphomethylpyrimidin

e kinase 
9.176658 1 -0.18973 

CIX2_ACCOLPAL_01020 rpe Ribulose-phosphate 3-epimerase 9.176658 1 -0.18955 

CIX2_ACCOLPAL_01178 nikD Nickel import system ATP-binding protein NikD 9.176658 1 -0.1893 

CIX2_ACCOLPAL_01390 nadD putative nicotinate-nucleotide adenylyltransferase 9.176658 1 -0.18928 

CIX2_ACCOLPAL_02323 CIX2_ACCOLPAL_02323 hypothetical protein 9.176658 1 -0.18926 

CIX2_ACCOLPAL_00584 ldhD_2 D-lactate dehydrogenase 9.348817 1 -0.18926 

CIX2_ACCOLPAL_02359 yedJ putative protein YedJ 9.87599 0.957354 -0.18922 

CIX2_ACCOLPAL_00337 yfiY putative siderophore-binding lipoprotein YfiY 9.761754 0.861417 -0.18824 

CIX2_ACCOLPAL_00118 CIX2_ACCOLPAL_00118 hypothetical protein 8.985465 0.949229 -0.18821 

CIX2_ACCOLPAL_00786 CIX2_ACCOLPAL_00786 hypothetical protein 8.985465 0.949329 -0.18817 

CIX2_ACCOLPAL_00985 CIX2_ACCOLPAL_00985 Polyphenol oxidase 8.985465 0.94943 -0.18813 

CIX2_ACCOLPAL_02518 frdB Fumarate reductase iron-sulfur subunit 9.503501 1 -0.18813 

CIX2_ACCOLPAL_01005 CIX2_ACCOLPAL_01005 hypothetical protein 8.985465 0.94953 -0.1881 
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CIX2_ACCOLPAL_02251 CIX2_ACCOLPAL_02251 hypothetical protein 8.985465 0.94963 -0.18806 

CIX2_ACCOLPAL_02318 ythB 
Putative cytochrome bd menaquinol oxidase 

subunit II 
9.500337 0.951637 -0.18792 

CIX2_ACCOLPAL_01314 pdhC_1 
Dihydrolipoyllysine-residue acetyltransferase 

component of pyruvate dehydrogenase complex 
9.500337 0.951565 -0.18791 

CIX2_ACCOLPAL_01356 CIX2_ACCOLPAL_01356 GTP cyclohydrolase 1 type 2 9.179945 1 -0.18789 

CIX2_ACCOLPAL_01353 btuD_2 Vitamin B12 import ATP-binding protein BtuD 9.179945 1 -0.18788 

CIX2_ACCOLPAL_01714 CIX2_ACCOLPAL_01714 hypothetical protein 10.08522 0.887693 -0.18749 

CIX2_ACCOLPAL_02138 map_2 Protein map 9.764621 0.869081 -0.18726 

CIX2_ACCOLPAL_00254 yknY putative ABC transporter ATP-binding protein YknY 9.764621 0.869074 -0.18726 

CIX2_ACCOLPAL_00053 ssl7_3 Staphylococcal superantigen-like 7 9.180133 1 -0.18697 

CIX2_ACCOLPAL_01414 CIX2_ACCOLPAL_01414 hypothetical protein 9.180133 1 -0.18696 

CIX2_ACCOLPAL_01171 trpA Tryptophan synthase alpha chain 9.180133 1 -0.18696 

CIX2_ACCOLPAL_00834 ureF Urease accessory protein UreF 9.180133 1 -0.18696 

CIX2_ACCOLPAL_01536 CIX2_ACCOLPAL_01536 hypothetical protein 9.348754 1 -0.18664 

CIX2_ACCOLPAL_01546 rot HTH-type transcriptional regulator rot 9.180364 1 -0.18633 

CIX2_ACCOLPAL_00895 rplO 50S ribosomal protein L15 9.180364 1 -0.18633 

CIX2_ACCOLPAL_02324 pdhA 
Pyruvate dehydrogenase E1 component subunit 

alpha 
9.765082 0.868075 -0.1862 

CIX2_ACCOLPAL_02459 clpB Chaperone protein ClpB 10.34724 0.897936 -0.18593 

CIX2_ACCOLPAL_02292 qoxA putative quinol oxidase subunit 2 9.499631 0.886573 -0.18523 

CIX2_ACCOLPAL_00568 ydaP 
Putative thiamine pyrophosphate-containing protein 

YdaP 
10.1745 0.945144 -0.18405 

CIX2_ACCOLPAL_00429 hisD Histidinol dehydrogenase 10.2623 1 -0.18272 

CIX2_ACCOLPAL_00120 slyA_1 Transcriptional regulator SlyA 9.183656 1 -0.18238 

CIX2_ACCOLPAL_02249 ugtP Processive diacylglycerol beta-glucosyltransferase 9.183845 1 -0.18221 

CIX2_ACCOLPAL_02195 ptpA 
Low molecular weight protein-tyrosine-phosphatase 

PtpA 
9.183845 1 -0.18218 

CIX2_ACCOLPAL_00745 CIX2_ACCOLPAL_00745 putative ABC transporter permease 9.183845 1 -0.18215 

CIX2_ACCOLPAL_00717 mta HTH-type transcriptional activator mta 9.183845 1 -0.18215 
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CIX2_ACCOLPAL_01531 ytnP putative quorum-quenching lactonase YtnP 9.352229 1 -0.18198 

CIX2_ACCOLPAL_01477 CIX2_ACCOLPAL_01477 hypothetical protein 9.352229 1 -0.18198 

CIX2_ACCOLPAL_02585 murJ_2 lipid II flippase MurJ 8.988815 0.941561 -0.18168 

CIX2_ACCOLPAL_02083 CIX2_ACCOLPAL_02083 hypothetical protein 8.988815 0.942022 -0.18163 

CIX2_ACCOLPAL_01723 CIX2_ACCOLPAL_01723 hypothetical protein 8.988815 0.942144 -0.18162 

CIX2_ACCOLPAL_02005 CIX2_ACCOLPAL_02005 hypothetical protein 8.988815 0.942486 -0.18158 

CIX2_ACCOLPAL_01458 CIX2_ACCOLPAL_01458 hypothetical protein 8.988815 0.942672 -0.18157 

CIX2_ACCOLPAL_01192 dapA 4-hydroxy-tetrahydrodipicolinate synthase 8.988815 0.943198 -0.18151 

CIX2_ACCOLPAL_01130 thrB_1 Homoserine kinase 8.988815 0.944701 -0.18136 

CIX2_ACCOLPAL_01453 CIX2_ACCOLPAL_01453 hypothetical protein 8.989008 1 -0.18131 

CIX2_ACCOLPAL_00052 ssl7_2 Staphylococcal superantigen-like 7 8.988815 0.94518 -0.18131 

CIX2_ACCOLPAL_01577 CIX2_ACCOLPAL_01577 hypothetical protein 8.989008 1 -0.18124 

CIX2_ACCOLPAL_02280 sspA Glutamyl endopeptidase 8.989008 1 -0.18117 

CIX2_ACCOLPAL_02559 CIX2_ACCOLPAL_02559 hypothetical protein 8.989008 1 -0.18115 

CIX2_ACCOLPAL_00712 narW 
putative nitrate reductase molybdenum cofactor 

assembly chaperone NarW 
8.989008 1 -0.18113 

CIX2_ACCOLPAL_01297 yajO 1-deoxyxylulose-5-phosphate synthase YajO 8.989008 1 -0.18113 

CIX2_ACCOLPAL_00992 catE_2 Catechol-2,3-dioxygenase 8.989008 1 -0.18111 

CIX2_ACCOLPAL_01346 glpG Rhomboid protease GlpG 8.989008 1 -0.1811 

CIX2_ACCOLPAL_01429 dtd D-aminoacyl-tRNA deacylase 8.989008 1 -0.18107 

CIX2_ACCOLPAL_02546 CIX2_ACCOLPAL_02546 hypothetical protein 9.352662 1 -0.17963 

CIX2_ACCOLPAL_01773 nupG Purine nucleoside transport protein NupG 9.352662 1 -0.17959 

CIX2_ACCOLPAL_00274 grsB Gramicidin S synthase 2 12.0938 0.683145 -0.17918 

CIX2_ACCOLPAL_02526 zapA Cell division protein ZapA 8.768202 1 -0.17917 

CIX2_ACCOLPAL_02288 fmtA Teichoic acid D-alanine hydrolase 8.768202 1 -0.17899 

CIX2_ACCOLPAL_02278 sspC Staphostatin B 8.768202 1 -0.1788 

CIX2_ACCOLPAL_01580 CIX2_ACCOLPAL_01580 hypothetical protein 8.768202 1 -0.17868 

CIX2_ACCOLPAL_02271 CIX2_ACCOLPAL_02271 hypothetical protein 8.768202 1 -0.1786 

CIX2_ACCOLPAL_01691 azo1 FMN-dependent NADPH-azoreductase 8.768202 1 -0.1785 
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CIX2_ACCOLPAL_01200 CIX2_ACCOLPAL_01200 hypothetical protein 8.768202 1 -0.17848 

CIX2_ACCOLPAL_01067 infB_1 Translation initiation factor IF-2 10.17842 1 -0.17848 

CIX2_ACCOLPAL_02175 gatC_2 
Aspartyl/glutamyl-tRNA(Asn/Gln) amidotransferase 

subunit C 
8.768202 1 -0.1784 

CIX2_ACCOLPAL_01683 araB Ribulokinase 9.503057 1 -0.17838 

CIX2_ACCOLPAL_01700 nagB_2 Glucosamine-6-phosphate deaminase 8.768202 1 -0.17832 

CIX2_ACCOLPAL_00414 CIX2_ACCOLPAL_00414 hypothetical protein 9.503057 1 -0.17828 

CIX2_ACCOLPAL_01174 CIX2_ACCOLPAL_01174 hypothetical protein 8.768202 1 -0.17827 

CIX2_ACCOLPAL_02108 CIX2_ACCOLPAL_02108 hypothetical protein 8.768202 1 -0.1782 

CIX2_ACCOLPAL_01914 CIX2_ACCOLPAL_01914 hypothetical protein 8.768202 1 -0.17814 

CIX2_ACCOLPAL_01152 plsY Glycerol-3-phosphate acyltransferase 8.768202 1 -0.17806 

CIX2_ACCOLPAL_01963 CIX2_ACCOLPAL_01963 hypothetical protein 8.768202 1 -0.17799 

CIX2_ACCOLPAL_01942 metP_2 Methionine import system permease protein MetP 8.768202 1 -0.17796 

CIX2_ACCOLPAL_01101 hfq RNA-binding protein Hfq 8.768202 1 -0.17784 

CIX2_ACCOLPAL_01959 CIX2_ACCOLPAL_01959 hypothetical protein 8.768202 1 -0.17777 

CIX2_ACCOLPAL_00884 rpmC 50S ribosomal protein L29 8.768202 1 -0.17761 

CIX2_ACCOLPAL_00249 natA ABC transporter ATP-binding protein NatA 8.7684 1 -0.17746 

CIX2_ACCOLPAL_00754 CIX2_ACCOLPAL_00754 hypothetical protein 8.768202 1 -0.17738 

CIX2_ACCOLPAL_00271 yagU Inner membrane protein YagU 8.7684 1 -0.17732 

CIX2_ACCOLPAL_00468 isaB Immunodominant staphylococcal antigen B 8.7684 1 -0.17719 

CIX2_ACCOLPAL_00579 pitA 
L-methionine sulfoximine/L-methionine sulfone 

acetyltransferase 
8.768202 1 -0.17714 

CIX2_ACCOLPAL_00588 mhqR HTH-type transcriptional regulator MhqR 8.7684 1 -0.17705 

CIX2_ACCOLPAL_00649 CIX2_ACCOLPAL_00649 hypothetical protein 8.7684 1 -0.17691 

CIX2_ACCOLPAL_00402 CIX2_ACCOLPAL_00402 hypothetical protein 8.768202 1 -0.17689 

CIX2_ACCOLPAL_00697 CIX2_ACCOLPAL_00697 hypothetical protein 8.7684 1 -0.17677 

CIX2_ACCOLPAL_01529 pepA_1 Glutamyl aminopeptidase 10.08426 0.866322 -0.17675 

CIX2_ACCOLPAL_00247 CIX2_ACCOLPAL_00247 hypothetical protein 8.768202 1 -0.17665 

CIX2_ACCOLPAL_00784 CIX2_ACCOLPAL_00784 Phosphorylated carbohydrates phosphatase 8.7684 1 -0.17663 
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CIX2_ACCOLPAL_00894 rpmD 50S ribosomal protein L30 8.7684 1 -0.17649 

CIX2_ACCOLPAL_00150 CIX2_ACCOLPAL_00150 hypothetical protein 8.768202 1 -0.1764 

CIX2_ACCOLPAL_00934 CIX2_ACCOLPAL_00934 hypothetical protein 8.7684 1 -0.17635 

CIX2_ACCOLPAL_00993 CIX2_ACCOLPAL_00993 hypothetical protein 8.7684 1 -0.17621 

CIX2_ACCOLPAL_01068 rbfA Ribosome-binding factor A 8.7684 1 -0.17607 

CIX2_ACCOLPAL_01275 ansA putative L-asparaginase 8.7684 1 -0.17593 

CIX2_ACCOLPAL_01300 proC_2 Pyrroline-5-carboxylate reductase 8.7684 1 -0.17579 

CIX2_ACCOLPAL_01400 CIX2_ACCOLPAL_01400 hypothetical protein 8.7684 1 -0.17564 

CIX2_ACCOLPAL_01549 ribH 6,7-dimethyl-8-ribityllumazine synthase 8.7684 1 -0.1755 

CIX2_ACCOLPAL_01802 CIX2_ACCOLPAL_01802 hypothetical protein 8.7684 1 -0.17546 

CIX2_ACCOLPAL_01626 CIX2_ACCOLPAL_01626 hypothetical protein 8.7684 1 -0.17536 

CIX2_ACCOLPAL_02103 CIX2_ACCOLPAL_02103 hypothetical protein 8.7684 1 -0.17534 

CIX2_ACCOLPAL_02165 CIX2_ACCOLPAL_02165 hypothetical protein 8.7684 1 -0.17523 

CIX2_ACCOLPAL_01733 mshD_1 Mycothiol acetyltransferase 8.7684 1 -0.17522 

CIX2_ACCOLPAL_02199 CIX2_ACCOLPAL_02199 IS30 family transposase ISSau5 8.7684 1 -0.17511 

CIX2_ACCOLPAL_02217 mgt Monofunctional glycosyltransferase 8.7684 1 -0.175 

CIX2_ACCOLPAL_02268 catD Putative oxidoreductase CatD 8.7684 1 -0.17488 

CIX2_ACCOLPAL_02493 CIX2_ACCOLPAL_02493 Protein  8.7684 1 -0.17477 

CIX2_ACCOLPAL_02253 CIX2_ACCOLPAL_02253 hypothetical protein 9.35608 1 -0.1715 

CIX2_ACCOLPAL_02328 CIX2_ACCOLPAL_02328 hypothetical protein 8.992577 1 -0.17049 

CIX2_ACCOLPAL_02456 leuA_2 2-isopropylmalate synthase 8.992577 1 -0.17049 

CIX2_ACCOLPAL_01634 CIX2_ACCOLPAL_01634 hypothetical protein 8.992577 1 -0.17049 

CIX2_ACCOLPAL_00814 CIX2_ACCOLPAL_00814 hypothetical protein 8.992577 1 -0.17049 

CIX2_ACCOLPAL_00092 CIX2_ACCOLPAL_00092 hypothetical protein 8.992577 1 -0.17049 

CIX2_ACCOLPAL_01373 mtaB 
Threonylcarbamoyladenosine tRNA 

methylthiotransferase MtaB 
9.886212 1 -0.17047 

CIX2_ACCOLPAL_02030 CIX2_ACCOLPAL_02030 hypothetical protein 8.99277 1 -0.16984 

CIX2_ACCOLPAL_02145 bcrA_2 Bacitracin transport ATP-binding protein BcrA 8.99277 1 -0.16984 

CIX2_ACCOLPAL_02565 CIX2_ACCOLPAL_02565 hypothetical protein 8.99277 1 -0.16984 
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CIX2_ACCOLPAL_01412 CIX2_ACCOLPAL_01412 hypothetical protein 8.99277 1 -0.16984 

CIX2_ACCOLPAL_01323 nusB Transcription antitermination protein NusB 8.99277 1 -0.16983 

CIX2_ACCOLPAL_01409 CIX2_ACCOLPAL_01409 hypothetical protein 9.643722 1 -0.1693 

CIX2_ACCOLPAL_00936 CIX2_ACCOLPAL_00936 Zinc-type alcohol dehydrogenase-like protein 9.507115 1 -0.16353 

CIX2_ACCOLPAL_01704 proP Proline/betaine transporter 9.886043 1 -0.1631 

CIX2_ACCOLPAL_01233 ebh Extracellular matrix-binding protein ebh 12.30333 0.605233 -0.16146 

CIX2_ACCOLPAL_02619 CIX2_ACCOLPAL_02619 hypothetical protein 10.09447 0.947784 -0.16115 

CIX2_ACCOLPAL_02408 dps General stress protein 20U 9.183425 1 -0.16085 

CIX2_ACCOLPAL_02221 CIX2_ACCOLPAL_02221 hypothetical protein 8.992365 0.954342 -0.15731 

CIX2_ACCOLPAL_01540 CIX2_ACCOLPAL_01540 hypothetical protein 11.703 0.835455 -0.15728 

CIX2_ACCOLPAL_00446 msrAB Peptide methionine sulfoxide reductase msrA/msrB 8.996134 1 -0.1572 

CIX2_ACCOLPAL_00704 nirC Nitrite transporter NirC 8.996134 1 -0.1572 

CIX2_ACCOLPAL_01285 CIX2_ACCOLPAL_01285 hypothetical protein 8.996134 1 -0.15703 

CIX2_ACCOLPAL_01372 rpsU 30S ribosomal protein S21 8.996134 1 -0.15702 

CIX2_ACCOLPAL_01836 CIX2_ACCOLPAL_01836 hypothetical protein 8.996134 1 -0.15663 

CIX2_ACCOLPAL_01211 arlS Signal transduction histidine-protein kinase ArlS 9.506405 0.97459 -0.1523 

CIX2_ACCOLPAL_01164 ysdC_2 Putative aminopeptidase YsdC 9.506405 0.974273 -0.15224 

CIX2_ACCOLPAL_00240 azoR FMN-dependent NADH-azoreductase 9.506405 0.973938 -0.15217 

CIX2_ACCOLPAL_01786 CIX2_ACCOLPAL_01786 hypothetical protein 9.768762 0.826701 -0.15191 

CIX2_ACCOLPAL_02063 CIX2_ACCOLPAL_02063 hypothetical protein 9.187143 1 -0.15019 

CIX2_ACCOLPAL_01511 plsC 1-acyl-sn-glycerol-3-phosphate acyltransferase 8.771821 1 -0.14692 

CIX2_ACCOLPAL_01092 CIX2_ACCOLPAL_01092 hypothetical protein 8.771821 1 -0.14688 

CIX2_ACCOLPAL_01037 rimM Ribosome maturation factor RimM 8.771821 1 -0.14683 

CIX2_ACCOLPAL_02553 ftsW putative peptidoglycan glycosyltransferase FtsW 8.771821 1 -0.14682 

CIX2_ACCOLPAL_02496 CIX2_ACCOLPAL_02496 hypothetical protein 8.771821 1 -0.14682 

CIX2_ACCOLPAL_02490 CIX2_ACCOLPAL_02490 hypothetical protein 8.771821 1 -0.14681 

CIX2_ACCOLPAL_02146 CIX2_ACCOLPAL_02146 hypothetical protein 8.771821 1 -0.14681 

CIX2_ACCOLPAL_01913 CIX2_ACCOLPAL_01913 hypothetical protein 8.771821 1 -0.14681 
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CIX2_ACCOLPAL_01868 CIX2_ACCOLPAL_01868 hypothetical protein 8.771821 1 -0.14681 

CIX2_ACCOLPAL_01855 queF 
NADPH-dependent 7-cyano-7-deazaguanine 

reductase 
8.771821 1 -0.14681 

CIX2_ACCOLPAL_01796 sarX HTH-type transcriptional regulator SarX 8.771821 1 -0.1468 

CIX2_ACCOLPAL_01600 CIX2_ACCOLPAL_01600 hypothetical protein 8.771821 1 -0.1468 

CIX2_ACCOLPAL_00862 CIX2_ACCOLPAL_00862 hypothetical protein 8.771821 1 -0.14679 

CIX2_ACCOLPAL_00816 CIX2_ACCOLPAL_00816 hypothetical protein 8.771821 1 -0.14675 

CIX2_ACCOLPAL_00741 CIX2_ACCOLPAL_00741 hypothetical protein 8.771821 1 -0.14671 

CIX2_ACCOLPAL_00590 mhqD Putative hydrolase MhqD 8.771821 1 -0.14667 

CIX2_ACCOLPAL_00278 CIX2_ACCOLPAL_00278 hypothetical protein 8.771821 1 -0.14662 

CIX2_ACCOLPAL_00248 CIX2_ACCOLPAL_00248 hypothetical protein 8.771821 1 -0.14657 

CIX2_ACCOLPAL_01341 CIX2_ACCOLPAL_01341 hypothetical protein 9.187375 1 -0.1464 

CIX2_ACCOLPAL_01806 CIX2_ACCOLPAL_01806 hypothetical protein 9.187375 1 -0.14638 

CIX2_ACCOLPAL_01795 rhaR_2 HTH-type transcriptional activator RhaR 9.187564 1 -0.14567 

CIX2_ACCOLPAL_01292 scpA Segregation and condensation protein A 9.187564 1 -0.14542 

CIX2_ACCOLPAL_02311 CIX2_ACCOLPAL_02311 hypothetical protein 9.359319 1 -0.13813 

CIX2_ACCOLPAL_00011 gltA Glutamate synthase [NADPH] large chain 11.55201 0.879941 -0.13576 

CIX2_ACCOLPAL_01621 hemE Uroporphyrinogen decarboxylase 9.190868 1 -0.12706 

CIX2_ACCOLPAL_00603 gntT High-affinity gluconate transporter 9.359754 1 -0.12555 

CIX2_ACCOLPAL_02622 CIX2_ACCOLPAL_02622 hypothetical protein 10.37052 0.88585 -0.12418 

CIX2_ACCOLPAL_00242 ggt Glutathione hydrolase proenzyme 10.5955 0.978666 -0.11886 

CIX2_ACCOLPAL_01154 parC DNA topoisomerase 4 subunit A 10.37644 0.876138 -0.11784 

CIX2_ACCOLPAL_00984 ftsZ Cell division protein FtsZ 10.60419 0.976297 -0.11213 

CIX2_ACCOLPAL_02616 CIX2_ACCOLPAL_02616 hypothetical protein 10.52988 0.912712 -0.11173 

CIX2_ACCOLPAL_00332 sbnE L-2,3-diaminopropanoate--citrate ligase 10.7393 0.839067 -0.10958 

CIX2_ACCOLPAL_02286 CIX2_ACCOLPAL_02286 hypothetical protein 8.775638 1 -0.1037 

CIX2_ACCOLPAL_02118 CIX2_ACCOLPAL_02118 hypothetical protein 8.775638 1 -0.10369 

CIX2_ACCOLPAL_01983 CIX2_ACCOLPAL_01983 hypothetical protein 8.775638 1 -0.10369 

CIX2_ACCOLPAL_01964 CIX2_ACCOLPAL_01964 hypothetical protein 8.775638 1 -0.10369 
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CIX2_ACCOLPAL_01864 CIX2_ACCOLPAL_01864 hypothetical protein 8.775638 1 -0.10368 

CIX2_ACCOLPAL_01671 rplL 50S ribosomal protein L7/L12 8.775638 1 -0.10368 

CIX2_ACCOLPAL_01640 CIX2_ACCOLPAL_01640 hypothetical protein 8.775638 1 -0.10368 

CIX2_ACCOLPAL_01388 rsfS Ribosomal silencing factor RsfS 8.775638 1 -0.10367 

CIX2_ACCOLPAL_01161 CIX2_ACCOLPAL_01161 putative tautomerase 8.775638 1 -0.10367 

CIX2_ACCOLPAL_01004 CIX2_ACCOLPAL_01004 hypothetical protein 8.775638 1 -0.10366 

CIX2_ACCOLPAL_00805 CIX2_ACCOLPAL_00805 hypothetical protein 8.775638 1 -0.10366 

CIX2_ACCOLPAL_00079 CIX2_ACCOLPAL_00079 hypothetical protein 8.775638 1 -0.10365 

CIX2_ACCOLPAL_00763 lnrL_2 Linearmycin resistance ATP-binding protein LnrL 10.1204 0.863665 -0.10355 

CIX2_ACCOLPAL_01349 pbpH Penicillin-binding protein H 10.38244 0.97872 -0.09957 

CIX2_ACCOLPAL_00316 tet38 tetracycline efflux MFS transporter Tet(38) 10.38608 0.966989 -0.09712 

CIX2_ACCOLPAL_00191 ypdA Sensor histidine kinase YpdA 10.29966 1 -0.09599 

CIX2_ACCOLPAL_02450 fabH 3-oxoacyl-[acyl-carrier-protein] synthase 3 10.21752 0.990403 -0.09487 

CIX2_ACCOLPAL_02628 slyA_4 Transcriptional regulator SlyA 10.30525 1 -0.0912 

CIX2_ACCOLPAL_01142 tkt Transketolase 10.30652 1 -0.09003 

CIX2_ACCOLPAL_01997 CIX2_ACCOLPAL_01997 hypothetical protein 10.30927 1 -0.0865 

CIX2_ACCOLPAL_00243 CIX2_ACCOLPAL_00243 hypothetical protein 10.21864 1 -0.08296 

CIX2_ACCOLPAL_01248 ponA Penicillin-binding protein 1A/1B 10.22108 1 -0.08181 

CIX2_ACCOLPAL_01645 mltF Membrane-bound lytic murein transglycosylase F 10.22499 1 -0.07717 

CIX2_ACCOLPAL_00728 treP_2 PTS system trehalose-specific EIIBC component 10.22728 1 -0.07478 

CIX2_ACCOLPAL_00995 rluD_1 Ribosomal large subunit pseudouridine synthase D 8.999911 0.9348 -0.07144 

CIX2_ACCOLPAL_01772 bmrA 
Multidrug resistance ABC transporter ATP-

binding/permease protein BmrA 
9.925016 1 -0.07023 

CIX2_ACCOLPAL_02000 CIX2_ACCOLPAL_02000 hypothetical protein 10.75264 0.907831 -0.0698 

CIX2_ACCOLPAL_01316 bfmBAA 2-oxoisovalerate dehydrogenase subunit alpha 10.13831 0.979586 -0.06461 

CIX2_ACCOLPAL_02636 yhgF Protein YhgF 10.13767 0.969366 -0.06428 

CIX2_ACCOLPAL_01694 sdrE Serine-aspartate repeat-containing protein E 11.52138 0.891802 -0.06304 

CIX2_ACCOLPAL_00572 lipR Putative acetyl-hydrolase LipR 10.03317 1 -0.0608 

CIX2_ACCOLPAL_01973 CIX2_ACCOLPAL_01973 hypothetical protein 10.69583 1 -0.05808 
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CIX2_ACCOLPAL_00289 mnaA_1 UDP-N-acetylglucosamine 2-epimerase 10.03669 1 -0.05552 

CIX2_ACCOLPAL_00100 CIX2_ACCOLPAL_00100 putative acetyl-CoA acyltransferase 10.03941 1 -0.05456 

CIX2_ACCOLPAL_00707 nasD Nitrite reductase [NAD(P)H] 10.76596 0.957473 -0.0532 

CIX2_ACCOLPAL_00701 CIX2_ACCOLPAL_00701 hypothetical protein 10.03974 1 -0.05265 

CIX2_ACCOLPAL_02022 CIX2_ACCOLPAL_02022 hypothetical protein 9.93072 1 -0.05184 

CIX2_ACCOLPAL_00505 ldh2 L-lactate dehydrogenase 2 9.931052 1 -0.05132 

CIX2_ACCOLPAL_02073 xerC_3 Tyrosine recombinase XerC 9.366684 1 -0.04994 

CIX2_ACCOLPAL_01469 thrS Threonine--tRNA ligase 10.633 1 -0.04694 

CIX2_ACCOLPAL_00039 CIX2_ACCOLPAL_00039 putative lipoprotein 9.931189 1 -0.04471 

CIX2_ACCOLPAL_01127 yclM Aspartokinase 3 9.931355 1 -0.04456 

CIX2_ACCOLPAL_01538 murJ_1 Lipid II flippase MurJ 9.934129 1 -0.03969 

CIX2_ACCOLPAL_02443 dppE Dipeptide-binding protein DppE 9.937875 1 -0.03699 

CIX2_ACCOLPAL_00006 treR_1 HTH-type transcriptional regulator TreR 9.940183 1 -0.03497 

CIX2_ACCOLPAL_01638 fumC Fumarate hydratase class II 9.824283 0.940369 -0.03016 

CIX2_ACCOLPAL_00654 pbuE Purine efflux pump PbuE 9.947029 1 -0.0296 

CIX2_ACCOLPAL_01035 ffh Signal recognition particle protein 9.947029 1 -0.02959 

CIX2_ACCOLPAL_00391 recF DNA replication and repair protein RecF 10.05306 1 -0.02304 

CIX2_ACCOLPAL_02252 prfC Peptide chain release factor 3 9.947056 1 -0.02273 

CIX2_ACCOLPAL_01368 CIX2_ACCOLPAL_01368 PhoH-like protein 9.824237 0.970335 -0.02168 

CIX2_ACCOLPAL_02176 gatA Glutamyl-tRNA(Gln) amidotransferase subunit A 9.824237 0.970431 -0.02164 

CIX2_ACCOLPAL_00452 sraP Serine-rich adhesin for platelets 12.6831 1 -0.02157 

CIX2_ACCOLPAL_02167 sspP Staphopain A 9.702239 1 -0.02045 

CIX2_ACCOLPAL_01716 CIX2_ACCOLPAL_01716 hypothetical protein 9.828045 0.950248 -0.02011 

CIX2_ACCOLPAL_02197 pepS Aminopeptidase PepS 9.830756 0.973437 -0.01362 

CIX2_ACCOLPAL_00187 yydK putative HTH-type transcriptional regulator YydK 9.834232 0.982634 -0.01104 

CIX2_ACCOLPAL_01043 sucC Succinate--CoA ligase [ADP-forming] subunit beta 9.701892 1 -0.00871 

CIX2_ACCOLPAL_00615 pgcA Phosphoglucomutase 9.837245 0.979104 -0.00813 

CIX2_ACCOLPAL_01359 dnaG DNA primase 9.834529 0.952947 -0.00754 
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CIX2_ACCOLPAL_02143 btuD_3 Vitamin B12 import ATP-binding protein BtuD 9.833936 0.940282 -0.00754 

CIX2_ACCOLPAL_02338 rsbU Phosphoserine phosphatase RsbU 9.705234 1 -0.00436 

CIX2_ACCOLPAL_00008 treP_1 PTS system trehalose-specific EIIBC component 9.84056 1 -0.0042 

CIX2_ACCOLPAL_02423 mtlD Mannitol-1-phosphate 5-dehydrogenase 9.836904 0.955407 -0.00338 

CIX2_ACCOLPAL_01204 brnQ_3 
Branched-chain amino acid transport system 2 

carrier protein 
9.572423 0.976398 -0.00317 

CIX2_ACCOLPAL_02128 CIX2_ACCOLPAL_02128 hypothetical protein 10.34806 1 -0.00135 

CIX2_ACCOLPAL_00538 isaA putative transglycosylase IsaA 9.836948 0.928436 0.001403 

CIX2_ACCOLPAL_00413 yflS Putative malate transporter YflS 9.708363 1 0.003361 

CIX2_ACCOLPAL_02481 mnhA1 Na(+)/H(+) antiporter subunit A1 9.840901 1 0.004774 

CIX2_ACCOLPAL_00863 femX Lipid II:glycine glycyltransferase 9.708821 1 0.007531 

CIX2_ACCOLPAL_01501 iscS_2 Cysteine desulfurase IscS 9.711256 1 0.008827 

CIX2_ACCOLPAL_01764 CIX2_ACCOLPAL_01764 hypothetical protein 9.711366 1 0.009796 

CIX2_ACCOLPAL_00775 scmP_2 N-acetylcysteine deacetylase 9.575724 0.977086 0.011402 

CIX2_ACCOLPAL_01240 CIX2_ACCOLPAL_01240 hypothetical protein 9.712348 1 0.01193 

CIX2_ACCOLPAL_00836 ureC Urease subunit alpha 10.3574 1 0.013103 

CIX2_ACCOLPAL_00262 CIX2_ACCOLPAL_00262 hypothetical protein 9.711541 1 0.013849 

CIX2_ACCOLPAL_01513 tyrS Tyrosine--tRNA ligase 10.08205 1 0.014357 

CIX2_ACCOLPAL_00565 cynR HTH-type transcriptional regulator CynR 9.711715 1 0.015163 

CIX2_ACCOLPAL_00174 CIX2_ACCOLPAL_00174 hypothetical protein 9.715246 1 0.016363 

CIX2_ACCOLPAL_00195 tarJ Ribulose-5-phosphate reductase 1 9.715421 1 0.017243 

CIX2_ACCOLPAL_01516 fhs Formate--tetrahydrofolate ligase 9.714897 1 0.01829 

CIX2_ACCOLPAL_00330 garL 5-keto-4-deoxy-D-glucarate aldolase 10.74125 1 0.020539 

CIX2_ACCOLPAL_02177 gatB_2 
Aspartyl/glutamyl-tRNA(Asn/Gln) amidotransferase 

subunit B 
10.36362 1 0.021507 

CIX2_ACCOLPAL_00160 essD Type VII secretion systems protein EssD 10.45105 1 0.023632 

CIX2_ACCOLPAL_00672 bcr_1 Bicyclomycin resistance protein 9.575012 1 0.024313 

CIX2_ACCOLPAL_01377 dnaK Chaperone protein DnaK 10.74443 1 0.025728 

CIX2_ACCOLPAL_01497 CIX2_ACCOLPAL_01497 hypothetical protein 9.575546 1 0.025806 
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CIX2_ACCOLPAL_00709 nasF Uroporphyrinogen-III C-methyltransferase 9.722038 1 0.026259 

CIX2_ACCOLPAL_00495 gbsA Betaine aldehyde dehydrogenase 10.75171 1 0.033132 

CIX2_ACCOLPAL_00201 gatD_1 Galactitol 1-phosphate 5-dehydrogenase 9.575368 1 0.034225 

CIX2_ACCOLPAL_00266 brnQ_2 
Branched-chain amino acid transport system 2 

carrier protein 
9.721688 1 0.03463 

CIX2_ACCOLPAL_00739 lctP_2 L-lactate permease 9.578588 1 0.034804 

CIX2_ACCOLPAL_01542 leuS Leucine--tRNA ligase 10.68566 1 0.040202 

CIX2_ACCOLPAL_02315 ptsI Phosphoenolpyruvate-protein phosphotransferase 10.28769 1 0.040787 

CIX2_ACCOLPAL_02394 fba Fructose-bisphosphate aldolase 9.578944 1 0.041385 

CIX2_ACCOLPAL_01011 CIX2_ACCOLPAL_01011 hypothetical protein 9.578944 1 0.041386 

CIX2_ACCOLPAL_01496 ackA Acetate kinase 9.578944 1 0.041403 

CIX2_ACCOLPAL_00583 ybiV Sugar phosphatase YbiV 10.18685 1 0.044383 

CIX2_ACCOLPAL_00616 nudG CTP pyrophosphohydrolase 9.578495 1 0.044535 

CIX2_ACCOLPAL_00214 CIX2_ACCOLPAL_00214 hypothetical protein 9.581804 1 0.046225 

CIX2_ACCOLPAL_00133 lip2 Lipase 2  10.1918 1 0.051431 

CIX2_ACCOLPAL_01636 CIX2_ACCOLPAL_01636 hypothetical protein 10.19445 0.992916 0.053489 

CIX2_ACCOLPAL_01354 nfo putative endonuclease 4 9.585211 1 0.054102 

CIX2_ACCOLPAL_01904 eno Enolase  9.585211 1 0.054102 

CIX2_ACCOLPAL_02593 hslO 33 kDa chaperonin 9.585568 1 0.054714 

CIX2_ACCOLPAL_01320 CIX2_ACCOLPAL_01320 Farnesyl diphosphate synthase 9.588803 1 0.05619 

CIX2_ACCOLPAL_00835 ureE Urease accessory protein UreE 9.588803 1 0.056192 

CIX2_ACCOLPAL_01870 pepT_2 Peptidase T 9.432861 1 0.056323 

CIX2_ACCOLPAL_02620 CIX2_ACCOLPAL_02620 hypothetical protein 10.20135 1 0.060887 

CIX2_ACCOLPAL_00329 sbnH 
2-[(L-alanin-3-ylcarbamoyl)methyl]-2-hydroxybutan 

edioate decarboxylase 
10.54464 1 0.060919 

CIX2_ACCOLPAL_00428 hisG ATP phosphoribosyltransferase 9.588708 1 0.061824 

CIX2_ACCOLPAL_02528 pheT Phenylalanine--tRNA ligase beta subunit 10.46789 1 0.062701 

CIX2_ACCOLPAL_00991 ileS Isoleucine--tRNA ligase 11.22635 1 0.063334 

CIX2_ACCOLPAL_00208 CIX2_ACCOLPAL_00208 hypothetical protein 10.55455 1 0.069653 
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CIX2_ACCOLPAL_01481 citZ Citrate synthase 2 10.20794 1 0.070987 

CIX2_ACCOLPAL_02305 purD Phosphoribosylamine--glycine ligase 9.990193 1 0.071469 

CIX2_ACCOLPAL_02441 oppD_1 Oligopeptide transport ATP-binding protein OppD 9.436235 1 0.072197 

CIX2_ACCOLPAL_00480 phoB Alkaline phosphatase 3 10.83548 0.976841 0.072556 

CIX2_ACCOLPAL_00015 CIX2_ACCOLPAL_00015 hypothetical protein 9.591673 1 0.074324 

CIX2_ACCOLPAL_00872 topB DNA topoisomerase 3 10.10043 1 0.076892 

CIX2_ACCOLPAL_00389 gyrA DNA gyrase subunit A 11.28027 0.994407 0.079796 

CIX2_ACCOLPAL_00219 caiA Crotonobetainyl-CoA reductase 9.993409 1 0.081959 

CIX2_ACCOLPAL_00146 hel Lipoprotein E 9.731475 1 0.083171 

CIX2_ACCOLPAL_01165 trpE Anthranilate synthase component 1 10.106 1 0.083837 

CIX2_ACCOLPAL_01052 hslU ATP-dependent protease ATPase subunit HslU 10.47917 1 0.084915 

CIX2_ACCOLPAL_00147 brnQ_1 
Branched-chain amino acid transport system 2 

carrier protein 
9.435688 1 0.088122 

CIX2_ACCOLPAL_00444 ywqE_2 Tyrosine-protein phosphatase YwqE 9.438884 1 0.088147 

CIX2_ACCOLPAL_02563 tmk Thymidylate kinase 9.435688 1 0.088249 

CIX2_ACCOLPAL_00142 RBKS Ribokinase 10.1068 1 0.088811 

CIX2_ACCOLPAL_01251 dnaD DNA replication protein DnaD 9.436053 1 0.088841 

CIX2_ACCOLPAL_01668 rplK 50S ribosomal protein L11 9.436053 1 0.088842 

CIX2_ACCOLPAL_00865 swrC_2 Swarming motility protein SwrC 9.436053 1 0.088885 

CIX2_ACCOLPAL_01643 queG Epoxyqueuosine reductase 10.11063 1 0.091284 

CIX2_ACCOLPAL_01953 CIX2_ACCOLPAL_01953 hypothetical protein 9.998593 1 0.091449 

CIX2_ACCOLPAL_01512 CIX2_ACCOLPAL_01512 hypothetical protein 10.11301 1 0.091906 

CIX2_ACCOLPAL_00463 smc_1 Chromosome partition protein Smc 11.19332 1 0.092106 

CIX2_ACCOLPAL_00996 pyrR Bifunctional protein PyrR 9.43587 1 0.096444 

CIX2_ACCOLPAL_01620 hemH Ferrochelatase 9.439324 1 0.097135 

CIX2_ACCOLPAL_02474 glpQ_2 Glycerophosphodiester phosphodiesterase 9.439689 1 0.097938 

CIX2_ACCOLPAL_02168 purB Adenylosuccinate lyase 9.999872 1 0.098205 

CIX2_ACCOLPAL_00684 hlgB Gamma-hemolysin component B 9.439066 1 0.100028 

CIX2_ACCOLPAL_00058 ssl1 Staphylococcal superantigen-like 1 9.439066 1 0.100037 
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CIX2_ACCOLPAL_01367 ybeY Endoribonuclease YbeY 9.439066 1 0.10004 

CIX2_ACCOLPAL_00840 ydbM Putative acyl-CoA dehydrogenase YdbM 9.439506 1 0.101685 

CIX2_ACCOLPAL_00569 glcB PTS system glucoside-specific EIICBA component 10.71964 1 0.103825 

CIX2_ACCOLPAL_01534 dat D-alanine aminotransferase 9.599338 1 0.104202 

CIX2_ACCOLPAL_01018 prkC Serine/threonine-protein kinase PrkC 10.00492 1 0.10571 

CIX2_ACCOLPAL_02631 blaI Penicillinase repressor 9.442708 1 0.10842 

CIX2_ACCOLPAL_01974 CIX2_ACCOLPAL_01974 hypothetical protein 9.442708 1 0.108427 

CIX2_ACCOLPAL_02222 yfhP putative protein YfhP 9.446096 1 0.109223 

CIX2_ACCOLPAL_00194 tarL Teichoic acid ribitol-phosphate polymerase TarL 10.41065 1 0.110774 

CIX2_ACCOLPAL_01989 CIX2_ACCOLPAL_01989 hypothetical protein 9.445913 1 0.112284 

CIX2_ACCOLPAL_00908 rplM 50S ribosomal protein L13 9.446279 1 0.113001 

CIX2_ACCOLPAL_01588 splD Serine protease SplD 9.446356 1 0.113713 

CIX2_ACCOLPAL_02113 CIX2_ACCOLPAL_02113 hypothetical protein 9.446539 1 0.114066 

CIX2_ACCOLPAL_01533 thiK Thiamine kinase 9.446539 1 0.114107 

CIX2_ACCOLPAL_01183 phoU 
Phosphate-specific transport system accessory 

protein PhoU 
9.446539 1 0.114132 

CIX2_ACCOLPAL_02317 ythA 
Putative cytochrome bd menaquinol oxidase 

subunit I 
9.446173 1 0.118859 

CIX2_ACCOLPAL_01166 trpG_1 Anthranilate synthase component 2 9.446173 1 0.118888 

CIX2_ACCOLPAL_01493 CIX2_ACCOLPAL_01493 putative peptidase 9.449566 1 0.120275 

CIX2_ACCOLPAL_00513 cocE Cocaine esterase 10.58344 1 0.121854 

CIX2_ACCOLPAL_00097 yitJ 

Bifunctional homocysteine S-

methyltransferase/5,10-methylenetetrahydrofolate 

reductase 

10.32735 1 0.123068 

CIX2_ACCOLPAL_01054 rpsB 30S ribosomal protein S2 10.01527 1 0.123653 

CIX2_ACCOLPAL_00185 bglA Aryl-phospho-beta-D-glucosidase BglA 10.65716 0.965222 0.123758 

CIX2_ACCOLPAL_00958 hly Alpha-hemolysin 9.277801 1 0.127607 

CIX2_ACCOLPAL_01271 gpsA Glycerol-3-phosphate dehydrogenase [NAD(P)+] 9.453149 1 0.129155 

CIX2_ACCOLPAL_00308 yfkN_1 
Trifunctional nucleotide phosphoesterase protein 

YfkN 
10.3285 1 0.130689 
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CIX2_ACCOLPAL_00503 CIX2_ACCOLPAL_00503 Isoleucine 2-epimerase 9.893866 1 0.133356 

CIX2_ACCOLPAL_00743 hssS Heme sensor protein HssS 9.896505 1 0.134147 

CIX2_ACCOLPAL_02584 mfd Transcription-repair-coupling factor 10.94163 1 0.135093 

CIX2_ACCOLPAL_00406 bceB_1 Bacitracin export permease protein BceB 10.0213 1 0.137049 

CIX2_ACCOLPAL_02471 pgi Glucose-6-phosphate isomerase 10.42812 0.984792 0.13728 

CIX2_ACCOLPAL_00873 pbuG Guanine/hypoxanthine permease PbuG 9.894167 1 0.140534 

CIX2_ACCOLPAL_01550 ribBA Riboflavin biosynthesis protein RibBA 9.774046 1 0.141518 

CIX2_ACCOLPAL_01852 CIX2_ACCOLPAL_01852 Putative 5'(3')-deoxyribonucleotidase 9.277241 1 0.145717 

CIX2_ACCOLPAL_00755 CIX2_ACCOLPAL_00755 hypothetical protein 10.34579 1 0.14993 

CIX2_ACCOLPAL_02171 pcrA ATP-dependent DNA helicase PcrA 10.60205 1 0.153699 

CIX2_ACCOLPAL_01891 trxB Thioredoxin reductase 9.906258 0.960254 0.156018 

CIX2_ACCOLPAL_00013 CIX2_ACCOLPAL_00013 hypothetical protein 9.777421 1 0.156116 

CIX2_ACCOLPAL_02572 dtd3 D-aminoacyl-tRNA deacylase 9.910024 0.926085 0.156712 

CIX2_ACCOLPAL_01830 CIX2_ACCOLPAL_01830 hypothetical protein 10.02537 1 0.158151 

CIX2_ACCOLPAL_02405 pdp Pyrimidine-nucleoside phosphorylase 9.909888 0.93517 0.158417 

CIX2_ACCOLPAL_00507 CIX2_ACCOLPAL_00507 2-dehydropantoate 2-reductase 9.907542 0.989197 0.161107 

CIX2_ACCOLPAL_01701 CIX2_ACCOLPAL_01701 3-hexulose-6-phosphate synthase 9.280503 1 0.161393 

CIX2_ACCOLPAL_00601 CIX2_ACCOLPAL_00601 hypothetical protein 9.776905 1 0.168466 

CIX2_ACCOLPAL_00326 butA Diacetyl reductase [(S)-acetoin forming] 9.780283 1 0.178793 

CIX2_ACCOLPAL_00196 tarI1 Ribitol-5-phosphate cytidylyltransferase 1 9.284199 1 0.180055 

CIX2_ACCOLPAL_00239 CIX2_ACCOLPAL_00239 hypothetical protein 9.284199 1 0.180073 

CIX2_ACCOLPAL_01757 mrpF Na(+)/H(+) antiporter subunit F 9.284199 1 0.180094 

CIX2_ACCOLPAL_00731 CIX2_ACCOLPAL_00731 hypothetical protein 9.283957 1 0.18018 

CIX2_ACCOLPAL_01670 rplJ 50S ribosomal protein L10 9.280877 1 0.183129 

CIX2_ACCOLPAL_00073 nfrA NADPH-dependent oxidoreductase 9.786189 1 0.187974 

CIX2_ACCOLPAL_02548 CIX2_ACCOLPAL_02548 hypothetical protein 9.284387 1 0.18832 

CIX2_ACCOLPAL_00877 rplD 50S ribosomal protein L4 9.284387 1 0.18833 

CIX2_ACCOLPAL_00246 gsiA Glutathione import ATP-binding protein GsiA 10.44991 0.964652 0.190122 
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CIX2_ACCOLPAL_00476 clfB Clumping factor B 12.3291 0.810067 0.191494 

CIX2_ACCOLPAL_02027 CIX2_ACCOLPAL_02027 hypothetical protein 9.28766 1 0.193609 

CIX2_ACCOLPAL_00473 arcD Arginine/ornithine antiporter 9.288034 1 0.194292 

CIX2_ACCOLPAL_02046 rimI 
[Ribosomal protein S18]-alanine N-

acetyltransferase 
9.288034 1 0.194294 

CIX2_ACCOLPAL_00500 mqo2 putative malate:quinone oxidoreductase 2 10.54762 1 0.197164 

CIX2_ACCOLPAL_01309 pepT_1 Peptidase T 9.789872 1 0.199469 

CIX2_ACCOLPAL_01902 tpiA Triosephosphate isomerase 9.789872 1 0.199473 

CIX2_ACCOLPAL_02503 ghrB_2 Glyoxylate/hydroxypyruvate reductase B 9.789872 1 0.199484 

CIX2_ACCOLPAL_01890 bepA_2 Beta-barrel assembly-enhancing protease 9.291125 1 0.201215 

CIX2_ACCOLPAL_01387 tam Trans-aconitate 2-methyltransferase 9.291313 1 0.201361 

CIX2_ACCOLPAL_00910 CIX2_ACCOLPAL_00910 hypothetical protein 9.291313 1 0.201482 

CIX2_ACCOLPAL_00496 betA Oxygen-dependent choline dehydrogenase 10.70637 0.901953 0.202437 

CIX2_ACCOLPAL_00501 fda Fructose-bisphosphate aldolase class 1 9.793093 1 0.203467 

CIX2_ACCOLPAL_02016 CIX2_ACCOLPAL_02016 hypothetical protein 9.291557 1 0.203795 

CIX2_ACCOLPAL_02570 rsmI Ribosomal RNA small subunit methyltransferase I 9.79644 1 0.204697 

CIX2_ACCOLPAL_01191 asd Aspartate-semialdehyde dehydrogenase 9.793682 1 0.2053 

CIX2_ACCOLPAL_01308 gnd 
6-phosphogluconate dehydrogenase, 

decarboxylating 
9.797081 1 0.207918 

CIX2_ACCOLPAL_00221 fadA 3-ketoacyl-CoA thiolase 10.63213 0.994951 0.208174 

CIX2_ACCOLPAL_00636 CIX2_ACCOLPAL_00636 hypothetical protein 10.05583 1 0.209076 

CIX2_ACCOLPAL_02612 CIX2_ACCOLPAL_02612 hypothetical protein 9.796786 1 0.210835 

CIX2_ACCOLPAL_02598 lysS Lysine--tRNA ligase 10.05535 1 0.212149 

CIX2_ACCOLPAL_01838 queE_1 7-carboxy-7-deazaguanine synthase 9.291369 1 0.214326 

CIX2_ACCOLPAL_01205 CIX2_ACCOLPAL_01205 hypothetical protein 9.92679 0.998561 0.214481 

CIX2_ACCOLPAL_01074 ftsK DNA translocase FtsK 10.17463 0.957899 0.21492 

CIX2_ACCOLPAL_02295 purE N5-carboxyaminoimidazole ribonucleotide mutase 9.291745 1 0.216098 

CIX2_ACCOLPAL_01326 accB_1 
Biotin carboxyl carrier protein of acetyl-CoA 

carboxylase 
9.291745 1 0.21617 
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CIX2_ACCOLPAL_00041 CIX2_ACCOLPAL_00041 putative lipoprotein 9.291745 1 0.216242 

CIX2_ACCOLPAL_00434 hisF Imidazole glycerol phosphate synthase subunit HisF 10.05855 1 0.219057 

CIX2_ACCOLPAL_01515 isdH Iron-regulated surface determinant protein H 10.63959 0.970194 0.223051 

CIX2_ACCOLPAL_01490 IMPDH Inosine-5'-monophosphate dehydrogenase 10.06417 1 0.226451 

CIX2_ACCOLPAL_01950 CIX2_ACCOLPAL_01950 hypothetical protein 10.47855 0.921219 0.227374 

CIX2_ACCOLPAL_00002 recR Recombination protein RecR 10.06465 1 0.23658 

CIX2_ACCOLPAL_02389 rpmE2 50S ribosomal protein L31 type B 9.65688 1 0.236724 

CIX2_ACCOLPAL_00598 CIX2_ACCOLPAL_00598 hypothetical protein 9.65688 1 0.236751 

CIX2_ACCOLPAL_00386 serS Serine--tRNA ligase 10.39042 1 0.238547 

CIX2_ACCOLPAL_01430 relA GTP pyrophosphokinase 10.06867 1 0.240078 

CIX2_ACCOLPAL_00719 narT putative nitrate transporter NarT 9.659629 1 0.242914 

CIX2_ACCOLPAL_02254 CIX2_ACCOLPAL_02254 Serine protease HtrA-like protein 11.00785 0.909965 0.242973 

CIX2_ACCOLPAL_02523 mutS2 Endonuclease MutS2 10.07076 1 0.243773 

CIX2_ACCOLPAL_02291 qoxB putative quinol oxidase subunit 1 10.57264 1 0.249934 

CIX2_ACCOLPAL_02472 argG Argininosuccinate synthase 9.659982 1 0.251347 

CIX2_ACCOLPAL_00370 CIX2_ACCOLPAL_00370 hypothetical protein 10.81365 0.970076 0.252471 

CIX2_ACCOLPAL_01180 nikB Nickel import system permease protein NikB 9.663088 1 0.255526 

CIX2_ACCOLPAL_02449 fabF 3-oxoacyl-[acyl-carrier-protein] synthase 2 9.66655 1 0.256359 

CIX2_ACCOLPAL_01028 fabD Malonyl CoA-acyl carrier protein transacylase 9.298564 1 0.260676 

CIX2_ACCOLPAL_02669 CIX2_ACCOLPAL_02669 hypothetical protein 13.77065 0.698365 0.261774 

CIX2_ACCOLPAL_01661 cysS Cysteine--tRNA ligase 10.30208 0.8146 0.264782 

CIX2_ACCOLPAL_01317 CIX2_ACCOLPAL_01317 Dihydrolipoyl dehydrogenase 9.670229 1 0.26588 

CIX2_ACCOLPAL_02245 acp Sodium/proton-dependent alanine carrier protein 9.670229 1 0.265892 

CIX2_ACCOLPAL_01325 cfiB 2-oxoglutarate carboxylase small subunit 10.08752 1 0.268853 

CIX2_ACCOLPAL_00148 focA putative formate transporter 1 9.102324 0.946079 0.272756 

CIX2_ACCOLPAL_01036 rpsP 30S ribosomal protein S16 9.102324 0.946326 0.272803 

CIX2_ACCOLPAL_01565 CIX2_ACCOLPAL_01565 IS1182 family transposase ISSau3 9.102324 0.9467 0.272874 

CIX2_ACCOLPAL_01810 CIX2_ACCOLPAL_01810 hypothetical protein 9.102324 0.946703 0.272875 
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CIX2_ACCOLPAL_01167 trpD2 Anthranilate phosphoribosyltransferase 2 9.676931 1 0.275195 

CIX2_ACCOLPAL_01370 CIX2_ACCOLPAL_01370 hypothetical protein 9.677108 1 0.275429 

CIX2_ACCOLPAL_00881 rplV 50S ribosomal protein L22 9.102898 1 0.277259 

CIX2_ACCOLPAL_01923 CIX2_ACCOLPAL_01923 hypothetical protein 9.102898 1 0.27732 

CIX2_ACCOLPAL_02334 CIX2_ACCOLPAL_02334 hypothetical protein 9.102898 1 0.277381 

CIX2_ACCOLPAL_02384 ptpB 
Low molecular weight protein-tyrosine-phosphatase 

PtpB 
9.102898 1 0.277442 

CIX2_ACCOLPAL_01407 greA Transcription elongation factor GreA 9.672603 1 0.280116 

CIX2_ACCOLPAL_01087 korA 2-oxoglutarate oxidoreductase subunit KorA 9.964431 0.954414 0.284336 

CIX2_ACCOLPAL_01380 hemW Heme chaperone HemW 9.963789 0.931019 0.288636 

CIX2_ACCOLPAL_00527 CIX2_ACCOLPAL_00527 putative hydrolase 10.32007 0.835124 0.289902 

CIX2_ACCOLPAL_01072 pnp_1 Polyribonucleotide nucleotidyltransferase 10.83348 0.937369 0.293236 

CIX2_ACCOLPAL_02552 pycA Pyruvate carboxylase 11.03845 0.854625 0.294346 

CIX2_ACCOLPAL_00369 rlmH Ribosomal RNA large subunit methyltransferase H 9.967383 0.823373 0.294353 

CIX2_ACCOLPAL_02626 entG_2 Enterotoxin type G 9.970982 0.869823 0.295199 

CIX2_ACCOLPAL_00989 CIX2_ACCOLPAL_00989 hypothetical protein 9.102516 1 0.303529 

CIX2_ACCOLPAL_02597 folK 
2-amino-4-hydroxy-6-

hydroxymethyldihydropteridine pyrophosphokinase 
9.102707 1 0.303647 

CIX2_ACCOLPAL_02164 CIX2_ACCOLPAL_02164 hypothetical protein 9.102707 1 0.303782 

CIX2_ACCOLPAL_00653 fetB putative iron export permease protein FetB 9.102707 1 0.303918 

CIX2_ACCOLPAL_02233 pepF1_2 Oligoendopeptidase F, plasmid 9.976565 0.888062 0.305675 

CIX2_ACCOLPAL_01480 icd Isocitrate dehydrogenase [NADP] 9.983477 0.833197 0.306953 

CIX2_ACCOLPAL_00738 CIX2_ACCOLPAL_00738 hypothetical protein 10.22542 0.855699 0.316463 

CIX2_ACCOLPAL_00170 esxA Type VII secretion system extracellular protein A 9.10585 1 0.318192 

CIX2_ACCOLPAL_00947 fecD 
Fe(3+) dicitrate transport system permease protein 

FecD 
9.10585 1 0.318251 

CIX2_ACCOLPAL_02020 CIX2_ACCOLPAL_02020 hypothetical protein 9.10585 1 0.318311 

CIX2_ACCOLPAL_00277 CIX2_ACCOLPAL_00277 Formate dehydrogenase, mitochondrial 9.106234 1 0.320036 

CIX2_ACCOLPAL_02342 acpS Holo-[acyl-carrier-protein] synthase 9.106234 1 0.320137 
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CIX2_ACCOLPAL_01908 rnr Ribonuclease R 10.99517 0.687029 0.321229 

CIX2_ACCOLPAL_00371 yycJ Putative metallo-hydrolase YycJ 10.23071 0.905052 0.326211 

CIX2_ACCOLPAL_01070 ribF 
Bifunctional riboflavin kinase/FMN 

adenylyltransferase 
9.527757 1 0.327066 

CIX2_ACCOLPAL_01084 rny Ribonuclease Y 10.70627 0.897943 0.327396 

CIX2_ACCOLPAL_02627 acuI putative acrylyl-CoA reductase AcuI 10.93135 0.898966 0.328087 

CIX2_ACCOLPAL_00711 narH Respiratory nitrate reductase 1 beta chain 10.62187 0.685396 0.33207 

CIX2_ACCOLPAL_00071 CIX2_ACCOLPAL_00071 putative protein 10.6242 0.984571 0.332418 

CIX2_ACCOLPAL_02058 CIX2_ACCOLPAL_02058 hypothetical protein 9.106042 1 0.335104 

CIX2_ACCOLPAL_01088 CIX2_ACCOLPAL_01088 hypothetical protein 9.106042 1 0.335162 

CIX2_ACCOLPAL_00106 CIX2_ACCOLPAL_00106 hypothetical protein 9.109575 1 0.335682 

CIX2_ACCOLPAL_01260 CIX2_ACCOLPAL_01260 hypothetical protein 9.109608 1 0.33627 

CIX2_ACCOLPAL_00162 essE Type VII secretion system protein EsaE 9.1098 1 0.336289 

CIX2_ACCOLPAL_01479 phoP 
Alkaline phosphatase synthesis transcriptional 

regulatory protein PhoP 
9.1098 1 0.336292 

CIX2_ACCOLPAL_02067 groL 60 kDa chaperonin 10.63048 0.684239 0.337651 

CIX2_ACCOLPAL_00060 CIX2_ACCOLPAL_00060 hypothetical protein 9.109992 1 0.338147 

CIX2_ACCOLPAL_00563 CIX2_ACCOLPAL_00563 hypothetical protein 9.113339 1 0.338513 

CIX2_ACCOLPAL_00900 rpsM 30S ribosomal protein S13 9.113339 1 0.338545 

CIX2_ACCOLPAL_01058 uppS Isoprenyl transferase 9.113339 1 0.338838 

CIX2_ACCOLPAL_01526 CIX2_ACCOLPAL_01526 hypothetical protein 9.113339 1 0.339168 

CIX2_ACCOLPAL_01641 nagB_1 Glucosamine-6-phosphate deaminase 9.305784 1 0.340077 

CIX2_ACCOLPAL_02049 yheS putative ABC transporter ATP-binding protein YheS 9.852095 1 0.341051 

CIX2_ACCOLPAL_00236 CIX2_ACCOLPAL_00236 hypothetical protein 9.528386 1 0.342719 

CIX2_ACCOLPAL_02325 pdhB 
Pyruvate dehydrogenase E1 component subunit 

beta 
9.531382 0.965011 0.345613 

CIX2_ACCOLPAL_01776 feuB Iron-uptake system permease protein FeuB 9.531294 1 0.347671 

CIX2_ACCOLPAL_02242 kefB 
Glutathione-regulated potassium-efflux system 

protein KefB 
9.531563 0.899694 0.352993 

CIX2_ACCOLPAL_00499 acsA_1 Acetyl-coenzyme A synthetase 10.54796 0.874519 0.35386 
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CIX2_ACCOLPAL_01056 pyrH Uridylate kinase 9.534656 1 0.35487 

CIX2_ACCOLPAL_00663 panE 2-dehydropantoate 2-reductase 9.531744 0.877602 0.355754 

CIX2_ACCOLPAL_01865 murB UDP-N-acetylenolpyruvoylglucosamine reductase 9.535107 0.881292 0.356441 

CIX2_ACCOLPAL_02440 oppF_1 Oligopeptide transport ATP-binding protein OppF 9.535195 0.942585 0.356777 

CIX2_ACCOLPAL_00172 CIX2_ACCOLPAL_00172 hypothetical protein 9.862591 1 0.357034 

CIX2_ACCOLPAL_01674 rpoC DNA-directed RNA polymerase subunit beta' 11.74649 0.563452 0.361589 

CIX2_ACCOLPAL_01436 queA 
S-adenosylmethionine:tRNA ribosyltransferase-

isomerase 
9.53811 0.941318 0.363576 

CIX2_ACCOLPAL_00030 yciC_1 Putative metal chaperone YciC 10.13175 1 0.364296 

CIX2_ACCOLPAL_00546 crtN 
4,4'-diapophytoene desaturase (4,4'-

diaponeurosporene-forming) 
9.865401 1 0.364409 

CIX2_ACCOLPAL_02521 uvrC UvrABC system protein C 10.36022 0.768941 0.366845 

CIX2_ACCOLPAL_00457 secA1_1 Protein translocase subunit SecA 1 10.81222 0.853914 0.367025 

CIX2_ACCOLPAL_01252 asnS Asparagine--tRNA ligase 10.13797 1 0.371832 

CIX2_ACCOLPAL_01592 CIX2_ACCOLPAL_01592 hypothetical protein 9.116692 1 0.374863 

CIX2_ACCOLPAL_00049 hsdM Type I restriction enzyme EcoKI M protein 10.56548 0.759341 0.376475 

CIX2_ACCOLPAL_02220 tagH_2 Teichoic acids export ATP-binding protein TagH 9.541663 0.976223 0.377916 

CIX2_ACCOLPAL_01218 CIX2_ACCOLPAL_01218 hypothetical protein 9.116919 1 0.378867 

CIX2_ACCOLPAL_02090 CIX2_ACCOLPAL_02090 hypothetical protein 9.117112 1 0.379765 

CIX2_ACCOLPAL_01833 saeS Histidine protein kinase SaeS 9.117112 1 0.379876 

CIX2_ACCOLPAL_01903 gpmI 
2,3-bisphosphoglycerate-independent 

phosphoglycerate mutase 
10.74213 0.827794 0.384179 

CIX2_ACCOLPAL_02162 pncB2 Nicotinate phosphoribosyltransferase pncB2 9.874959 0.991881 0.389176 

CIX2_ACCOLPAL_01553 CIX2_ACCOLPAL_01553 hypothetical protein 9.120471 1 0.399873 

CIX2_ACCOLPAL_02224 CIX2_ACCOLPAL_02224 hypothetical protein 9.120471 1 0.399945 

CIX2_ACCOLPAL_01880 secA1_2 Protein translocase subunit SecA 1 10.66161 0.636749 0.401108 

CIX2_ACCOLPAL_01886 uvrA UvrABC system protein A 10.91172 0.808778 0.403684 

CIX2_ACCOLPAL_01355 cshB DEAD-box ATP-dependent RNA helicase CshB 10.03111 0.878555 0.410372 

CIX2_ACCOLPAL_02630 hin DNA-invertase hin 11.73689 0.578716 0.415991 
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CIX2_ACCOLPAL_00532 CIX2_ACCOLPAL_00532 hypothetical protein 10.02821 0.749893 0.421818 

CIX2_ACCOLPAL_00134 CIX2_ACCOLPAL_00134 hypothetical protein 10.28345 0.789268 0.421838 

CIX2_ACCOLPAL_00336 sbnA N-(2-amino-2-carboxyethyl)-L-glutamate synthase 10.03666 0.914466 0.423183 

CIX2_ACCOLPAL_01751 xerD_2 Tyrosine recombinase XerD 9.375368 1 0.434231 

CIX2_ACCOLPAL_02008 CIX2_ACCOLPAL_02008 hypothetical protein 9.375923 1 0.436903 

CIX2_ACCOLPAL_00349 norB_2 Quinolone resistance protein NorB 10.04479 0.770659 0.438039 

CIX2_ACCOLPAL_02500 patA Peptidoglycan O-acetyltransferase 9.375553 1 0.444373 

CIX2_ACCOLPAL_00664 hldD ADP-L-glycero-D-manno-heptose-6-epimerase 9.744557 1 0.444825 

CIX2_ACCOLPAL_01851 hisC_2 Histidinol-phosphate aminotransferase 10.05034 0.782102 0.447155 

CIX2_ACCOLPAL_02029 CIX2_ACCOLPAL_02029 hypothetical protein 9.747935 1 0.449533 

CIX2_ACCOLPAL_02466 addA ATP-dependent helicase/nuclease subunit A 10.85603 0.654375 0.449598 

CIX2_ACCOLPAL_00581 yydJ putative peptide export permease protein YydJ 9.378607 1 0.44981 

CIX2_ACCOLPAL_00426 CIX2_ACCOLPAL_00426 hypothetical protein 9.751317 1 0.455254 

CIX2_ACCOLPAL_01893 CIX2_ACCOLPAL_01893 Gluconeogenesis factor 10.18399 0.959032 0.466398 

CIX2_ACCOLPAL_01284 CIX2_ACCOLPAL_01284 hypothetical protein 9.382291 1 0.468546 

CIX2_ACCOLPAL_02415 czcD_2 Cadmium, cobalt and zinc/H(+)-K(+) antiporter 9.382037 1 0.469818 

CIX2_ACCOLPAL_00040 lpl2_4 putative lipoprotein 9.379163 1 0.471145 

CIX2_ACCOLPAL_00870 glcU_2 putative glucose uptake protein GlcU 9.379163 1 0.471206 

CIX2_ACCOLPAL_01660 cysE Serine acetyltransferase 9.379163 1 0.471215 

CIX2_ACCOLPAL_00453 secY_1 Protein translocase subunit SecY 9.382594 1 0.472253 

CIX2_ACCOLPAL_01476 polA DNA polymerase I 10.18634 0.94502 0.472282 

CIX2_ACCOLPAL_01941 metN2 Methionine import ATP-binding protein MetN 2 10.18966 0.935557 0.476449 

CIX2_ACCOLPAL_00261 murQ N-acetylmuramic acid 6-phosphate etherase 10.19582 0.855104 0.480637 

CIX2_ACCOLPAL_00676 CIX2_ACCOLPAL_00676 
Putative multidrug export ATP-binding/permease 

protein 
9.382223 1 0.482932 

CIX2_ACCOLPAL_01994 CIX2_ACCOLPAL_01994 hypothetical protein 9.382223 1 0.483035 

CIX2_ACCOLPAL_02246 CIX2_ACCOLPAL_02246 hypothetical protein 9.382662 1 0.484789 

CIX2_ACCOLPAL_01936 gcvH Glycine cleavage system H protein 9.382662 1 0.484869 

CIX2_ACCOLPAL_00175 lnrL_1 Linearmycin resistance ATP-binding protein LnrL 9.382662 1 0.484948 
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CIX2_ACCOLPAL_01239 der_1 GTPase Der 10.52833 0.758113 0.486688 

CIX2_ACCOLPAL_00347 CIX2_ACCOLPAL_00347 Oleate hydratase 10.53193 0.766829 0.488881 

CIX2_ACCOLPAL_01999 CIX2_ACCOLPAL_01999 hypothetical protein 9.927441 0.989616 0.489676 

CIX2_ACCOLPAL_00692 farB_1 Fatty acid resistance protein FarB 9.386098 1 0.491355 

CIX2_ACCOLPAL_01315 bfmBAB 2-oxoisovalerate dehydrogenase subunit beta 9.386098 1 0.491355 

CIX2_ACCOLPAL_01779 dhaL 
PTS-dependent dihydroxyacetone kinase, ADP-

binding subunit DhaL 
9.389354 1 0.491617 

CIX2_ACCOLPAL_02236 yjbK Putative triphosphatase YjbK 9.393056 1 0.494067 

CIX2_ACCOLPAL_02580 glmU Bifunctional protein GlmU 9.927104 0.95698 0.495531 

CIX2_ACCOLPAL_00859 cntE_2 Staphylopine export protein 9.930429 0.992184 0.496522 

CIX2_ACCOLPAL_02351 cshA DEAD-box ATP-dependent RNA helicase CshA 9.937171 0.87007 0.512292 

CIX2_ACCOLPAL_00506 aldC_1 Alpha-acetolactate decarboxylase 9.396322 1 0.512612 

CIX2_ACCOLPAL_00339 yfhA 
putative siderophore transport system permease 

protein YfhA 
10.33927 0.760807 0.521655 

CIX2_ACCOLPAL_02180 CIX2_ACCOLPAL_02180 hypothetical protein 9.392357 1 0.522026 

CIX2_ACCOLPAL_00886 rplN 50S ribosomal protein L14 9.396766 1 0.524612 

CIX2_ACCOLPAL_00198 tarK Teichoic acid ribitol-phosphate polymerase TarK 10.09007 0.735679 0.531515 

CIX2_ACCOLPAL_00063 CIX2_ACCOLPAL_00063 hypothetical protein 9.609616 0.949426 0.538169 

CIX2_ACCOLPAL_01761 mntB_1 
Manganese transport system membrane protein 

MntB 
9.396953 1 0.538172 

CIX2_ACCOLPAL_01673 rpoB DNA-directed RNA polymerase subunit beta 11.69738 0.313762 0.538268 

CIX2_ACCOLPAL_01812 cydD ATP-binding/permease protein CydD 9.609437 0.937108 0.541877 

CIX2_ACCOLPAL_00592 fbp Fructose-1,6-bisphosphatase class 3 10.09651 0.695433 0.545739 

CIX2_ACCOLPAL_01001 carB Carbamoyl-phosphate synthase large chain 10.75873 0.533778 0.546501 

CIX2_ACCOLPAL_02446 oppC 
Oligopeptide transport system permease protein 

OppC 
9.613218 0.850446 0.54732 

CIX2_ACCOLPAL_00440 icaA Poly-beta-1,6-N-acetyl-D-glucosamine synthase 10.10263 0.665408 0.552902 

CIX2_ACCOLPAL_00138 nanA N-acetylneuraminate lyase 10.10279 0.673504 0.553049 

CIX2_ACCOLPAL_00849 CIX2_ACCOLPAL_00849 hypothetical protein 9.612582 0.920054 0.553122 

CIX2_ACCOLPAL_02181 dinB DNA polymerase IV 9.612762 0.920731 0.553231 
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CIX2_ACCOLPAL_01736 adh Alcohol dehydrogenase 9.954148 0.93025 0.558502 

CIX2_ACCOLPAL_01459 hemA Glutamyl-tRNA reductase 9.61601 0.814092 0.558596 

CIX2_ACCOLPAL_00901 rpsK 30S ribosomal protein S11 9.619443 0.937111 0.559379 

CIX2_ACCOLPAL_00772 hdfR_2 HTH-type transcriptional regulator HdfR 9.619982 0.82165 0.564614 

CIX2_ACCOLPAL_00012 hdfR_1 HTH-type transcriptional regulator HdfR 9.619523 0.752779 0.567777 

CIX2_ACCOLPAL_00514 CIX2_ACCOLPAL_00514 hypothetical protein 9.619523 0.752779 0.567777 

CIX2_ACCOLPAL_01378 grpE Protein GrpE 9.619523 0.752779 0.567777 

CIX2_ACCOLPAL_00417 pcp Pyrrolidone-carboxylate peptidase 9.623501 0.859517 0.572425 

CIX2_ACCOLPAL_02064 CIX2_ACCOLPAL_02064 hypothetical protein 10.24278 0.872132 0.574343 

CIX2_ACCOLPAL_02154 CIX2_ACCOLPAL_02154 putative protein 9.626945 0.858302 0.581296 

CIX2_ACCOLPAL_01847 ettA Energy-dependent translational throttle protein EttA 10.59945 0.682716 0.588272 

CIX2_ACCOLPAL_01451 valS Valine--tRNA ligase 11.02887 0.422749 0.589653 

CIX2_ACCOLPAL_02112 CIX2_ACCOLPAL_02112 hypothetical protein 10.37932 0.718584 0.593845 

CIX2_ACCOLPAL_02494 CIX2_ACCOLPAL_02494 hypothetical protein 8.902241 1 0.595255 

CIX2_ACCOLPAL_01804 CIX2_ACCOLPAL_01804 hypothetical protein 8.902241 1 0.595358 

CIX2_ACCOLPAL_02032 lipA_2 Lipoyl synthase 10.1248 0.695241 0.595745 

CIX2_ACCOLPAL_01871 CIX2_ACCOLPAL_01871 hypothetical protein 8.902634 1 0.598972 

CIX2_ACCOLPAL_02160 pheA 
Bifunctional chorismate mutase/prephenate 

dehydratase 
8.902634 1 0.599023 

CIX2_ACCOLPAL_01452 tag DNA-3-methyladenine glycosylase 1 8.902634 1 0.599065 

CIX2_ACCOLPAL_02240 CIX2_ACCOLPAL_02240 hypothetical protein 8.902634 1 0.599074 

CIX2_ACCOLPAL_02329 puuR HTH-type transcriptional regulator PuuR 8.902634 1 0.599125 

CIX2_ACCOLPAL_00791 CIX2_ACCOLPAL_00791 hypothetical protein 8.902634 1 0.599159 

CIX2_ACCOLPAL_00014 CIX2_ACCOLPAL_00014 hypothetical protein 9.818642 1 0.59921 

CIX2_ACCOLPAL_00628 CIX2_ACCOLPAL_00628 hypothetical protein 8.902634 1 0.599254 

CIX2_ACCOLPAL_00443 ywqD_2 Tyrosine-protein kinase YwqD 9.818218 1 0.599835 

CIX2_ACCOLPAL_01334 gcvPA 
putative glycine dehydrogenase (decarboxylating) 

subunit 1 
9.63646 0.864387 0.607506 

CIX2_ACCOLPAL_01062 polC DNA polymerase III PolC-type 10.39055 0.646732 0.60917 



                                                                                                                                                                                                                        Chapter 8: Appendices 

 

311 
 

locus_tag gene_name function logCPM PValue logFC 

CIX2_ACCOLPAL_01854 dtpT Di-/tripeptide transporter 9.82192 1 0.609617 

CIX2_ACCOLPAL_02159 sdcS Sodium-dependent dicarboxylate transporter SdcS 9.821746 1 0.611618 

CIX2_ACCOLPAL_02335 sigB RNA polymerase sigma-B factor 9.821746 0.578718 0.611645 

CIX2_ACCOLPAL_02592 ftsH ATP-dependent zinc metalloprotease FtsH 10.97434 0.56783 0.617475 

CIX2_ACCOLPAL_02348 kdpA 
Potassium-transporting ATPase potassium-binding 

subunit 
9.832061 0.925883 0.619628 

CIX2_ACCOLPAL_01507 CIX2_ACCOLPAL_01507 Soluble hydrogenase 42 kDa subunit 9.994319 0.824603 0.624005 

CIX2_ACCOLPAL_00279 CIX2_ACCOLPAL_00279 hypothetical protein 9.990549 0.854219 0.626492 

CIX2_ACCOLPAL_02489 CIX2_ACCOLPAL_02489 Putative esterase 8.902437 1 0.642386 

CIX2_ACCOLPAL_02231 mecA Adapter protein MecA 8.902437 1 0.642446 

CIX2_ACCOLPAL_01968 CIX2_ACCOLPAL_01968 hypothetical protein 8.902437 1 0.642505 

CIX2_ACCOLPAL_01882 CIX2_ACCOLPAL_01882 putative autolysin LDP 8.902437 1 0.642564 

CIX2_ACCOLPAL_00954 sepA Multidrug resistance efflux pump SepA 8.902437 1 0.642603 

CIX2_ACCOLPAL_00422 CIX2_ACCOLPAL_00422 hypothetical protein 8.902437 1 0.642641 

CIX2_ACCOLPAL_02463 cdr Coenzyme A disulfide reductase 9.834179 1 0.642897 

CIX2_ACCOLPAL_01678 fusA Elongation factor G 10.82344 0.523029 0.644961 

CIX2_ACCOLPAL_00855 moaD Molybdopterin synthase sulfur carrier subunit 8.905847 1 0.646423 

CIX2_ACCOLPAL_00887 rplX 50S ribosomal protein L24 8.905847 1 0.646443 

CIX2_ACCOLPAL_00942 CIX2_ACCOLPAL_00942 hypothetical protein 8.905847 1 0.646463 

CIX2_ACCOLPAL_02339 mazF Endoribonuclease MazF 8.905847 1 0.646469 

CIX2_ACCOLPAL_00623 CIX2_ACCOLPAL_00623 hypothetical protein 8.905847 1 0.646469 

CIX2_ACCOLPAL_01139 lexA LexA repressor 8.905847 1 0.646483 

CIX2_ACCOLPAL_02345 CIX2_ACCOLPAL_02345 hypothetical protein 8.905847 1 0.646486 

CIX2_ACCOLPAL_01144 CIX2_ACCOLPAL_01144 hypothetical protein 8.905847 1 0.646502 

CIX2_ACCOLPAL_02321 CIX2_ACCOLPAL_02321 hypothetical protein 8.905847 1 0.646515 

CIX2_ACCOLPAL_00517 CIX2_ACCOLPAL_00517 hypothetical protein 8.905847 1 0.646515 

CIX2_ACCOLPAL_01170 trpB Tryptophan synthase beta chain 8.905847 1 0.646522 

CIX2_ACCOLPAL_01413 yrrK Putative pre-16S rRNA nuclease 8.905847 1 0.646542 

CIX2_ACCOLPAL_01730 CIX2_ACCOLPAL_01730 hypothetical protein 8.905847 1 0.646561 
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CIX2_ACCOLPAL_00064 CIX2_ACCOLPAL_00064 hypothetical protein 8.905847 1 0.646561 

CIX2_ACCOLPAL_01575 menE_1 2-succinylbenzoate--CoA ligase 9.212686 1 0.646877 

CIX2_ACCOLPAL_01095 glpP 
Glycerol uptake operon antiterminator regulatory 

protein 
8.906044 1 0.646975 

CIX2_ACCOLPAL_01687 dck Deoxyadenosine/deoxycytidine kinase 8.906044 1 0.64699 

CIX2_ACCOLPAL_01697 folE2 GTP cyclohydrolase FolE2 8.906044 1 0.647004 

CIX2_ACCOLPAL_02438 dppC Dipeptide transport system permease protein DppC 8.906044 1 0.647019 

CIX2_ACCOLPAL_00130 fgd 
F420-dependent glucose-6-phosphate 

dehydrogenase 
10.15721 0.732875 0.649611 

CIX2_ACCOLPAL_00057 ssl4_2 Staphylococcal superantigen-like 4 9.841588 0.979492 0.65068 

CIX2_ACCOLPAL_00029 ndhB 
NAD(P)H-quinone oxidoreductase subunit 2, 

chloroplastic 
10.29396 0.861869 0.65479 

CIX2_ACCOLPAL_01818 CIX2_ACCOLPAL_01818 hypothetical protein 8.909666 1 0.657058 

CIX2_ACCOLPAL_01268 menG Demethylmenaquinone methyltransferase 8.909666 1 0.657093 

CIX2_ACCOLPAL_00880 rpsS 30S ribosomal protein S19 8.909863 1 0.657831 

CIX2_ACCOLPAL_01102 bsaA_2 Glutathione peroxidase BsaA 8.909863 1 0.657951 

CIX2_ACCOLPAL_02360 yidC Membrane protein insertase YidC 8.909863 1 0.657979 

CIX2_ACCOLPAL_02036 leuD 3-isopropylmalate dehydratase small subunit 8.909863 1 0.65801 

CIX2_ACCOLPAL_01748 CIX2_ACCOLPAL_01748 hypothetical protein 8.909863 1 0.658041 

CIX2_ACCOLPAL_01395 mtnN 
5'-methylthioadenosine/S-adenosylhomocysteine 

nucleosidase 
8.909863 1 0.658073 

CIX2_ACCOLPAL_02120 CIX2_ACCOLPAL_02120 hypothetical protein 10.15624 0.60183 0.658529 

CIX2_ACCOLPAL_00524 CIX2_ACCOLPAL_00524 Putative flavoprotein monooxygenase 10.15624 0.601799 0.658533 

CIX2_ACCOLPAL_01148 opuD_3 Glycine betaine transporter OpuD 10.15959 0.618027 0.660289 

CIX2_ACCOLPAL_02436 spxA Regulatory protein Spx 9.212496 1 0.666672 

CIX2_ACCOLPAL_01381 lepA Elongation factor 4 10.16583 0.626636 0.66692 

CIX2_ACCOLPAL_02089 CIX2_ACCOLPAL_02089 hypothetical protein 8.913286 1 0.671024 

CIX2_ACCOLPAL_01927 CIX2_ACCOLPAL_01927 hypothetical protein 8.913286 1 0.671106 

CIX2_ACCOLPAL_01125 CIX2_ACCOLPAL_01125 hypothetical protein 8.913286 1 0.671188 

CIX2_ACCOLPAL_01124 nucH Thermonuclease 8.913286 1 0.67127 
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CIX2_ACCOLPAL_00721 sarZ HTH-type transcriptional regulator SarZ 8.913286 1 0.671352 

CIX2_ACCOLPAL_01532 trmB tRNA (guanine-N(7)-)-methyltransferase 8.90946 1 0.672878 

CIX2_ACCOLPAL_01132 CIX2_ACCOLPAL_01132 hypothetical protein 8.90946 1 0.672899 

CIX2_ACCOLPAL_01030 acpP Acyl carrier protein 8.90946 1 0.672921 

CIX2_ACCOLPAL_02531 isdG_2 Heme oxygenase (staphylobilin-producing) 1 9.212306 1 0.674228 

CIX2_ACCOLPAL_00768 rpiA Ribose-5-phosphate isomerase A 9.212306 1 0.674229 

CIX2_ACCOLPAL_01238 ypcP 5'-3' exonuclease 9.212306 1 0.674261 

CIX2_ACCOLPAL_02404 CIX2_ACCOLPAL_02404 hypothetical protein 9.212306 1 0.674292 

CIX2_ACCOLPAL_01947 CIX2_ACCOLPAL_01947 hypothetical protein 10.1751 0.565418 0.67778 

CIX2_ACCOLPAL_00553 rocA 1-pyrroline-5-carboxylate dehydrogenase 10.30927 0.415841 0.681725 

CIX2_ACCOLPAL_00961 CIX2_ACCOLPAL_00961 Superantigen-like protein 13 9.216002 1 0.684374 

CIX2_ACCOLPAL_02070 CIX2_ACCOLPAL_02070 putative leukocidin-like protein 2 9.216002 1 0.684407 

CIX2_ACCOLPAL_01425 CIX2_ACCOLPAL_01425 hypothetical protein 9.468533 1 0.686801 

CIX2_ACCOLPAL_00398 mnmG 
tRNA uridine 5-carboxymethylaminomethyl 

modification enzyme MnmG 
11.1096 0.344598 0.698027 

CIX2_ACCOLPAL_02448 CIX2_ACCOLPAL_02448 hypothetical protein 9.219323 1 0.703463 

CIX2_ACCOLPAL_01770 tarD Glycerol-3-phosphate cytidylyltransferase 9.215812 1 0.705283 

CIX2_ACCOLPAL_01116 ltaE Low specificity L-threonine aldolase 9.471565 1 0.706232 

CIX2_ACCOLPAL_00427 hisZ ATP phosphoribosyltransferase regulatory subunit 9.471565 1 0.706274 

CIX2_ACCOLPAL_00723 gltT Proton/sodium-glutamate symport protein 9.219133 1 0.709563 

CIX2_ACCOLPAL_00659 opuCB Carnitine transport permease protein OpuCB 9.219133 1 0.70957 

CIX2_ACCOLPAL_01401 mntH_1 Divalent metal cation transporter MntH 9.219561 1 0.710856 

CIX2_ACCOLPAL_01026 fapR Transcription factor FapR 9.219561 1 0.710948 

CIX2_ACCOLPAL_01523 CIX2_ACCOLPAL_01523 hypothetical protein 9.475519 1 0.711255 

CIX2_ACCOLPAL_00401 CIX2_ACCOLPAL_00401 hypothetical protein 9.222888 1 0.714647 

CIX2_ACCOLPAL_00518 CIX2_ACCOLPAL_00518 hypothetical protein 9.222888 1 0.714647 

CIX2_ACCOLPAL_01667 nusG 
Transcription termination/antitermination protein 

NusG 
9.475784 1 0.719417 

CIX2_ACCOLPAL_00756 CIX2_ACCOLPAL_00756 hypothetical protein 9.690085 0.761189 0.719473 
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CIX2_ACCOLPAL_01539 CIX2_ACCOLPAL_01539 putative protein 9.690085 0.761019 0.719513 

CIX2_ACCOLPAL_00508 panB 3-methyl-2-oxobutanoate hydroxymethyltransferase 9.474968 1 0.72303 

CIX2_ACCOLPAL_00846 modA Molybdate-binding protein ModA 9.693312 0.782155 0.723271 

CIX2_ACCOLPAL_01939 rnmV_1 Ribonuclease M5 9.226411 1 0.725139 

CIX2_ACCOLPAL_01021 thiN Thiamine pyrophosphokinase 9.226411 1 0.725217 

CIX2_ACCOLPAL_00837 ureB Urease subunit beta 9.226651 1 0.727676 

CIX2_ACCOLPAL_02178 dagK Diacylglycerol kinase 9.475152 1 0.729262 

CIX2_ACCOLPAL_02094 CIX2_ACCOLPAL_02094 hypothetical protein 9.478376 1 0.729853 

CIX2_ACCOLPAL_00102 CIX2_ACCOLPAL_00102 hypothetical protein 9.478641 0.901255 0.735674 

CIX2_ACCOLPAL_00010 gltB Glutamate synthase [NADPH] small chain 9.478641 0.900906 0.735715 

CIX2_ACCOLPAL_01047 CIX2_ACCOLPAL_01047 hypothetical protein 9.481604 1 0.735875 

CIX2_ACCOLPAL_00541 ssaA Staphylococcal secretory antigen SsaA 9.481604 1 0.735876 

CIX2_ACCOLPAL_00317 deoD Purine nucleoside phosphorylase DeoD-type 9.481788 1 0.737543 

CIX2_ACCOLPAL_00122 cmtB 
Mannitol-specific cryptic phosphotransferase 

enzyme IIA component 
9.478825 0.87605 0.738808 

CIX2_ACCOLPAL_01376 dnaJ Chaperone protein DnaJ 9.482054 0.880873 0.739244 

CIX2_ACCOLPAL_01537 rsuA Ribosomal small subunit pseudouridine synthase A 9.482054 0.88078 0.739244 

CIX2_ACCOLPAL_00891 rplF 50S ribosomal protein L6 9.482239 0.880935 0.739305 

CIX2_ACCOLPAL_00183 rbsK Ribokinase 9.482321 0.949244 0.739714 

CIX2_ACCOLPAL_02327 pdhD Dihydrolipoyl dehydrogenase 9.88617 0.956132 0.740476 

CIX2_ACCOLPAL_01069 truB tRNA pseudouridine synthase B 9.699804 0.774814 0.740529 

CIX2_ACCOLPAL_01242 rlmL Ribosomal RNA large subunit methyltransferase L 9.699804 0.774667 0.740541 

CIX2_ACCOLPAL_01578 CIX2_ACCOLPAL_01578 hypothetical protein 9.699804 0.774365 0.740565 

CIX2_ACCOLPAL_01073 rnj2 Ribonuclease J 2 10.05771 0.747172 0.743734 

CIX2_ACCOLPAL_01849 opuBA Choline transport ATP-binding protein OpuBA 9.485288 0.947611 0.746986 

CIX2_ACCOLPAL_00750 bcr_2 Bicyclomycin resistance protein 9.70027 0.699888 0.747334 

CIX2_ACCOLPAL_01437 ruvB_2 
Holliday junction ATP-dependent DNA helicase 

RuvB 
9.700092 0.655487 0.751139 

CIX2_ACCOLPAL_02372 atpD ATP synthase subunit beta 10.47069 0.665233 0.75594 
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CIX2_ACCOLPAL_01403 accC Biotin carboxylase 9.707112 0.74358 0.757559 

CIX2_ACCOLPAL_00264 ipdC Indole-3-pyruvate decarboxylase 10.06684 0.791293 0.758646 

CIX2_ACCOLPAL_01440 obg GTPase Obg 10.355 0.415878 0.763098 

CIX2_ACCOLPAL_00350 scmP_1 N-acetylcysteine deacetylase 10.35843 0.392817 0.767909 

CIX2_ACCOLPAL_01821 CIX2_ACCOLPAL_01821 hypothetical protein 8.91712 1 0.768029 

CIX2_ACCOLPAL_02485 mnhE1 Na(+)/H(+) antiporter subunit E1 8.91712 1 0.76817 

CIX2_ACCOLPAL_01221 msrA2 Peptide methionine sulfoxide reductase MsrA 2 8.91712 1 0.76832 

CIX2_ACCOLPAL_00965 arcC1 Carbamate kinase 1 8.91712 1 0.768612 

CIX2_ACCOLPAL_00899 rpmJ 50S ribosomal protein L36 8.91712 1 0.768904 

CIX2_ACCOLPAL_00522 CIX2_ACCOLPAL_00522 hypothetical protein 8.91712 1 0.768995 

CIX2_ACCOLPAL_00488 cysJ 
Sulfite reductase [NADPH] flavoprotein alpha-

component 
10.60246 0.399337 0.772125 

CIX2_ACCOLPAL_00909 rpsI 30S ribosomal protein S9 9.489801 1 0.772323 

CIX2_ACCOLPAL_00857 moaA GTP 3',8-cyclase 10.49164 0.498622 0.775481 

CIX2_ACCOLPAL_02290 qoxC Quinol oxidase subunit 3 9.233524 1 0.777081 

CIX2_ACCOLPAL_00902 rpoA DNA-directed RNA polymerase subunit alpha 9.912539 0.480379 0.7789 

CIX2_ACCOLPAL_00125 CIX2_ACCOLPAL_00125 UDP-glucose 4-epimerase 9.909837 0.901428 0.785138 

CIX2_ACCOLPAL_00096 metC Cystathionine beta-lyase MetC 10.23809 0.525633 0.788308 

CIX2_ACCOLPAL_02170 pcrB Heptaprenylglyceryl phosphate synthase 9.496379 1 0.804587 

CIX2_ACCOLPAL_00519 pyrD Dihydroorotate dehydrogenase (quinone) 9.951273 0.885552 0.86254 

CIX2_ACCOLPAL_00301 pglF 
UDP-N-acetyl-alpha-D-glucosamine C6 

dehydratase 
10.27861 0.411378 0.865179 

CIX2_ACCOLPAL_00645 cntE_1 Staphylopine export protein 10.12809 0.595814 0.874497 

CIX2_ACCOLPAL_00997 pyrP Uracil permease 9.767047 0.704491 0.87519 

CIX2_ACCOLPAL_00328 sbnI L-serine kinase SbnI 10.13455 0.601557 0.879431 

CIX2_ACCOLPAL_00682 bioW 6-carboxyhexanoate--CoA ligase 9.961553 0.433108 0.883866 

CIX2_ACCOLPAL_02375 atpH ATP synthase subunit delta 9.970874 0.342902 0.893854 

CIX2_ACCOLPAL_00780 glvR HTH-type transcriptional regulator GlvR 9.560245 0.985255 0.910929 

CIX2_ACCOLPAL_02412 gmuF putative mannose-6-phosphate isomerase GmuF 9.78019 0.59763 0.912767 
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CIX2_ACCOLPAL_00081 CIX2_ACCOLPAL_00081 hypothetical protein 9.566088 0.92822 0.926441 

CIX2_ACCOLPAL_01931 CIX2_ACCOLPAL_01931 
Organic hydroperoxide resistance protein-like 

protein 
9.569747 0.856671 0.944148 

CIX2_ACCOLPAL_01982 CIX2_ACCOLPAL_01982 hypothetical protein 9.566728 0.769656 0.947938 

CIX2_ACCOLPAL_00128 CIX2_ACCOLPAL_00128 Protein-ADP-ribose hydrolase 9.569929 0.773269 0.949312 

CIX2_ACCOLPAL_00199 tarJ Ribulose-5-phosphate reductase 2 9.570111 0.752779 0.950642 

CIX2_ACCOLPAL_02250 murE 
UDP-N-acetylmuramoyl-L-alanyl-D-glutamate--L-lysi 

ne ligase 
9.57717 0.758035 0.951562 

CIX2_ACCOLPAL_02006 CIX2_ACCOLPAL_02006 hypothetical protein 9.573959 0.782092 0.951956 

CIX2_ACCOLPAL_01971 ssbA_2 Single-stranded DNA-binding protein A 9.573682 0.846735 0.953728 

CIX2_ACCOLPAL_02362 thiM Hydroxyethylthiazole kinase 9.576709 0.831727 0.959381 

CIX2_ACCOLPAL_01157 CIX2_ACCOLPAL_01157 Putative transport protein 9.580384 0.793632 0.959588 

CIX2_ACCOLPAL_01455 hemB Delta-aminolevulinic acid dehydratase 10.18009 0.61563 0.959977 

CIX2_ACCOLPAL_01009 coaBC 
Coenzyme A biosynthesis bifunctional protein 

CoaBC 
10.18327 0.639016 0.962834 

CIX2_ACCOLPAL_01858 nrdE 
Ribonucleoside-diphosphate reductase subunit 

alpha 
10.34447 0.374533 0.963699 

CIX2_ACCOLPAL_01423 cymR HTH-type transcriptional regulator CymR 9.315488 1 0.96392 

CIX2_ACCOLPAL_00933 lacG 6-phospho-beta-galactosidase 10.73396 0.274073 0.969937 

CIX2_ACCOLPAL_01680 scmP_4 N-acetylcysteine deacetylase 10.1868 0.527761 0.977465 

CIX2_ACCOLPAL_01416 recD2 ATP-dependent RecD-like DNA helicase 10.74923 0.334785 0.985798 

CIX2_ACCOLPAL_01596 lukDv Leucotoxin LukDv 9.318592 1 0.991382 

CIX2_ACCOLPAL_01777 feuC Iron-uptake system permease protein FeuC 9.322455 1 0.993151 

CIX2_ACCOLPAL_01724 rclA_1 
putative pyridine nucleotide-disulfide 

oxidoreductase RclA 
9.322894 1 0.99338 

CIX2_ACCOLPAL_00635 bacC Dihydroanticapsin 7-dehydrogenase 10.02621 0.403558 1.000012 

CIX2_ACCOLPAL_01856 CIX2_ACCOLPAL_01856 hypothetical protein 9.322077 0.586648 1.005173 

CIX2_ACCOLPAL_01492 CIX2_ACCOLPAL_01492 hypothetical protein 9.322266 0.587289 1.005446 

CIX2_ACCOLPAL_01690 ywtE 
5-amino-6-(5-phospho-D-ribitylamino)uracil 

phosphatase YwtE 
9.325379 1 1.005974 
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CIX2_ACCOLPAL_01267 hepT Heptaprenyl diphosphate synthase component 2 9.322516 0.573513 1.007389 

CIX2_ACCOLPAL_02294 folD Bifunctional protein FolD protein 9.322516 0.572746 1.007482 

CIX2_ACCOLPAL_01272 der_2 GTPase Der 10.03314 0.324356 1.013598 

CIX2_ACCOLPAL_01295 fur Ferric uptake regulation protein 9.333071 0.529684 1.015147 

CIX2_ACCOLPAL_02381 upp Uracil phosphoribosyltransferase 9.329127 0.583322 1.017871 

CIX2_ACCOLPAL_00648 yehR putative lipoprotein YehR 9.329505 0.584669 1.018635 

CIX2_ACCOLPAL_02095 CIX2_ACCOLPAL_02095 hypothetical protein 9.329757 1 1.020096 

CIX2_ACCOLPAL_00904 ecfA1 
Energy-coupling factor transporter ATP-binding 

protein EcfA1 
9.329064 1 1.023383 

CIX2_ACCOLPAL_02422 mtlF 
Mannitol-specific phosphotransferase enzyme IIA 

component 
9.332629 1 1.031288 

CIX2_ACCOLPAL_02093 CIX2_ACCOLPAL_02093 hypothetical protein 9.332629 1 1.031359 

CIX2_ACCOLPAL_01193 dapB 4-hydroxy-tetrahydrodipicolinate reductase 9.332629 1 1.031391 

CIX2_ACCOLPAL_02611 cadC 
Cadmium resistance transcriptional regulatory 

protein CadC 
10.38429 0.453625 1.032805 

CIX2_ACCOLPAL_01629 yhaM 3'-5' exoribonuclease YhaM 9.853306 0.597278 1.051695 

CIX2_ACCOLPAL_00074 ahpC Alkyl hydroperoxide reductase C 9.337023 1 1.063235 

CIX2_ACCOLPAL_01029 fabG 3-oxoacyl-[acyl-carrier-protein] reductase FabG 9.860105 0.511961 1.064527 

CIX2_ACCOLPAL_00986 yggS Pyridoxal phosphate homeostasis protein 9.86305 0.460078 1.066802 

CIX2_ACCOLPAL_02256 yfkN_2 
Trifunctional nucleotide phosphoesterase protein 

YfkN 
9.866962 0.446001 1.069029 

CIX2_ACCOLPAL_00416 CIX2_ACCOLPAL_00416 hypothetical protein 9.640476 0.927718 1.072055 

CIX2_ACCOLPAL_02594 cysK Cysteine synthase 9.864014 0.539814 1.072808 

CIX2_ACCOLPAL_01350 sodA Superoxide dismutase [Mn/Fe] 1 9.870046 0.472089 1.075666 

CIX2_ACCOLPAL_02617 CIX2_ACCOLPAL_02617 hypothetical protein 10.82773 0.45341 1.083247 

CIX2_ACCOLPAL_00179 CIX2_ACCOLPAL_00179 hypothetical protein 9.026578 1 1.097332 

CIX2_ACCOLPAL_02534 isdE High-affinity heme uptake system protein IsdE 9.026578 1 1.097463 

CIX2_ACCOLPAL_02174 putP Sodium/proline symporter 10.08561 0.381557 1.10109 

CIX2_ACCOLPAL_01063 rimP Ribosome maturation factor RimP 9.027163 1 1.102352 

CIX2_ACCOLPAL_00876 rplC 50S ribosomal protein L3 10.08937 0.318639 1.114952 
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CIX2_ACCOLPAL_00321 CIX2_ACCOLPAL_00321 hypothetical protein 9.653136 0.780902 1.122007 

CIX2_ACCOLPAL_00149 CIX2_ACCOLPAL_00149 hypothetical protein 9.026773 1 1.131426 

CIX2_ACCOLPAL_01961 CIX2_ACCOLPAL_01961 hypothetical protein 9.026773 1 1.131513 

CIX2_ACCOLPAL_02190 CIX2_ACCOLPAL_02190 hypothetical protein 9.026773 1 1.131601 

CIX2_ACCOLPAL_01357 trmK tRNA (adenine(22)-N(1))-methyltransferase 9.026968 1 1.132119 

CIX2_ACCOLPAL_01045 lytN putative cell wall hydrolase LytN 9.026968 1 1.132352 

CIX2_ACCOLPAL_02296 purK N5-carboxyaminoimidazole ribonucleotide synthase 9.657063 0.706677 1.133589 

CIX2_ACCOLPAL_02056 scrK Fructokinase 9.653601 0.650669 1.134443 

CIX2_ACCOLPAL_02320 rnj1 Ribonuclease J 1 9.657424 0.658577 1.134832 

CIX2_ACCOLPAL_01257 ypjD putative protein YpjD 9.030166 0.92658 1.146029 

CIX2_ACCOLPAL_01347 yqgN putative protein YqgN 9.030166 0.926373 1.146059 

CIX2_ACCOLPAL_00358 CIX2_ACCOLPAL_00358 hypothetical protein 9.030166 0.926239 1.146078 

CIX2_ACCOLPAL_00897 adk Adenylate kinase 9.66415 0.737903 1.146304 

CIX2_ACCOLPAL_00802 CIX2_ACCOLPAL_00802 hypothetical protein 9.030557 0.928102 1.147628 

CIX2_ACCOLPAL_00438 icaB 
Poly-beta-1,6-N-acetyl-D-glucosamine N-

deacetylase 
9.030557 0.927759 1.147672 

CIX2_ACCOLPAL_00380 rplI 50S ribosomal protein L9 9.030557 0.927416 1.147717 

CIX2_ACCOLPAL_02052 yeeD Putative sulfur carrier protein YeeD 9.033956 0.940472 1.163487 

CIX2_ACCOLPAL_02455 CIX2_ACCOLPAL_02455 Putative threonylcarbamoyl-AMP synthase 9.033956 0.940285 1.163489 

CIX2_ACCOLPAL_01564 crcB_2 Putative fluoride ion transporter CrcB 9.030361 0.819791 1.163986 

CIX2_ACCOLPAL_01160 msrR Regulatory protein MsrR 9.034176 0.819791 1.164098 

CIX2_ACCOLPAL_01408 udk Uridine kinase 9.034176 0.819791 1.164098 

CIX2_ACCOLPAL_00560 ogt 
Methylated-DNA--protein-cysteine 

methyltransferase 
9.03398 0.932812 1.164144 

CIX2_ACCOLPAL_00123 CIX2_ACCOLPAL_00123 hypothetical protein 9.037582 0.819791 1.164205 

CIX2_ACCOLPAL_01336 aroK Shikimate kinase 9.037582 0.819791 1.164205 

CIX2_ACCOLPAL_02044 tsaE 
tRNA threonylcarbamoyladenosine biosynthesis 

protein TsaE 
9.034372 0.932747 1.166029 

CIX2_ACCOLPAL_00570 CIX2_ACCOLPAL_00570 Putative esterase 9.034372 0.932936 1.166033 
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CIX2_ACCOLPAL_00050 CIX2_ACCOLPAL_00050 Staphylococcal superantigen-like 10 9.034372 0.933125 1.166036 

CIX2_ACCOLPAL_00410 nixA Nickel transporter NixA 10.31315 0.445873 1.17587 

CIX2_ACCOLPAL_00091 ychF Ribosome-binding ATPase YchF 9.930896 0.413624 1.195298 

CIX2_ACCOLPAL_00525 CIX2_ACCOLPAL_00525 hypothetical protein 9.933769 0.345127 1.196216 

CIX2_ACCOLPAL_01263 aroB 3-dehydroquinate synthase 9.412767 1 1.204429 

CIX2_ACCOLPAL_00551 CIX2_ACCOLPAL_00551 hypothetical protein 9.041411 0.958511 1.207765 

CIX2_ACCOLPAL_00161 esxD Type VII secretion system extracellular protein D 9.041411 0.958676 1.207808 

CIX2_ACCOLPAL_00070 CIX2_ACCOLPAL_00070 hypothetical protein 9.041411 0.958841 1.20785 

CIX2_ACCOLPAL_01495 CIX2_ACCOLPAL_01495 Putative universal stress protein 9.041608 0.958427 1.20885 

CIX2_ACCOLPAL_01034 CIX2_ACCOLPAL_01034 hypothetical protein 9.041608 0.95857 1.208887 

CIX2_ACCOLPAL_01225 CIX2_ACCOLPAL_01225 hypothetical protein 9.415474 1 1.209365 

CIX2_ACCOLPAL_01079 CIX2_ACCOLPAL_01079 hypothetical protein 9.681547 0.757941 1.209993 

CIX2_ACCOLPAL_00706 sirB Sirohydrochlorin ferrochelatase 10.15373 0.356277 1.214818 

CIX2_ACCOLPAL_02633 blaZ Beta-lactamase 10.65017 0.183315 1.217224 

CIX2_ACCOLPAL_00484 yxdL ABC transporter ATP-binding protein YxdL 9.41566 1 1.227446 

CIX2_ACCOLPAL_01708 CIX2_ACCOLPAL_01708 hypothetical protein 9.419192 1 1.228009 

CIX2_ACCOLPAL_01137 guaC GMP reductase 9.41622 1 1.228764 

CIX2_ACCOLPAL_00792 CIX2_ACCOLPAL_00792 hypothetical protein 9.045027 0.961953 1.229798 

CIX2_ACCOLPAL_02235 yjbI Group 2 truncated hemoglobin YjbI 9.415847 0.506671 1.239292 

CIX2_ACCOLPAL_01608 CIX2_ACCOLPAL_01608 hypothetical protein 9.419117 0.514828 1.245123 

CIX2_ACCOLPAL_01863 yclQ Petrobactin-binding protein YclQ 9.422954 1 1.246792 

CIX2_ACCOLPAL_00135 nanE 
Putative N-acetylmannosamine-6-phosphate 2-

epimerase 
9.419565 0.507674 1.247104 

CIX2_ACCOLPAL_02540 CIX2_ACCOLPAL_02540 hypothetical protein 9.419565 0.507359 1.247146 

CIX2_ACCOLPAL_00397 mnmE tRNA modification GTPase MnmE 10.81379 0.111511 1.250396 

CIX2_ACCOLPAL_00781 malP PTS system maltose-specific EIICB component 9.42676 0.48563 1.26248 

CIX2_ACCOLPAL_01574 menC o-succinylbenzoate synthase 10.18487 0.314861 1.271121 

CIX2_ACCOLPAL_01948 csd putative cysteine desulfurase 9.730312 0.644176 1.282848 
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CIX2_ACCOLPAL_00980 mraY 
Phospho-N-acetylmuramoyl-pentapeptide-

transferase 
9.433977 0.467204 1.283552 

CIX2_ACCOLPAL_01426 aspS Aspartate--tRNA ligase 10.55101 0.260435 1.284285 

CIX2_ACCOLPAL_02582 rplY 50S ribosomal protein L25 9.437462 0.463799 1.292732 

CIX2_ACCOLPAL_01543 mdrP_2 Na(+), Li(+), K(+)/H(+) antiporter 9.733452 0.589444 1.293755 

CIX2_ACCOLPAL_00116 mhqA_1 Putative ring-cleaving dioxygenase MhqA 9.736891 0.573528 1.297128 

CIX2_ACCOLPAL_00021 metN Methionine import ATP-binding protein MetN 9.746702 0.613453 1.306485 

CIX2_ACCOLPAL_01494 ald2 Alanine dehydrogenase 2 10.05883 0.301084 1.422404 

CIX2_ACCOLPAL_01208 mhqA_3 Putative ring-cleaving dioxygenase MhqA 9.507612 0.457528 1.440532 

CIX2_ACCOLPAL_00335 sbnB 
N-((2S)-2-amino-2-carboxyethyl)-L-glutamate 

dehydrogenase 
9.812219 0.508976 1.441342 

CIX2_ACCOLPAL_00094 spo0J Stage 0 sporulation protein J 9.825706 0.502948 1.457391 

CIX2_ACCOLPAL_01049 trmFO 
Methylenetetrahydrofolate--tRNA-(uracil-5-)-methy 

ltransferase TrmFO 
9.514655 0.450993 1.459058 

CIX2_ACCOLPAL_00811 CIX2_ACCOLPAL_00811 hypothetical protein 9.51772 0.415638 1.465271 

CIX2_ACCOLPAL_01177 nikE Nickel import system ATP-binding protein NikE 9.521434 0.300863 1.474275 

CIX2_ACCOLPAL_01655 mcsB Protein-arginine kinase 9.521708 0.299221 1.474312 

CIX2_ACCOLPAL_00352 CIX2_ACCOLPAL_00352 putative lipoprotein 9.528882 0.318596 1.483451 

CIX2_ACCOLPAL_02341 alr1_2 Alanine racemase 1 9.535612 0.41316 1.516105 

CIX2_ACCOLPAL_02312 rlmI Ribosomal RNA large subunit methyltransferase I 9.536263 0.435201 1.52289 

CIX2_ACCOLPAL_01545 rsmH_2 Ribosomal RNA small subunit methyltransferase H 9.149606 0.819628 1.528735 

CIX2_ACCOLPAL_01299 CIX2_ACCOLPAL_01299 putative oxidoreductase 9.149606 0.819611 1.528736 

CIX2_ACCOLPAL_00483 graS_1 Sensor histidine kinase GraS 9.146228 0.694091 1.533894 

CIX2_ACCOLPAL_02045 tsaB 
tRNA threonylcarbamoyladenosine biosynthesis 

protein TsaB 
9.146228 0.693717 1.533971 

CIX2_ACCOLPAL_02453 CIX2_ACCOLPAL_02453 hypothetical protein 9.146422 0.69421 1.534151 

CIX2_ACCOLPAL_01591 splA Serine protease SplA 9.1498 0.709454 1.537704 

CIX2_ACCOLPAL_02130 CIX2_ACCOLPAL_02130 hypothetical protein 9.150033 0.693491 1.539202 

CIX2_ACCOLPAL_00783 panS Pantothenate precursors transporter PanS 9.153612 0.656147 1.542504 

CIX2_ACCOLPAL_02285 CIX2_ACCOLPAL_02285 Acetyltransferase 9.153612 0.656147 1.542504 
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CIX2_ACCOLPAL_02596 folB Dihydroneopterin aldolase 9.153612 0.656147 1.542504 

CIX2_ACCOLPAL_00832 ureD1 Urease accessory protein UreD 9.157196 0.713411 1.552491 

CIX2_ACCOLPAL_00018 sle1 N-acetylmuramoyl-L-alanine amidase sle1 9.157196 0.713687 1.552533 

CIX2_ACCOLPAL_01247 recU Holliday junction resolvase RecU 9.157431 0.730526 1.555578 

CIX2_ACCOLPAL_01055 tsf Elongation factor Ts 9.543294 0.85842 1.559542 

CIX2_ACCOLPAL_01654 mcsA Protein-arginine kinase activator protein 9.160827 0.730592 1.564395 

CIX2_ACCOLPAL_00893 rpsE 30S ribosomal protein S5 9.157626 0.837479 1.571081 

CIX2_ACCOLPAL_00223 scn_1 Staphylococcal complement inhibitor 9.157626 0.837792 1.571118 

CIX2_ACCOLPAL_00585 CIX2_ACCOLPAL_00585 Putative NAD(P)H nitroreductase 9.88532 0.385625 1.572868 

CIX2_ACCOLPAL_02247 CIX2_ACCOLPAL_02247 Putative phosphoesterase 9.156767 0.993702 1.573315 

CIX2_ACCOLPAL_01966 CIX2_ACCOLPAL_01966 hypothetical protein 9.156767 0.993787 1.573318 

CIX2_ACCOLPAL_01222 CIX2_ACCOLPAL_01222 DegV domain-containing protein 9.605066 0.21591 1.65765 

CIX2_ACCOLPAL_00303 ywqD_1 Tyrosine-protein kinase YwqD 9.615117 0.339222 1.670657 

CIX2_ACCOLPAL_01203 CIX2_ACCOLPAL_01203 TelA-like protein 9.951972 0.469728 1.674492 

CIX2_ACCOLPAL_00927 lacA Galactose-6-phosphate isomerase subunit LacA 9.9616 0.098667 1.6983 

CIX2_ACCOLPAL_00582 yydI putative peptide export ATP-binding protein YydI 9.251129 0.7666 1.779089 

CIX2_ACCOLPAL_01470 dnaI Primosomal protein DnaI 9.684418 0.214223 1.810865 

CIX2_ACCOLPAL_01552 ribD Riboflavin biosynthesis protein RibD 9.691632 0.201281 1.819039 

CIX2_ACCOLPAL_01698 bshB2 
putative N-acetyl-alpha-D-glucosaminyl L-malate 

deacetylase 2 
9.255052 0.625876 1.819681 

CIX2_ACCOLPAL_01289 srrA Transcriptional regulatory protein SrrA 9.258598 0.727238 1.820048 

CIX2_ACCOLPAL_00205 gatC_1 PTS system galactitol-specific EIIC component 9.705094 0.208749 1.830881 

CIX2_ACCOLPAL_01919 nuc Thermonuclease 9.258406 0.585589 1.833513 

CIX2_ACCOLPAL_01099 CIX2_ACCOLPAL_01099 Monoacylglycerol lipase 9.261764 0.648047 1.83716 

CIX2_ACCOLPAL_01082 cinA Putative competence-damage inducible protein 9.273196 0.581273 1.878618 

CIX2_ACCOLPAL_00405 CIX2_ACCOLPAL_00405 hypothetical protein 8.668214 1 1.977601 

CIX2_ACCOLPAL_00915 CIX2_ACCOLPAL_00915 hypothetical protein 8.668214 1 1.977814 

CIX2_ACCOLPAL_02066 groS 10 kDa chaperonin 8.668415 1 1.977941 

CIX2_ACCOLPAL_02085 CIX2_ACCOLPAL_02085 hypothetical protein 8.668415 1 1.977954 
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CIX2_ACCOLPAL_02088 CIX2_ACCOLPAL_02088 hypothetical protein 8.668415 1 1.977967 

CIX2_ACCOLPAL_02098 CIX2_ACCOLPAL_02098 hypothetical protein 8.668415 1 1.97798 

CIX2_ACCOLPAL_02100 CIX2_ACCOLPAL_02100 hypothetical protein 8.668415 1 1.977993 

CIX2_ACCOLPAL_02111 CIX2_ACCOLPAL_02111 hypothetical protein 8.668415 1 1.978006 

CIX2_ACCOLPAL_02263 CIX2_ACCOLPAL_02263 hypothetical protein 8.668415 1 1.978019 

CIX2_ACCOLPAL_00994 lspA Lipoprotein signal peptidase 8.668214 1 1.978024 

CIX2_ACCOLPAL_02539 rpmF 50S ribosomal protein L32 8.668415 1 1.978032 

CIX2_ACCOLPAL_02613 CIX2_ACCOLPAL_02613 hypothetical protein 8.668415 1 1.978045 

CIX2_ACCOLPAL_00366 CIX2_ACCOLPAL_00366 hypothetical protein 8.668214 1 1.978097 

CIX2_ACCOLPAL_01228 yhhQ Queuosine precursor transporter 8.668214 1 1.978229 

CIX2_ACCOLPAL_01282 CIX2_ACCOLPAL_01282 hypothetical protein 8.668214 1 1.97843 

CIX2_ACCOLPAL_02065 MroQ Membrane-embedded CAAX protease MroQ 8.668415 1 1.978432 

CIX2_ACCOLPAL_01321 xseB Exodeoxyribonuclease 7 small subunit 8.668214 1 1.978629 

CIX2_ACCOLPAL_01348 rpmG2_2 50S ribosomal protein L33 2 8.668214 1 1.978824 

CIX2_ACCOLPAL_01990 CIX2_ACCOLPAL_01990 hypothetical protein 8.668415 1 1.978928 

CIX2_ACCOLPAL_01594 CIX2_ACCOLPAL_01594 hypothetical protein 8.668214 1 1.979016 

CIX2_ACCOLPAL_00714 CIX2_ACCOLPAL_00714 hypothetical protein 9.780632 0.213173 1.979115 

CIX2_ACCOLPAL_01928 pspB Putative phosphoserine phosphatase 2 8.668214 1 1.979205 

CIX2_ACCOLPAL_02186 CIX2_ACCOLPAL_02186 hypothetical protein 8.668214 1 1.979366 

CIX2_ACCOLPAL_01676 rpsL 30S ribosomal protein S12 8.668415 1 1.979431 

CIX2_ACCOLPAL_02265 CIX2_ACCOLPAL_02265 hypothetical protein 8.668214 1 1.979526 

CIX2_ACCOLPAL_02400 CIX2_ACCOLPAL_02400 hypothetical protein 8.668214 1 1.979683 

CIX2_ACCOLPAL_01449 comC 
Type 4 prepilin-like proteins leader peptide-

processing enzyme 
8.668415 1 1.979941 

CIX2_ACCOLPAL_01447 CIX2_ACCOLPAL_01447 hypothetical protein 8.668415 1 1.98046 

CIX2_ACCOLPAL_00031 CIX2_ACCOLPAL_00031 hypothetical protein 8.668415 1 1.980847 

CIX2_ACCOLPAL_01444 CIX2_ACCOLPAL_01444 hypothetical protein 8.668415 1 1.98099 

CIX2_ACCOLPAL_02411 CIX2_ACCOLPAL_02411 hypothetical protein 8.671901 1 2.005905 

CIX2_ACCOLPAL_02133 CIX2_ACCOLPAL_02133 hypothetical protein 8.671901 1 2.005908 
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CIX2_ACCOLPAL_02105 CIX2_ACCOLPAL_02105 hypothetical protein 8.671901 1 2.005912 

CIX2_ACCOLPAL_01884 CIX2_ACCOLPAL_01884 hypothetical protein 8.671901 1 2.005915 

CIX2_ACCOLPAL_01875 CIX2_ACCOLPAL_01875 hypothetical protein 8.671901 1 2.005919 

CIX2_ACCOLPAL_01873 CIX2_ACCOLPAL_01873 hypothetical protein 8.671901 1 2.005922 

CIX2_ACCOLPAL_01860 yclN Petrobactin import system permease protein YclN 8.671901 1 2.005925 

CIX2_ACCOLPAL_01758 CIX2_ACCOLPAL_01758 hypothetical protein 8.671901 1 2.005929 

CIX2_ACCOLPAL_01530 CIX2_ACCOLPAL_01530 hypothetical protein 8.671901 1 2.005932 

CIX2_ACCOLPAL_01421 CIX2_ACCOLPAL_01421 hypothetical protein 8.671901 1 2.005936 

CIX2_ACCOLPAL_01080 CIX2_ACCOLPAL_01080 hypothetical protein 8.671901 1 2.005939 

CIX2_ACCOLPAL_00924 CIX2_ACCOLPAL_00924 hypothetical protein 8.671901 1 2.005943 

CIX2_ACCOLPAL_00911 CIX2_ACCOLPAL_00911 hypothetical protein 8.671901 1 2.005947 

CIX2_ACCOLPAL_00703 CIX2_ACCOLPAL_00703 hypothetical protein 8.671901 1 2.005951 

CIX2_ACCOLPAL_00287 ybaN Inner membrane protein YbaN 8.671901 1 2.005956 

CIX2_ACCOLPAL_00158 CIX2_ACCOLPAL_00158 hypothetical protein 8.671901 1 2.00596 

CIX2_ACCOLPAL_00108 tatC2 Sec-independent protein translocase protein TatCy 8.671901 1 2.005964 

CIX2_ACCOLPAL_02377 atpE ATP synthase subunit c 8.67578 1 2.05243 

CIX2_ACCOLPAL_02104 CIX2_ACCOLPAL_02104 hypothetical protein 8.67578 1 2.052441 

CIX2_ACCOLPAL_01896 clpP_1 ATP-dependent Clp protease proteolytic subunit 8.67578 1 2.052452 

CIX2_ACCOLPAL_01557 CIX2_ACCOLPAL_01557 hypothetical protein 8.67578 1 2.052464 

CIX2_ACCOLPAL_01443 rplU 50S ribosomal protein L21 8.67578 1 2.052476 

CIX2_ACCOLPAL_01434 yajC Sec translocon accessory complex subunit YajC 8.67578 1 2.052487 

CIX2_ACCOLPAL_01243 CIX2_ACCOLPAL_01243 hypothetical protein 8.67578 1 2.052499 

CIX2_ACCOLPAL_00412 rarD Protein RarD 8.67578 1 2.05251 

CIX2_ACCOLPAL_02188 map_4 Methionine aminopeptidase 9.360616 0.655807 2.059035 

CIX2_ACCOLPAL_00657 CIX2_ACCOLPAL_00657 hypothetical protein 9.360045 0.517559 2.072585 

CIX2_ACCOLPAL_01031 rnc Ribonuclease 3 9.3678 0.480994 2.090291 

CIX2_ACCOLPAL_01007 gmk Guanylate kinase 9.378483 0.405053 2.108004 

CIX2_ACCOLPAL_02556 typA GTP-binding protein TypA/BipA 9.882461 0.239026 2.184002 
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CIX2_ACCOLPAL_01717 CIX2_ACCOLPAL_01717 Putative heme-dependent peroxidase 9.452525 0.523885 2.25597 

CIX2_ACCOLPAL_00292 epsL putative sugar transferase EpsL 9.452901 0.438382 2.272817 

CIX2_ACCOLPAL_02427 cdaA Cyclic di-AMP synthase CdaA 9.456383 0.407282 2.285778 

CIX2_ACCOLPAL_00673 CIX2_ACCOLPAL_00673 hypothetical protein 9.459952 0.338473 2.30079 

CIX2_ACCOLPAL_00844 CIX2_ACCOLPAL_00844 hypothetical protein 9.470528 0.269597 2.301412 

CIX2_ACCOLPAL_00621 CIX2_ACCOLPAL_00621 putative lipoprotein 9.466943 0.291089 2.30201 

CIX2_ACCOLPAL_02541 tmcAL tRNA(Met) cytidine acetate ligase 9.477823 0.327242 2.317657 

CIX2_ACCOLPAL_02038 leuB 3-isopropylmalate dehydrogenase 9.984892 0.074163 2.328339 

CIX2_ACCOLPAL_00311 glnQ Glutamine transport ATP-binding protein GlnQ 10.00457 0.07363 2.340413 

CIX2_ACCOLPAL_00890 rpsH 30S ribosomal protein S8 9.554263 0.21591 2.485514 

CIX2_ACCOLPAL_01635 liaR Transcriptional regulatory protein LiaR 9.554263 0.21591 2.485514 

CIX2_ACCOLPAL_02279 sspB Staphopain B 9.639583 0.348704 2.627822 

CIX2_ACCOLPAL_01679 tuf Elongation factor Tu 11.97606 0.177089 2.708549 

CIX2_ACCOLPAL_02406 deoC2 Deoxyribose-phosphate aldolase 2 8.812218 1 2.743832 

CIX2_ACCOLPAL_01800 oxyR Hydrogen peroxide-inducible genes activator 8.812218 1 2.743845 

CIX2_ACCOLPAL_01445 mreC Cell shape-determining protein MreC 8.812218 1 2.743848 

CIX2_ACCOLPAL_01179 nikC Nickel import system permease protein NikC 8.812218 1 2.74385 

CIX2_ACCOLPAL_00315 deoC1 Deoxyribose-phosphate aldolase 1 8.812218 1 2.743853 

CIX2_ACCOLPAL_02262 CIX2_ACCOLPAL_02262 hypothetical protein 8.812618 1 2.74761 

CIX2_ACCOLPAL_01712 CIX2_ACCOLPAL_01712 hypothetical protein 8.812618 1 2.747724 

CIX2_ACCOLPAL_01394 CIX2_ACCOLPAL_01394 hypothetical protein 8.812618 1 2.747841 

CIX2_ACCOLPAL_00757 lcdH L-carnitine dehydrogenase 8.812618 1 2.747853 

CIX2_ACCOLPAL_00202 gatD_2 Galactitol 1-phosphate 5-dehydrogenase 8.812618 1 2.747865 

CIX2_ACCOLPAL_02533 isdF 
putative heme-iron transport system permease 

protein IsdF 
8.816092 1 2.800649 

CIX2_ACCOLPAL_02515 CIX2_ACCOLPAL_02515 Putative metallophosphoesterase MG207 8.816092 1 2.800654 

CIX2_ACCOLPAL_02464 CIX2_ACCOLPAL_02464 hypothetical protein 8.815892 1 2.800705 

CIX2_ACCOLPAL_01750 CIX2_ACCOLPAL_01750 hypothetical protein 8.815892 1 2.80072 
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locus_tag gene_name function logCPM PValue logFC 

CIX2_ACCOLPAL_02368 fabZ 
3-hydroxyacyl-[acyl-carrier-protein] dehydratase 

FabZ 
8.816092 1 2.800848 

CIX2_ACCOLPAL_02142 ytrA HTH-type transcriptional repressor YtrA 8.816092 1 2.800862 

CIX2_ACCOLPAL_00732 CIX2_ACCOLPAL_00732 hypothetical protein 8.816092 1 2.800875 

CIX2_ACCOLPAL_01229 CIX2_ACCOLPAL_01229 hypothetical protein 8.812418 1 2.801944 

CIX2_ACCOLPAL_01241 CIX2_ACCOLPAL_01241 hypothetical protein 8.812418 1 2.801944 

CIX2_ACCOLPAL_01244 gpsB Cell cycle protein GpsB 8.812418 1 2.801944 

CIX2_ACCOLPAL_01460 engB putative GTP-binding protein EngB 8.812418 1 2.801944 

CIX2_ACCOLPAL_01753 mrpB Na(+)/H(+) antiporter subunit B 8.812418 1 2.801944 

CIX2_ACCOLPAL_01935 mgsR Regulatory protein MgsR 8.812418 1 2.801944 

CIX2_ACCOLPAL_01866 CIX2_ACCOLPAL_01866 hypothetical protein 8.819772 1 2.807767 

CIX2_ACCOLPAL_01605 entC2 Enterotoxin type C-2 8.819772 1 2.807778 

CIX2_ACCOLPAL_01159 msrA1 Peptide methionine sulfoxide reductase MsrA 1 8.819772 1 2.807788 

CIX2_ACCOLPAL_02522 trxA Thioredoxin 8.819772 1 2.807879 

CIX2_ACCOLPAL_02545 CIX2_ACCOLPAL_02545 hypothetical protein 8.819772 1 2.807991 

CIX2_ACCOLPAL_01878 prs_1 Putative ribose-phosphate pyrophosphokinase 8.819973 1 2.80853 

CIX2_ACCOLPAL_01039 rplS 50S ribosomal protein L19 8.819973 1 2.808598 

CIX2_ACCOLPAL_00089 rpsF 30S ribosomal protein S6 8.819973 1 2.808666 

CIX2_ACCOLPAL_02367 CIX2_ACCOLPAL_02367 hypothetical protein 8.823461 1 2.820043 

CIX2_ACCOLPAL_00593 CIX2_ACCOLPAL_00593 hypothetical protein 8.819573 1 2.82687 

CIX2_ACCOLPAL_02007 CIX2_ACCOLPAL_02007 hypothetical protein 8.819573 1 2.826876 

CIX2_ACCOLPAL_00751 CIX2_ACCOLPAL_00751 hypothetical protein 8.827358 1 2.93198 

CIX2_ACCOLPAL_02635 CIX2_ACCOLPAL_02635 hypothetical protein 9.86977 0.187798 3.017543 

CIX2_ACCOLPAL_01185 pstA Phosphate transport system permease protein PstA 8.944974 1 3.244758 

CIX2_ACCOLPAL_01584 CIX2_ACCOLPAL_01584 hypothetical protein 8.945172 1 3.281657 

CIX2_ACCOLPAL_02506 CIX2_ACCOLPAL_02506 hypothetical protein 8.948628 0.934101 3.297266 

CIX2_ACCOLPAL_02239 nadK NAD kinase 8.948628 0.934032 3.297275 

CIX2_ACCOLPAL_01930 CIX2_ACCOLPAL_01930 hypothetical protein 8.948628 0.933962 3.297285 

CIX2_ACCOLPAL_02370 CIX2_ACCOLPAL_02370 hypothetical protein 8.949027 0.934679 3.299086 
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locus_tag gene_name function logCPM PValue logFC 

CIX2_ACCOLPAL_00851 moaC Cyclic pyranopterin monophosphate synthase 8.95229 0.946742 3.314689 

CIX2_ACCOLPAL_01311 CIX2_ACCOLPAL_01311 hypothetical protein 8.952489 0.947117 3.315713 

CIX2_ACCOLPAL_01110 CIX2_ACCOLPAL_01110 hypothetical protein 8.948827 0.819791 3.31629 

CIX2_ACCOLPAL_02079 CIX2_ACCOLPAL_02079 hypothetical protein 8.948827 0.819791 3.31629 

CIX2_ACCOLPAL_01059 CIX2_ACCOLPAL_01059 hypothetical protein 8.956373 0.819791 3.316516 

CIX2_ACCOLPAL_02544 CIX2_ACCOLPAL_02544 hypothetical protein 8.952903 0.940032 3.318463 

CIX2_ACCOLPAL_02547 CIX2_ACCOLPAL_02547 hypothetical protein 8.952903 0.940207 3.318466 

CIX2_ACCOLPAL_02322 def Peptide deformylase 8.955958 1 3.34541 

CIX2_ACCOLPAL_01675 rplGB Ribosome-associated protein L7Ae-like protein 8.955958 1 3.345415 

CIX2_ACCOLPAL_01071 rpsO 30S ribosomal protein S15 8.960265 0.971153 3.36443 

CIX2_ACCOLPAL_01100 miaA tRNA dimethylallyltransferase 8.960265 0.971153 3.36443 

CIX2_ACCOLPAL_01140 CIX2_ACCOLPAL_01140 hypothetical protein 8.963748 0.974618 3.386623 

CIX2_ACCOLPAL_02106 CIX2_ACCOLPAL_02106 hypothetical protein 9.068449 0.81095 3.650481 

CIX2_ACCOLPAL_00571 CIX2_ACCOLPAL_00571 hypothetical protein 9.072081 0.676678 3.690069 

CIX2_ACCOLPAL_01658 yacL 
putative PIN and TRAM-domain containing protein 

YacL 
9.075521 0.699851 3.690812 

CIX2_ACCOLPAL_02487 mnhG1 Na(+)/H(+) antiporter subunit G1 9.075521 0.699343 3.690855 

CIX2_ACCOLPAL_00521 CIX2_ACCOLPAL_00521 hypothetical protein 9.075749 0.681434 3.692476 

CIX2_ACCOLPAL_02575 veg Protein Veg 9.075946 0.682005 3.692628 

CIX2_ACCOLPAL_02332 ydcV 
Inner membrane ABC transporter permease 

protein YdcV 
9.083044 0.70146 3.702914 

CIX2_ACCOLPAL_01386 comEA ComE operon protein 1 9.083274 0.723609 3.706788 

CIX2_ACCOLPAL_01085 CIX2_ACCOLPAL_01085 hypothetical protein 9.086502 0.888369 3.745371 

CIX2_ACCOLPAL_00888 rplE 50S ribosomal protein L5 9.090628 0.901741 3.776761 

CIX2_ACCOLPAL_00409 nhoA 
Arylamine N-acetyltransferase / N-

hydroxyarylamine O-acetyltransferase 
9.194183 0.525233 3.994211 

CIX2_ACCOLPAL_00017 CIX2_ACCOLPAL_00017 hypothetical protein 9.201676 0.602672 4.008293 

CIX2_ACCOLPAL_02452 map_5 Protein map 9.204916 0.617679 4.01871 

CIX2_ACCOLPAL_01669 rplA 50S ribosomal protein L1 9.220254 0.882194 4.169487 
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CIX2_ACCOLPAL_00929 lacC_1 Tagatose-6-phosphate kinase 9.301183 0.427903 4.241218 

CIX2_ACCOLPAL_00913 CIX2_ACCOLPAL_00913 hypothetical protein 9.304832 0.623459 4.243151 

CIX2_ACCOLPAL_01632 CIX2_ACCOLPAL_01632 hypothetical protein 9.319698 0.495693 4.289253 

CIX2_ACCOLPAL_00404 cspLA Cold shock-like protein CspLA 9.330894 0.694794 4.379989 

CIX2_ACCOLPAL_01484 pfkA ATP-dependent 6-phosphofructokinase 9.583895 0.407303 4.758033 

CIX2_ACCOLPAL_01465 rplT 50S ribosomal protein L20 9.732664 0.506925 5.143189 

CIX2_ACCOLPAL_02673 tgt_2 Queuine tRNA-ribosyltransferase 11.34398 0.230357 7.150479 
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Chapter 9: First author publications 

This chapter contains first author published papers that are pertinent to this thesis. These papers 

have been peer-reviewed and published prior to submission of this thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 





Table 1. Tns and Bacterial Strains Employed in S. aureus Tn Mutant Librariesa

Transposon Strain CC ST Host Additional information Refs

pBursa USA300 JE2 8 8 Human CA MRSA epidemic clone [6]

USA300 LAC 8 8 Human CA MRSA epidemic clone [9]

Newman 8 254 Human Reference strain [2]

HG003 8 8 Human Derivative of strain 8325 [8]

SH1000 8 8 Human Derivative of strain 8325 [20]

Tn239 244 HG003 8 8 Human Derivative of strain 8325 [4,10]

MW2 1 1 Human CA MRSA (USA) [10]

MSSA476 1 1 Human CA MSSA (UK) [10]

USA300 TCH1516 8 8 Human Hypervirulent USA300 [10]

MRSA252 30 36 Human HA MRSA strain [10]

RN4220 8 8 NA Laboratory adapted strain [3,4]

COL 250 250 Human MRSA (UK) [3]

pMARGK2b SH1000 8 8 Human Derivative of strain 8325 [5]

S0385 398 398 Pig LA MRSA [7]

Tn917 RN6390 8 8 Human Virulent haemolytic laboratory adapted strain [1]

pBTn 6850 50 50 Human Cytotoxic MRSA strain from a patient with complicated bacteraemia [12]

USA500 8 8 Human Clinical MRSA strain [21]

aAbbreviations; CA, community acquired; CC, clonal complex; LA, livestock associated; MRSA, methicillin resistant S. aureus; MSSA, methicillin sensitive S. aureus; NA,
not applicable; ST, sequence type.

importance of distinct gene complements
depending on the growth conditions [8].

Further, Tn mutant libraries can be
employed to investigate the role of S.
aureus genes during coinfection. For ex-
ample, Ibberson et al. discovered that S.
aureus monoinfection of murine surgical
wounds requires a different comple-
ment of genes compared with S. aureus
during coinfection with Pseudomonas
aeruginosa. These so-called 'community
dependent essential' (CoDE) genes offer
broad new avenues for understanding the
pathogenesis of coinfections, and may
also reveal novel targets for treatment
[11].

Identification of Genes That Facilitate An-
timicrobial Resistance Mechanisms
An important advance in the understand-
ing of antimicrobial resistance elements
has been the design of Himar1 Tn
elements containing outward-facing
promoters that can upregulate and

downregulate essential genes proximal to
the insertion site [3,4]. Wang and col-
leagues applied this approach to screen
for genetic mediators of resistance against
an array of antibiotic classes. Gene
expression profiles generated from the
outward-facing promoters revealed de-
creased susceptibility because of upreg-
ulation of the drug target, decreased cell
penetration, efflux induction of efflux,
and other types of nontarget associated
effects [3]. Application of this approach
in a multistrain Tn mutant library screen
of daptomycin resistance revealed that
strains deficient in the lipoteichoic acid
(LTA) anchor, diglucosyl-diacylglycerol
(Glc2DAG), exhibit stunted growth and
attenuated pathogenicity. For example,
ugtP, that is involved in the synthesis of
Glc2DAG, was upregulated under dapto-
mycin stress, and it was concluded that
molecules targeting the upstream steps
in the LTA synthesis pathway could be
employed therapeutically in tandem with
daptomycin [10].

Identification of Key Genetic Determinants
of Host–Pathogen Interactions
S. aureus Tn mutant libraries have proved
to be useful tools for the identification of
bacterial factors mediating innate immune
evasion. These studies include the identifi-
cation of bacterial determinants that con-
fer resistance to nitric oxide-mediated
killing during the phagocytosis respiratory
burst, as well as naturally occurring loss-
of-functionmutations that reduce bacterial
cytotoxicity while maintaining proliferation
and dissemination throughout the body
[9,12]. One innovative example is a Tnmu-
tant library-based screen of S. aureus car-
ried out by Grayczyk and colleagues, who
applied cell-free supernatant of the NTML
to murine bone marrow-derived macro-
phages and revealed 21 genes that influ-
ence cytokine signalling, including lipA
and geh [13]. The LipA enzyme, that is re-
sponsible for covalent attachment of lipoic
acids to the E2 subunits of metabolic
complexes, was shown to suppress mac-
rophage activation through the addition of
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Figure 1. Advances in Transposon (Tn) Mutagenesis in Staphylococcus aureus. (A) Themariner Tn and its cognate transposase are introduced into S. aureus by
electroporation or bacteriophage mediated transduction. Expression of a transposase enzyme that recognises the inverted tandem repeat region (ITR) of the Tn facilitates
liberation of the Tn from the plasmid through the formation of a paired end complex (PEC). This complex recognises TA dinucleotides within the bacterial genome to
facilitate capture and insertion. DNA polymerase fills in overhangs generated in this process, and this in turn replicates the target site. Mutants harbouring insertions
(indicated by different colours) are subsequently selected using antibiotic selective medium. (B) Established methods for the generation of mutant libraries of S. aureus
require either selection for Tn integration by incubation at elevated temperature or a selection method that operates at lower temperatures. High throughput Tn
sequencing facilitates the mapping of Tn regions to a reference genome, wherein genes that lack Tn insertions are considered to be required for survival under the
conditions tested. Figure created with Biorender.com. Abbreviations: TraDIS, Tn directed insertion sequencing; Tn Seq, transposon sequencing.

lipoyl moieties. Furthermore, it was dem-
onstrated that lipase 2 (encoded by geh)
acts upon S. aureus secreted lipoproteins,
that are known Toll-like receptor (TLR)2 li-
gands, thereby diminishing the inherent
response by macrophages [14]. In addi-
tion, a recent study highlighted a unique

application of Tnmutagenesis for the iden-
tification of adhesins and their role in host–
pathogen interactions. The study identified
an array of genetic determinants that are
involved in bacterial binding to host li-
gands, such as fibrinogen, fibronectin,
and keratin, and in so doing revealed

potential therapeutic targets that could
be harnessed to disrupt colonisation [15].

A key advantage of genome-wide libraries
represented by separated single mutants,
such as the NTML, is that they can over-
come fitness-independent stochastic
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experimental bottlenecks where true fit-
ness is obscured through stochastic pro-
cesses, resulting in spurious genes being
classified as essential. This was demon-
strated in a screen aimed at identifying
genes required for extracellular DNA
(eDNA) release in S. aureus biofilms. It
was observed that mutants deficient in
eDNA production were retained in the
HG003 T mutant population by virtue of
eDNA from neighbouring cells [16]. By
employing selected single mutants,
Mlynek et al. were able to analyse eDNA
released from clonal populations after ex-
posure to sub-minimal inhibitory concen-
trations of amoxicillin, and identified cell-
wall stress proteins as key regulators of
biofilm formation [17]. In the future, the
generation of additional single-mutant Tn
libraries in distinct strain backgrounds
from different disease ecologies or host
species will be of considerable value to
the research community.

Concluding Remarks and Future
Perspectives
To date, the focus of Tn mutagenesis stud-
ies has been on strains isolated from a lim-
ited number of host backgrounds, and only
a single library has been generated in a strain
isolated from a non-human host (porcine)
(Table 1). However, the improved efficiency
of Tn mutant library construction means
that the method can be more readily ap-
plied to diverse clonal lineages, and this
will in turn facilitate comparative functional
genomic investigations among strains of
distinct clinical, geographical, and host-
species origins. These studies can inform
our understanding of strain-dependent de-
terminants that are required for S. aureus
survival in relevant in vitro and in vivo
models. In particular, the gene comple-
ment that promotes the adaptation of
human and livestock S. aureus clones to
different anatomical or host niches, or coin-
fection with other organisms, will be tracta-
ble. Furthermore, through combination
with RNAi or clustered regularly
interspaced short palindromic repeats

(CRISPR)-associated genome-wide gene
knockout or interference systems in host
cells, it may be possible to identify host
and pathogen determinants that underpin
the survival and proliferation of S. aureus
in different diseases. Of note, a recent
study of Streptococcus pneumoniae ap-
plied a novel CRISPR interference
(CRISPRi)-seq approach to analyse host
bottlenecks and gene fitness in an influenza
A model of pulmonary superinfection. The
authors demonstrated that CRISPRi acts
as an attractive alternative to Tn mutant li-
braries because of the less complex but
highly representative nature of the mutant
pools that are created [18].

The NTML remains the only publicly avail-
able S. aureus library that contains isolated
single mutants that are representative of
the entire genome. The recent development
of droplet Tn sequencing (dTn-Seq),
whereby single-mutant populations can be
sorted by microfluidics, may provide an ac-
cessible platform for generating single-cell
mutant libraries in a diverse range of S. au-
reus strains [19]. Combined with CRISPR-
based targeted gene silencing, high-
throughput phenotyping, and cellular or
organoid infection systems for in vitro infec-
tion studies, Tn mutagenesis has huge po-
tential for the investigation of the biology of
S. aureus. Importantly, the improved effi-
ciency and applicability of Tn mutagenesis
methods offers new hope for the identifica-
tion of novel therapeutic targets for treating
different infections of humans and animals.
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Western blot analysis confirmed the presence of hexa-histidine 
tagged proteins at 76 kDa (1 in 10,000 monoclonal anti-poly His,  
α-diagnostics HISP12-HRP, in 8% (w/v) skimmed milk (Sigma, 
70166-500G) in sterile phosphate buffered saline (PBS)). Pri-
mary antibody binding was detected using enhanced luminol- 
based chemiluminescent (ECL) western blotting substrate 
(GE Healthcare, RPN2232). For lipopolysaccharide (LPS) 
removal, 1 ml of Pierce high capacity endotoxin removal resin  
(Thermo Fisher Scientific, 88271) was used according to the 
manufacturer’s instructions and proteins were quantified using 
a bicinchoninic acid (BCA) assay (Merck millipore, 71285-3). 
To analyse recombinant protein lipolysis, a turbiometric assay 
was used following the methodology outlined previously21.  
For each of the following experiments, 200 nM of recombinant 
lipase 1 (rLip1) or 2 (rLip2) was used, according to previous  
estimates of lipase secretion levels by S. aureus22.

Ethics statement
Human blood was obtained from healthy volunteers in syringes 
treated with anticoagulant citrate dextrose. Ethical approval 
for the collection of blood from anonymous donors was granted 
by the University of Edinburgh Research Ethics Committee.  
This study was reviewed by the University Of Edinburgh 
College Of Medicine Ethics Committee (2009/01) and subse-
quently renewed by the Lothian Research Ethics Committee 
(11/AL/0168). Written informed consent was received from all 
volunteers participating in the study.

Bacterial killing by neutrophils
Neutrophils were purified from human blood using a ficoll gra-
dient. Briefly, 10 ml of 1.077 g/mol ficoll paque plus (Fisher, 
11778538) was gently layered onto 12 ml of 1.119 g/mol  
Histopaque plus (Sigma, 11191). Fresh human blood was diluted 
at a 1:1 ratio in Ca2+ and Mg2+ free PBS (Lonza, BE17-515F), 
then slowly pipetted onto the ficoll gradient prior to centrifu-
gation for 20 min at 400 × g (without a brake). The neutrophil 
layer was collected, cells were centrifuged and erythrocytes 
lysed by osmotic shock. Cells were suspended in RPMI-1640 
(Sigma, R5886), 0.05% (v/v) human serum albumin (Sigma,  
A9080-10ML) and 1% (v/v) GlutaMAX (Gibco, 35050-061) 
prior to use. 50 µl of 1.5 × 105 colony forming units (CFU) of 
S. aureus USA300 WT or S. aureus USA300 Δlip1/ Δlip2 bacterial  
cells were opsonised in 50 µl of 10% autologous human plasma 
for 15 min in a 96 well Cellstar U bottomed plate (Greiner Bio-
One Inc, 650101) (37°C). Subsequently, 1.5 × 104 neutrophils 
(MOI=10) were incubated with the bacteria in the presence  
or absence of 200 nM rLip1 or rLip2. The plate was shaken 
at 600 rpm for 30 min at 37°C followed by cell lysis in 0.1% 
Triton X-100 (Sigma, P6416-100ML) and plated onto TSA  
using a modified Miles-Misra technique23, whereby 10 µl of each 
10-fold bacterial dilution was plated, followed by incubation  
overnight at 37°C and counting of colonies.

Bacterial killing by whole blood
75 µl of whole blood was infected with 25 µl of 1. 5 ×× 105 CFU 
of S. aureus USA300 WT and S. aureus USA300 Δlip1/Δlip2  
in the presence or absence of 200 nM rLip1, rLip2 or both in a 
96 well Cellstar U bottomed plate for 1, 2 and 4 h at 37°C, 
with shaking at 200 rpm. Blood was lysed in 0.1% (v/v) 
TritonX-100 (Sigma), viable bacteria counts were determined 

with 10 µl of ten-fold bacterial dilutions in PBS onto TSA using 
a modified Miles-Misra technique23 and incubated overnight  
at 37°C.

Isolation of CD14+ monocytes
Monocytes were isolated from human whole blood follow-
ing centrifugation at 1200 x g (no break) for 20 min. Buffy 
coats were combined and diluted with PBS and subsequently  
slowly pipetted over 15 ml of 1.199 g/mol ficoll paque plus 
(Sigma). A gradient was generated by centrifugation for  
45 min at 200 x g (no break), in which the mononuclear cell 
layer was subsequently removed. Ficoll was removed by  
centrifugation for 10 min with 300 x g, and resuspension in  
PBS. CD14+ monocytes were collected using a MAC-LS  
column as per the manufacturer’s instructions (Miltenyi Biotec,  
130-042-401).

Macrophage differentiation
For THP1 differentiation into macrophages, 5 × 105 THP1 
cells were seeded in a 96-well Nunc flat bottomed plate in  
RPMI-1640 (Sigma), 10% (v/v) heat-inactivated foetal bovine 
serum (Gibco, 10270-106) and 1% (v/v) GlutaMAX (Gibco) 
in the presence of 200 nM phorbol 12-myristate 13-acetate 
(PMA, VWR P1585-1MG) for 3 d, before being left to rest 
for 1 d in media without PMA. For blood monocyte-derived  
macrophages, 5 × 105 of purified human blood CD14+ cells were 
incubated for 5 d in 1:100 dilution of 104 U/ml recombinant 
human colony-stimulating factor-1 (hCSF-1, provided by Prof. 
D. Hume) in media. On the 5th day, cells were topped up with 
25% complete medium containing 3 × the target concentration of  
hCSF-1 and cells were used at day 7.

Gentamycin-protection assay
THP1 macrophages and blood-monocyte derived macro-
phages were infected at an MOI of 1 with bacteria suspended in 
fresh media (RPMI-1640 (Sigma), 10% (v/v) heat-inactivated 
foetal bovine serum (Gibco) and 1% (v/v) GlutaMAX  
(Gibco). Cells were centrifuged at 400 x g for 5 min and incu-
bated for 1 h at 37°C, 5% CO

2
. For analysing internalised bac-

teria (phagocytosis), cells were subsequently incubated with 
100 µg/ml gentamycin (Sigma, G1397-10ML) in cRPMI for  
30 min. To analyse intracellular survival, cells were subse-
quently left in 20 µg/ml gentamycin in media and were incu-
bated for a further 24 h at 37°C, 5% CO

2
. Finally, to analyse the 

escape of intracellular bacteria, cells were incubated for 24 h 
in antibiotic-free media at 37°C, 5% CO

2
. At each time point,  

corresponding to the degree of phagocytosis, bacterial intracel-
lular survival, and bacterial escape from the macrophage, cells 
were lysed in 0.1% Triton X-100 in PBS for 5 min at room 
temperature, and viable cell counting by plating onto TSA as  
described above.

Statistical methods
Statistical analysis was performed with GraphPad Prism 8  
software (GraphPad, USA).

Results
Lipases do not inhibit S. aureus survival in human whole 
blood
Peripheral whole blood contains an array of innate immune 
components involved in the direct killing of S. aureus24–28. To  
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evaluate if lipases can promote S. aureus survival in blood, 
human whole blood was incubated with S. aureus USA300 LAC 
(S. aureus USA300 WT) or its isogenic mutant deficient in both 
lipase 1 and lipase 2 production (S. aureus USA300 Δlip1/Δlip2)  
for 1, 2, and 4 h at 37°C. Concurrently, S. aureus USA300 
Δlip1/Δlip2 was also incubated with 200 nM of function-
ally active rLip1 and rLip2 (Extended Figure 129). There was 
a 10-fold reduction in the number of recoverable bacteria in the  
first hour post-infection, followed by a stabilisation of the number 
of viable bacteria recovered up to 4 h, but there was no differ-
ence between the S. aureus USA300 WT and the lipase-deficient 
mutant or strains supplemented with recombinant lipase  
(Figure 129). Overall, these data indicate that lipases do not 
inhibit killing of S. aureus USA300 LAC in human whole  
blood.

S. aureus lipases do not inhibit neutrophil bactericidal 
activity
It was previously demonstrated that purified S. aureus lipases 
alter the phenotype of granulocytes, suggesting a possible impact 
on their function11,12. To establish if lipases can inhibit neu-
trophil killing of S. aureus, human neutrophils were isolated from  
fresh whole blood and incubated with opsonised S. aureus 
USA300 WT or S. aureus USA300 Δlip1/Δlip2 for 30 min. As 
with whole blood, there was a 10-fold reduction in the number 
of viable bacteria after incubation with neutrophils, but viabil-
ity between the S. aureus USA300 WT and the lipases-deficient  
strain did not differ (Figure 229). In addition, neutrophils were 
incubated with S. aureus USA300 Δlip1/Δlip2 in the presence 
of exogenous recombinant lipases and there were no differ-
ences in the number of recovered viable bacteria between the  

Figure 1. Lipases do not promote survival of S. aureus in human whole blood. Human whole blood was collected from healthy donors 
(each donor represented by a different symbol) and incubated with S. aureus USA300 WT or S. aureus USA300 Δlip1/Δlip2, alongside S. aureus 
USA300 Δlip1/Δlip2 supplemented with 200 nM rLip1 and/or rLip2 for 0, 1, 2 and 4 h, at 37°C (with agitation). Each symbol represents the 
average of technical triplicates. Two-way ANOVA with Tukey’s multiple comparisons. Bars show mean + SD, n=4.

Figure 2. Lipases do not inhibit human neutrophil bactericidal activity. Human neutrophils were isolated from healthy donors (each 
donor represented by a different symbol) and incubated with plasma opsonised S. aureus USA300 WT or S. aureus USA300 Δlip1/Δlip2 at an 
MOI of 10, in the presence or absence of 200 nM rLip1 and/or rLip2 for 30 min at 37°C (with vigorous agitation). Each symbol represents the 
mean of 5 technical replicates for an individual donor. One-way ANOVA with Tukey’s multiple comparisons. Bars show mean + SD, n=3.
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tested conditions (Figure 229). Taken together, these data indi-
cate that lipases do not inhibit neutrophil-mediated killing of  
S. aureus USA300 LAC.

Lipases do not influence phagocytosis, intracellular 
survival or escape of S. aureus from macrophages
Recently, it was demonstrated that lipolysis of S. aureus lipopro-
teins by lipase 2 facilitated the survival of S. aureus through the 

manipulation of macrophage cellular signalling13. In addition,  
S. aureus can interfere with macrophage phagolysosomal kill-
ing, enabling intracellular persistence16. To examine the capac-
ity for S. aureus lipases to influence phagocytosis, intracellular  
survival, and escape from macrophages, primary human  
monocyte-derived macrophages were incubated with S. aureus 
USA300 WT or S. aureus USA300 Δlip1/Δlip2 in the presence or  
absence of rLip1 or rLip2 (Figure 3a29). Considerable variation  

Figure 3. Lipases do not affect bacterial survival in human blood monocyte or THP1 derived macrophages. (a) Schematic of 
the assay used to analyse the phagocytosis, intracellular proliferation and escape of S. aureus from within macrophages. (b) Primary 
macrophages were differentiated from human blood monocytes isolated from 3 different healthy donors (represented by different symbols) 
and were incubated with S. aureus USA300 WT or S. aureus USA300 Δlip1/Δlip2, alongside S. aureus USA300 Δlip1/Δlip2 supplemented with 
200 nM rLip1 and/or rLip2 as per the schematic in Fig 4a, followed by plating and viable counting. (c) THP1 macrophages were incubated 
with S. aureus USA300 WT or S. aureus USA300 Δlip1/Δlip2, alongside S. aureus USA300 Δlip1/Δlip2 supplemented with 200 nM rLip1 and/
or rLip2 following the schematic in Fig 4a. CFU analysis of phagocytosis, 24 h intracellular survival and 24 h escape was quantified for 
3 technical replicates. Paired data was analysed using a two-way ANOVA, Tukey’s multiple comparisons. Bars show mean + SD, n=3.
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in the number of recovered bacteria was observed between 
technical replicates due to donor variability, but no significant  
lipase-dependent differences were observed (Figure 3b29). To 
further explore the effect of lipases on macrophage function, 
an immortalised cell line derived from human peripheral blood  
monocytes (THP1) cells was employed30. PMA induces THP1 
monocyte differentiation into adherent macrophages which rep-
resent a model of human monocyte-derived macrophages31.  
S. aureus USA300 LAC infection of THP1 macrophages exhib-
ited less variation between replicates when compared to primary 
cultures but no lipase-dependent differences in the number of  
bacteria recovered was observed (Figure 3c29). Together, these 
data indicate that lipases do not affect phagocytosis, survival  
or escape of S. aureus from human macrophages.

Discussion
The importance of neutrophils in the initial response to  
S. aureus infection is well established25,32. Previously, Rollof 
et al., demonstrated, using scanning electron microscopy, 
that supernatant-purified S. aureus lipases altered granulocyte  
morphology by denuding surface projections11. As neutrophil  
phagocytosis is reliant on pseudopod extensions for ingesting 
bacteria, it was hypothesised that this phenotype could inhibit  
bactericidal activity25. Furthermore, the release of extracellular  
DNA into the environment, through NETosis, could be impacted 
by lipase-mediated changes to the cellular membrane which  
could influence bacterial killing.

Here, we demonstrate that lipases do not inhibit direct killing  
of S. aureus mediated by human neutrophils, macrophages 
or whole blood in vitro. The findings are consistent with the  
findings of Nguyen et al., who did not observe any differences  
in bacterial burden in the heart and liver in an in vivo  
murine sepsis model 24 h after infection with S. aureus 
USA300 WT LAC or an isogenic lipase-deficient mutant3. 
These data suggest that lipases do not interfere with the initial 
clearance of S. aureus from the blood.

A recent study by Chen et al., reported that lipases have no  
direct effect on initial bacterial clearance in the early 
stages of infection. However they demonstrated that after  
48 h, there was an indirect effect of lipase 2 resulting in 
reduced pro-inflammatory cytokine release by macrophages13. 
The authors found that S. aureus lipase 2 mediates cleavage 
of S. aureus lipoproteins, which are well characterised TLR2  
ligands, resulting in increased bacterial burden by thwarting  
macrophage responses. 

Previously it has been shown that S. aureus virulence factors 
regulated by the agr quorum-sensing system are required for 
survival and escape of S. aureus from macrophages, includ-
ing the zinc metalloprotease Aur which is responsible for the  
downstream activation of the catalytically active lipases16,33,34. 
Here, we report that the agr-regulated lipases do not influence the 
survival of S. aureus in human monocyte-derived macrophages, 
although considerable donor specific variation was observed 
with primary cells. Data obtained using the THP1 macrophage 
cell line further support the finding that S. aureus lipases do not  
affect phagocytosis, intracellular survival or escape of S. 
aureus from human macrophages. The lack of an observable 
effect of lipases may reflect the fact that bacterial capture by  

macrophages is dependent on dynamic actin-rich protrusions,  
with negligible involvement of triglyceride lipids in the process35.

Conclusion
Overall, we report that S. aureus lipases do not directly impact 
on the killing mechanisms of neutrophils and macrophages. 
These data add to our understanding of S. aureus interactions 
with the innate immune system and the role of lipases in the  
pathogenesis of S. aureus disease.

Data availability
Underlying data
Edinburgh Datashare: Staphylococcus aureus secreted lipases 
do not inhibit innate immune killing mechanisms: Extended  
Figure 1. https://doi.org/10.7488/ds/288129 

This project contains the following underlying data:
-     Validation of rLip1 and rLip2.xlsx (ClarioSTAR (BMG 

Labtech) readouts of both rLip1 and rLip2, alongside 
400 nM BSA. Absorbance was measured at OD

495 
every  

5 min for 20 h. Each experiment contained three  
technical repeats, n=3)

-     Recombinant lipases Western blot, raw-unedited image.
jpg (Raw gel image for Western presented in Extended  
Figure 1)

Extended data
Edinburgh Datashare: Staphylococcus aureus secreted lipases 
do not inhibit innate immune killing mechanisms: Extended  
Figure 1. https://doi.org/10.7488/ds/288129

-     Extended Figure 1.docx

Extended Figure 1: Functional characterisation of puri-
fied recombinant S. aureus lipase 1 and 2. (a) Purification 
of recombinant lipase 1 and 2 was analysed using western 
blot, in which bands present at 76 kDa indicated the correct 
protein elution (detected by hexa-his tag, α-diagnostics  
HISP12-HRP). Page-Ruler ladder (furthest left well) shows 
the visible protein marker at 75 kDa. Measurement of lipolytic 
activity of recombinant protein 1 (rLip1) (b) and 2 (rLip2) (c). 
It was observed that both lipase 1 and 2 were functionally active 
enzymes which were able to cleave Tween-20 over a broad 
scope of concentrations. Indeed, it was also observed that lipase 
2 was much more kinetically active in comparison to lipase 
1, which could be attributed to its broader substrate range. 
Two-way ANOVA, Dunnets Multiple Comparisons against 
the BSA negative control, α=0.05, **** p<0.001. Each point 
shows mean + SD (Data represent a representative experiment, 
from three independent experiments).

Data are available under the terms of the Creative Commons  
Attribution 4.0 International license (CC-BY 4.0).
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been directly assessed yet. 
 
In general experiments have been done well, and the main conclusions are valid. However a few 
technical clarifications are required. 
 
For the macrophage internalisation assays, when following bacterial replication by CFU, usually it 
is good to look at an earlier time point as by 24h there can be significant cell lysis induced by the 
WT. Have the authors checked the morphologies or the states of the macrophages during their 
experiments?  
 
The bacterial 'escape' measurements from macrophages need some clarification. It is not clear if 
after the 1h infection the macrophages were treated with gentamicin to kill all the extracellular 
bacteria first prior to adding the antibiotic-free medium. This is essential to do in order to measure 
the escape of intracellular bacteria. It is also not clear if escape was quantified from the culture 
supernatants or from the the cell lysates. Quantifying bacterial escape is quite tricky, and should 
be preferably done at multiple time points after infection to get a clear picture. Counting from 
supernatants are not accurate as most bacteria settle down to the well by 24h forming 
microcolonies, and by 24h there is substantial cell lysis, so hard to deduce the 'escaped' 
population by measuring intracellular counts (by cell lysis). Finally, the authors may want to 
comment on why the 'escape' numbers are so high between the THP1 vs the primary cells.
 
Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Partly

Are sufficient details of methods and analysis provided to allow replication by others?
Partly

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
No source data required

Are the conclusions drawn adequately supported by the results?
Yes
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Author Response 30 Mar 2021
J Ross Fitzgerald, The Roslin Institute, Edinburgh, UK 

We would firstly like to thank you for your supportive comments regarding our manuscript 
and for your constructive review. Please find below the response to your individual 
questions below: 
 
For the macrophage internalisation assays, when following bacterial replication by CFU, usually it 
is good to look at an earlier time point as by 24h there can be significant cell lysis induced by the 
WT. Have the authors checked the morphologies or the states of the macrophages during their 
experiments?  
 
At each time point, the macrophages were inspected under a light microscope. Indeed, 
after 24 hours of S. aureus intracellular survival, the macrophages appeared to be in an 
activated state based on their morphology but without significant cell lysis. Their phenotype 
was not dissimilar to observations of cell morphology at earlier time points in the 
experiment. 
 
The bacterial 'escape' measurements from macrophages need some clarification. It is not clear if 
after the 1h infection the macrophages were treated with gentamicin to kill all the extracellular 
bacteria first prior to adding the antibiotic-free medium. This is essential to do in order to 
measure the escape of intracellular bacteria. It is also not clear if escape was quantified from the 
culture supernatants or from the the cell lysates. Quantifying bacterial escape is quite tricky, and 
should be preferably done at multiple time points after infection to get a clear picture. Counting 
from supernatants are not accurate as most bacteria settle down to the well by 24h forming 
microcolonies, and by 24h there is substantial cell lysis, so hard to deduce the 'escaped' 
population by measuring intracellular counts (by cell lysis).  
 
For measuring S. aureus escape we followed the procedure outlined in the schematic shown 
in Figure 3a. Cells were infected for 1 hour at an MOI of 1 followed by treatment with 100 
µg/ml of gentamycin for 30 minutes to kill any extracellular bacteria. The cells were washed 
and then subsequently left for 24h in a low concentration of gentamycin (20 µg/ml) which 
does not penetrate the cells, however, was sufficient for killing any bacteria which had 
escaped due to cell lysis in this time. After 24 hours, the cells were washed again to remove 
any residual gentamycin and incubated in the antibiotic-free media for the 24 hour “escape” 
period. In preliminary data not shown, we analysed bacterial escape over a range of time 
points (ranging from 3-24 hours post removal of gentamycin media) and observed no 
differences in the recovered viable CFU in the presence and absence of lipase, and thus 24 
hours was chosen as a representative time point. To quantify escape, 0.1% (v/v) TritonX-100 
was added on top of both the supernatant and the cells (at a 1:1 ratio). Both micro-colonies 
and substantial cell lysis was observed and thus wells were scraped to incorporate both the 
supernatant and lysate for escape CFU quantification. 
 
Finally, the authors may want to comment on why the 'escape' numbers are so high between the 
THP1 vs the primary cells. 
 
There are multiple potential reasons why there was variation between the recovered escape 
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