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Thesis summary 

Cyclophilins, a subfamily of immunophilins, are important virulence factors in 

Gram-negative bacteria. Cyclophilins are peptidyl-prolyl cis-trans isomerases 

(PPIases) which speed up the folding of xaa-proline bonds in polypeptide chains. 

The conversion of cis to trans is a rate limiting step in protein folding, highlighting 

the importance of PPIases as regulators of homeostasis within the bacterial cell. 

The aim of this study was to identify and characterise the cyclophilin proteins from 

the pathogen Burkholderia pseudomallei and determine if they play a role in 

virulence.  

Using bioinformatic techniques, two putative cyclophilins proteins, PpiA and PpiB, 

were identified in B. pseudomallei strain K96243. The relatedness of bacterial 

cyclophilins was assessed and found high levels of identity, particularly in the 

active site cleft, were identified. The two putative cyclophilin proteins from B. 

pseudomallei were expressed and purified as recombinant proteins. Both 

recombinant PpiA and PpiB proteins were shown to have enzymatic activity 

characteristic of cyclophilins, in that they showed preference for the conversion 

of substrates which had an alanine preceding a proline and that they were 

inhibited by Cyclosporin A, the cognate inhibitor of cyclophilins. Therefore these 

two putative PPIases are likely to be active cyclophilin proteins. 

To assess the role of these cyclophilins in B. pseudomallei, unmarked deletion 

mutants were constructed and characterised using a variety of phenotypic 

methods. Deletion of the ppiB gene resulted in a reduction of intracellular survival 

in murine macrophages which with further examination was found to be due to a 

reduction in cell-to-cell spread and multinucleated giant cell (MNGC) formation. 

Other virulence mechanisms such as motility, biofilm formation and stress 

survival were also affected, culminating in avirulence in mice. Proteomic analysis 

revealed gross disruption of the proteome, highlighting that PpiB is involved in 

maintaining homeostasis and virulence in B. pseudomallei.  

Deletion of the periplasmic cyclophilin, PpiA, did not result in an attenuation of 

virulence in cell infection models, but a decrease in motility and biofilm was 

observed, as well as increased susceptibility to oxidative stress. Morphological 

changes to outer membrane structures as well as a decrease in 

polyhydroxybutyrate (PHB) granules was seen using transmission electron 
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microscopy. Proteomics showed a vast shift in the proteome, with over 800 

proteins disrupted, including proteins involved in PHB biosynthesis, motility and 

metabolism. 

Interestingly, deletion of both cyclophilin genes resulted in a strain that was 

phenotypically indistinguishable from wild-type under the tested conditions at 37 

°C with significantly fewer proteins disrupted and no attenuation in the mouse 

infection model. To try and understand how deletion of two proteins that cause 

huge proteomic disruptions individually, but cause no changes in combination, 

the growth rate at suboptimal temperatures was assessed. The cyclophilin-null 

strain was unable to grow at the same rate as the wild-type strain at the 

suboptimal temperature 16°C. The cyclophilin-null strain became highly auto 

fluorescent when grown at 16°C, indicating a build-up of aggregated proteins 

within the bacterial cell.  

Lastly, novel Cyclosporin A derivatives were assessed against recombinant 

proteins and in in vitro cell infection models to determine if enzymatic activity 

could be inhibited and if a cyclophilin mutant phenotype could be observed upon 

infection of eukaryotic cells. The enzymatic activity of both recombinant proteins 

could be inhibited with most of the inhibitors screened, but in vitro efficacy was 

seen with only a handful of inhibitors. This work indicates that B. pseudomallei 

encodes two active cyclophilin proteins involved in maintaining proteome balance 

at physiological temperatures. The cytoplasmic cyclophilin, PpiB, is pivotal in 

modulating virulence, thus is an essential virulence factor in B. pseudomallei and 

a potential target for anti-virulence therapy, capable of being inhibited by novel 

Cyclosporin A derivatives.  
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Chapter 1 - Introduction 

1.1 The genus Burkholderia 

Initially classified under the Pseudomonas genus, several species were moved 

into the novel genus Burkholderia in 1993 (Yabuuchi et al., 1992).  The genus 

Burkholderia belongs within the betaproteobacteria phylum and currently consists 

of over 100 species (http://www.bacterio.net/burkholderia.html [accessed 

February 2021]), with many novel species identified every year. Many species 

within Burkholderia can be found in the environment, in particular the soil, but 

they also occupy a diverse range of other ecological niches such as rhizospheres, 

plants and root nodules (Coenye et al., 2003). Several species are capable of 

causing disease in plants such as onion rot (Burkholderia caryophylii), leaf spot 

and stripe disease (Burkholderia andropohonis) and rot of rice grains 

(Burkholderia glumae) (Ballard et al., 1970; Goto, 1956; Palleroni et al., 1984; 

Urakami et al., 1994). A number of Burkholderia species have also evolved to 

cause disease in humans including the Burkholderia cepacia complex, 20 closely 

related species that commonly infect immunocompromised cystic fibrosis 

patients (Sousa et al., 2017), Burkholderia pseudomallei which causes 

melioidosis (Whitmore, 1913) and Burkholderia mallei which causes glanders 

(Whitlock et al., 2007). Another species, B. thailandensis, which is genetically 

similar to B. pseudomallei, is thought to be avirulent (Brett et al., 1997; Brett et 

al., 1998) but human infections have been reported to challenge this belief 

(Chang et al., 2017; Glass et al., 2006). B. mallei and B. pseudomallei are 

classified as Tier 1 Select Agents by the Centre for Disease Control (CDC) with 

recommendations to manipulate the organisms at a minimum of a BSL2 level in 

Biological Safety Cabinets, with any aerosol-risk work to be done at BSL3 

(Chosewood et al., 2009). In addition, both B. pseudomallei and B. mallei are 

Category B Biological agents, meaning they are considered suitable for large-

scale dissemination and resultant disease (Rotz et al., 2002).  

1.1.1 Burkholderia pseudomallei 

Burkholderia pseudomallei is the causative agent of melioidosis (Whitmore, 

1913), a disease that is endemic in the tropical regions of the world 

(Limmathurotsakul et al., 2016). A soil saprophyte with the ability to infect humans 

and a wide variety of animal hosts (Choy et al., 2000; Limmathurotsakul et al., 

http://www.bacterio.net/burkholderia.html
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2012; Webb et al., 2019). B. pseudomallei possesses one of the largest bacterial 

genomes (7.2Mb) spread over two chromosomes and contains a wide repertoire 

of virulence determinants, which enable it to survive a range of harsh 

environments and cause a multitude of clinical presentations of disease (Holden 

et al., 2004). Thus, it is intrinsically resistant to many host factors, anti-bacterial 

agents and antibiotics (Schweizer, 2012). As a result, elucidating the 

pathogenesis and the roles of virulence factors is ongoing (Stone et al., 2014).  

1.2 Melioidosis 

Melioidosis is a disease caused by the soil-dwelling pathogen Burkholderia 

pseudomallei, which has a wide variety of clinical presentations. The disease was 

first described over a century ago by Alfred Whitmore in Rangoon, Burma 

(Whitmore, 1913), and for many years was referred to as Whitmore’s Disease. 

Melioidosis is predominantly a tropical infection (Dance, 2000), but imported 

cases in returned travellers have been documented (Aardema et al., 2005; Le 

Tohic et al., 2019). Outbreaks in non-endemic areas have occurred, such as in 

the Paris Zoo in 1975 which resulted in the slaughter of many horses and two 

human fatalities (Bourrier, 1978; Dodin et al., 1986; Mollaret, 1988), in Britain 

where primates imported from the Philippines and Indonesia were diagnosed with 

melioidosis (Dance et al., 1992) and in south eastern Queensland in piggeries 

(Ketterer et al., 1986). Human cases have been detected in regions south of the 

tropics such as in Toodyay, a town in southern Western Australia (Golledge et 

al., 1992) as well as a fatal case in south-east Queensland (Scott et al., 1997). 

Overall, cases and deaths are thought to be hugely underreported due to a 

multitude of factors including lack of disease awareness, and misdiagnosis 

(Currie, 2003; Dance, 2000; Limmathurotsakul et al., 2016; Limmathurotsakul, 

Wuthiekanun, et al., 2010; Sathkumara et al., 2018). Melioidosis can occur 

following exposure to the bacterium either through the inhalational route, 

subcutaneous inoculation, or less frequently, ingestion of B. pseudomallei 

(Wiersinga et al., 2012). 

1.2.1 Distribution and incidence 

B. pseudomallei is a soil saprophyte, adapted to survive in the soil and water of 

tropical regions around the globe. It is thought that B. pseudomallei is endemic in 

the equatorial regions between 20 °N and 20 °S (Dance, 1991; Dance, 2000; 
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Wiersinga et al., 2012), with computer modelling conducted by Limmathurotskul 

et al. outlining the predicted endemic regions around the globe 

(Limmathurotsakul et al., 2016). Environmental studies have shown that 

melioidosis is highly prevalent in Northern Australia and in South East Asia, with 

these regions considered to be the hotspots of melioidosis (Cheng et al., 2005). 

Figure 1 illustrates the presence of B. pseudomallei globally, with melioidosis 

hotspots highlighted. In recent years, high rates of melioidosis have been 

reported in the Indian subcontinent (Corea et al., 2018; Mukhopadhyay et al., 

2018), Central America (Benoit et al., 2015; Sanchez-Villamil et al., 2018) and 

South America (Rolim et al., 2018). The true presence of melioidosis and of B. 

pseudomallei in Africa and the Middle East has not been fully established, with 

studies ongoing to determine if it is endemic in regions identified as optimal for 

bacterial survival, such as in Nigeria, Burkina Faso and Niger, although sporadic 

cases in these regions have been reported in animals and humans (Steinmetz et 

al., 2018). As environmental surveys and reviews of epidemiological data 

continue, it is highly likely that further regions will be added to the map as areas 

where the bacterium and disease are present.  

Diagnosis of melioidosis cases is thought to be highly under reported worldwide, 

primarily due to lack of disease awareness and misdiagnosis, as such accurate 

global burdens are difficult to compile. Modelling leads to estimates of around 

165,000 cases of human melioidosis per annum globally, with up to 89,000 

thousand deaths (Limmathurotsakul et al., 2016). The highly endemic hotspots 

of Northern Australia and North East Thailand have an incidence rate of up to 50 

cases per 100,000 people (Currie et al., 2010; Limmathurotsakul, Wuthiekanun, 

et al., 2010) (Figure 1, red circles). Surrounding countries in South East Asia, 

such as Laos, Cambodia and Vietnam also report high levels of incidence 

(Dance, 1991; Dance, 2000; Dance et al., 2018). In North East Thailand, 

melioidosis is the third most common cause of death behind only AIDS and 

tuberculosis, diseases with higher profiles, and has a mortality rate of around 

40% (Limmathurotsakul, Wuthiekanun, et al., 2010). Mortality rates are lower in 

Northern Australia at 10%, which is thought to be due to increased disease 

awareness and better access to tertiary medical care (Parameswaran et al., 

2012). 
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Recent modelling following a systematic review of all melioidosis case reports 

found that the burden of symptomatic melioidosis worldwide is 4.6 million DALYs 

(Disability-adjusted life-year) annually, of which over 98.9% was due to years of 

life lost (YLL) (Birnie et al., 2019). This burden from melioidosis is higher than 

reported for more prominent diseases such as Dengue Fever (1.95 million 

DALYs), Leishmaniasis (0.7 million DALYs) and Schistosomiasis (1.6 million 

DALYs) (https://www.who.int/data/gho/data/themes/mortality-and-global-health-

estimates/global-health-estimates-leading-causes-of-dalys). Thus melioidosis is 

highly prevalent worldwide and is a significant cause of death in regions where it 

is endemic. 

 

 

 

 

Figure 1.1 Global distribution of B. pseudomallei and melioidosis. Highlighted in light blue is 
the tropical belt where B. pseudomallei and melioidosis is thought to be endemic due to favourable 
environmental conditions. Red circles are the two recognised highly endemic hotspots, Northern 
Australia and South East Asia, particularly North East Thailand. Orange triangles are regions with 
increasing melioidosis case reports. Blue stars are non-endemic area outbreaks including France, 
and Western Australia and Queensland in Australia. 

  

https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/global-health-estimates-leading-causes-of-dalys
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/global-health-estimates-leading-causes-of-dalys
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1.2.2 Risk factors 

Melioidosis appears to be a predominantly opportunistic infection, with 20% of 

patients presenting with no known risk factors. The main risk factors for 

melioidosis in Northern Australia include diabetes, hazardous alcohol use and 

chronic lung or renal disease (Currie et al., 2010). Chronic lung disease was the 

only risk factor associated with a greater risk of death (risk ratio of 1.5) (Currie et 

al., 2010). A review of hospitalisations in Darwin, Australia, found that 48% of 

admissions were of an indigenous ethnicity, and accounted for 67% of all ICU 

admissions (Stephens et al., 2016). Meanwhile in North East Thailand in the 

Ubon Ratchathani province, diabetes was the predominant risk factor with 29.9% 

of cases having previously been diagnosed with diabetes, while a further 16.7% 

were diagnosed with diabetes at time of presentation. In this region the incidence 

of melioidosis in non-diabetics was 6.8 per 100,000 while incidence in diabetics 

was 145.7 per 100,000 and 84.4 per 100,000 in undiagnosed diabetics. 

(Limmathurotsakul, Wuthiekanun, et al., 2010). Taken into account, diabetes is 

the predominant risk factor for the contraction of symptomatic melioidosis that 

requires hospital presentation.  

Occupation and recreational activity can also increase the risk of melioidosis. 

Occupations such as rice farming in South East Asia are classified as high risk 

with an odds ratio of 2.9 (Currie et al., 2010; Limmathurotsakul et al., 2013; 

Limmathurotsakul, Wuthiekanun, et al., 2010). While recreational activities such 

as gardening and waterhole swimming increased the risk of contracting 

melioidosis, particularly if done in the wet season (Currie et al., 2010). 

1.2.3 Clinical manifestations 

Melioidosis has been referred to as the ‘great mimicker’ due to wide variety of 

clinical presentations that can be observed in patients presenting at hospitals 

around the globe (White, 2003; Yee et al., 1988). Incubation period for acute 

melioidosis is between 1 and 21 days, with a mean time of 9 days (Currie, 2015). 

Clinical manifestations can also be influenced by route of infection and individual 

patient co-morbidities. Pneumonia is the predominant clinical presentation of 

melioidosis and can appear in both acute and chronic cases (Currie, 2003; 

Meumann et al., 2012), this is followed by non-healing skin lesions (Churuangsuk 

et al., 2016; Currie, 2015; Currie et al., 2010). In a case study of all melioidosis 
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cases in Darwin, Australia, 85% of cases presented with acute symptoms, while 

11% appeared chronic in nature (symptoms present for over 2 months). The most 

common presentation to hospital was pneumonia at 51%, followed by 

genitourinary infections (14%) and skin infection (13%) (Currie et al., 2010). 

Clinical presentations also included septic arthritis, soft tissue abscesses and 

neurological melioidosis. Up to 20% of patients present at hospital with septic 

shock, of which 50% succumb to fulminant melioidosis. An interesting 

observation was that in Darwin 20% of all male hospital presentations have 

prostatic abscesses which required drainage (Currie et al., 2010), which in 

contrast is rarely seen in patients in North East Thailand, rather suppurative 

parotitis is seen in 6.3% of melioidosis cases, and is present in up to 38% of 

childhood melioidosis (Dance, et al., 1989). The breadth of clinical manifestations 

can lead to difficulty in prompt disease diagnosis, particularly in tropical regions 

that are endemic for diseases such as malaria and tuberculosis and as a result 

patients are commonly misdiagnosed and given the wrong treatment (Currie, 

2015; Garg et al., 2020; Le Tohic et al., 2019). 

1.2.4 Diagnosis 

Culture of B. pseudomallei from clinical specimens remains the gold standard for 

melioidosis diagnosis (Limmathurotsakul, Jamsen, et al., 2010). B. pseudomallei 

is not considered to be part of the commensal flora of man, thus culture from any 

specimen site should be considered indicative of melioidosis (Limmathurotsakul 

et al., 2011). Alternatively, identification of B. pseudomallei can be conducted 

using an API 20NE test, which was capable of correct identification in 390 of 400 

isolates (97% identification rate), with further verification using a Gram stain to 

observe a Gram-negative bipolar (or safety-pin like) staining bacillus (Dance et 

al., 1989). The increased presence of automated identification systems such as 

Vitek 1 and Vitek 2 in large diagnostic laboratories could expedite the diagnostic 

process. Unfortunately studies in Queensland, Australia, have found that 

although Vitek 1 was capable of diagnosing B. pseudomallei 99% of the time, its 

upgrade, the Vitek 2 was only capable of definite identification in 19% of tested 

isolates indicating that these automated technologies are not ideal diagnostic 

tools (Lowe et al., 2002). These results differ from that of a study using the Vitek 

2 system conducted on Malaysian and Darwin, Australia, isolates which found 

that only 3 of 149 isolates from Darwin, Australia and 15 of 35 isolated from 
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Sarawak, Malaysia were misidentified (Inglis et al., 1998; Podin et al., 2013). 

Even use of matrix-assisted laser desorption ionization-time of flight mass 

spectrometry (MALDI-TOF MS) with a standard reference library is limited due to 

the limited identification profiles of B. pseudomallei within the software 

(Cunningham et al., 2013). 

Molecular techniques such as polymerase chain reactions (PCR) have been 

trialled for the diagnosis of melioidosis from clinical specimens. Semi-nested PCR 

primers, designed to amplify the 16S-23S spacer region, have been used 

successfully to identify B. pseudomallei strains (Inglis et al., 2005; Kunakorn et 

al., 1995), but a discrepant result was found to be due to nucleotide substitutions 

and insertions (Merritt et al., 2006), highlighting the potential for missing positive 

cases. A real-time PCR (RT-PCR) sequencing the lpxO gene was able to 

correctly identify all B. pseudomallei isolates on testing (Merritt et al., 2006). 

Alternative RT-PCR targeting the Type III Secretion System (Novak et al., 2006) 

showed a 91% positivity rate on culture-confirmed patients (Meumann et al., 

2006). Further refinement of this led to a loop-mediated isothermal amplification 

(LAMP) test, but a side-by-side comparison found that both RT-PCR and LAMP 

diagnosis was not sensitive enough on blood samples to replace diagnosis of 

septic patients by bacterial culture techniques (Chantratita et al., 2007). 

The use of serology as a diagnostic tool for melioidosis is limited. There are high 

levels of background seropositivity in highly endemic areas, such as in Thailand, 

thus diagnosis using serology techniques has no value in these regions 

(Limmathurotsakul et al., 2011). Additionally, up to 70% of older children in 

endemic North East Thailand have detectable antibodies to B. pseudomallei by 

indirect haemagglutination assays (IHA) (Wuthiekanun et al., 2006). Diagnosis 

by serology could be used in non-endemic areas, as regions such as northern 

Queensland only have a seropositivity rate of 2.5% (Lazzaroni et al., 2008), or in 

returned travellers to Europe or Northern America. However, there is a subset of 

patients which remain IHA negative despite infection (Harris et al., 2009) casting 

doubt onto the use of serology in all instances. Recent advances have used the 

O-polysaccharide (OPS) and hemolysin co-regulated protein 1 (Hcp1) as target 

antigens for serodiagnosis of melioidosis (Pumpuang et al., 2017), with a Hcp1 

immunochromatography test showing a sensitivity of 88.3% when compared to 
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culture identification, the current Gold Standard of diagnosis (Phokrai et al., 

2018). Further testing of these are currently underway in South East Asia. 

The development of a rapid point-of-care diagnostic could prove to be pivotal to 

rapid diagnosis at a hospital bed. A Lateral Flow Immunoassay (LFI) using 

capsular-specific monoclonal antibodies shows 98.7% sensitivity to a panel of B. 

pseudomallei isolates, with very little cross-reactivity with other Burkholderia 

species. Testing of the LFI on clinical specimens demonstrates good reactivity 

with sputum and pus, but is less sensitive for blood samples (Houghton et al., 

2014). Evaluation of this LFI was conducted in India on clinical specimens and 

found a sensitivity of 85.71% and a specificity of 93.62% (Shaw et al., 2018), 

while a study in Cambodia showed a sensitivity and specificity of 96.5% and 

100% respectively (Peeters et al., 2018). These results illustrate the promising 

future of point-of-care diagnostics which would reduce the time to diagnosis of 

melioidosis to allow for timely treatment. 

1.2.5 Treatment options 

B. pseudomallei is an intrinsically multidrug resistant pathogen, therefore 

requiring a prolonged multi-drug treatment regimen to successfully overcome 

infection. In 2010, the US Centre for Disease Control released updated 

consensus guidelines for the treatment of melioidosis (Lipsitz et al., 2012). 

Treatment for melioidosis consists of two phases; an intravenous intensive initial 

phase followed by prolonged oral eradication therapy. A summary of the 

treatment options can be found in Table 1.1 for both the intensive and eradication 

phase. A minimum of 14 day intravenous therapy is required using either 

ceftriaxone or meropenem (Cheng et al., 2004; Dance, 2014). Combination 

therapies of ceftriaxone with either amoxicillin-clavulanic acid, trimethoprim-

sulflamethoxazole or cefoperazone-sulbactam were trialled in South East Asia, 

but no significant difference in mortalities was noted (Chierakul et al., 2005; Koay 

et al., 1997; Suputtamongkol et al., 1994). Development of an elastomeric 

infusion device was prospectively tested in Darwin, Australia, providing a 24 hour 

infusion of ceftazidime to 73 patients with melioidosis, paving the way for in-home 

care for melioidosis sufferers that are not critically ill (Huffam et al., 2004). 

Unfortunately there are reports that ceftazidime and meropenem are not 

completely stable above 25 °C, limiting the use of this device in the tropics (Currie 

et al., 2015), thus hospital administration of ceftazidime in South East Asia is the 
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most common form of treatment (Dance et al., 2014). Development of resistance 

to these antimicrobials is extremely rare, with ceftazidime resistance occurring in 

0.05% of cases by point mutations or deletions affecting the penA allele 

(Chantratita et al., 2011; Wuthiekanun et al., 2011). Acquired resistance to 

meropenem has not been documented (Crowe et al., 2014; Sarovich, Price, 

Limmathurotsakul, et al., 2012), but there have recently been reports of 

decreased susceptibility to meropenem developing during treatment (Price et al., 

2017; Sarovich et al., 2018). 

Following the intensive phase of therapy, a prolonged oral dose of antimicrobials 

is required to allow for the successful eradication of infection (Dance, 2014). The 

eradication therapy of choice is trimethoprim-sulfamethoxazole with excellent 

results shown in both Northern Australia and Thailand (Chetchotisakd et al., 

2014; Chusri et al., 2012; Currie et al., 2000; Fisher et al., 2014). Long term 

regimens of this combination drug can lead to adverse effects such as rashes 

and gastrointestinal symptoms leading to a therapy switch to amoxicillin-

clavulanic acid (see Table 1.1 for dosing) (Currie, 2015). Resistance to 

trimethoprim-sulfamethoxazole has been noted (Dance, 2014; Jenney et al., 

2001), but the high resistance rates reported in Thailand (up to 19%) are thought 

to be due to the difficulty of testing susceptibility using a disk diffusion method 

(Wuthiekanun et al., 2005) with E-test results confirming incorrect susceptibility 

readings (Lumbiganon et al., 2011; Piliouras et al., 2002). Meanwhile, resistance 

to amoxicillin-clavulanic acid is much more commonly reported (Dance et al., 

1991; Dance, et al., 1989; Jenney et al., 2001). 
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Table 1.1 Treatment of melioidosis. Treatment options for adults with no renal impairment 
based on 2010 CDC treatment guidelines. 

 

1.2.6 Vaccine development 

There is currently no licensed vaccine for melioidosis, and no candidates in late-

stage clinical trials. To complicate matters, vaccines are being developed against 

two different target populations. A public health-orientated vaccine would look to 

target naturally acquired melioidosis, and must show efficacy in at risk 

populations, namely diabetics who are most commonly infected by skin 

inoculation. This vaccine would require rigorous testing using diabetic animal 

models with intraperitoneal bacterial challenges to mimic the highest-risk 

population (Peacock et al., 2012). Meanwhile, vaccines developed for biodefence 

would aim to provide immunity to healthy individuals who were most at risk of 

high dose inhalational infection. These vaccine candidates would not necessarily 

require testing in a diabetic model, and challenge route would focus on aerosol 

or inhalational challenge models (Limmathurotsakul et al., 2015). Fortunately, 

Antibiotic Regimen Duration Notes 

Initial Intensive Therapy 

Ceftazidime 2 g IV,  
6-hourly 

At least 14 days;  
4-8 weeks for 
severe disease 

 

Meropenem 1 g IV,  
8-hourly 

At least 14 days;  
4-8 weeks for 
severe disease 

Dose up to 2 g for 
neurological 
disease 

Trimethoprim-
Sulfamethoxazole 
(TMX) 

320 mg +  
1600 mg 
orally,  
12-hourly 

From 
commencement of 
above  

Additional to above 
therapies if severe 
disease 
presentations 

Eradication Therapy 

Trimethoprim-
Sulfamethoxazole 
(TMX) 

320 mg + 
1600 mg 
orally, 12-
hourly 

Minimum of 3 
months 

Extend to 6months if 
neurological or 
osteomyelitis 

Amoxicillin-
clavulanic acid 

500 mg + 125 
mg orally; 8-
hourly 

Minimum of 3 
months 

Use if resistance to 
TMX is detected  
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modelling has shown that repurposing a biodefense created vaccine that 

lessened disease severity would still be cost effective in high risk populations 

such as diabetics and rice field workers in Thailand, as 50% of in-hospital deaths 

occur in 48 hours due to septic shock (Peacock et al., 2012). Experts in the field 

have called for the promising vaccine candidates to be assessed in non-human 

primate models, despite many not providing sterilising immunity 

(Limmathurotsakul et al., 2015).  

Several vaccination technologies have been studied in the last two decades, with 

each showing varying levels of efficacy in mouse models of melioidosis. Table 

1.2 has been adapted from a recent review by Morici et al. (Morici et al., 2019) 

collating recent vaccine antigens and their in vivo efficacy. Varying levels of 

vaccine efficacy have been demonstrated, with several candidates conferring 

high levels of immunity against infection. Early vaccine candidates consisted of 

whole cell vaccines using either inactivated or live attenuated strains of B. 

pseudomallei. Immunisation with heat killed B. pseudomallei with the adjuvant, 

CLDC, conferred protection against intranasal infection in BALB/c mice. 

Immunisation with heat-killed bacteria only protected 50% of challenged animals 

while immunisation with bacteria plus adjuvant protected 100% animals up to 40 

days post-infection (Henderson et al., 2011). Alternatively, a live dose of the 

closely related avirulent species, B. thailandensis strain E555, was used to 

immunise BALB/c mice, which were then intraperitoneally challenged with a high 

dose of bacteria (6 x 106 CFU). Splenic burden was assessed at 24 hours and 

bacterial numbers were significantly reduced with 100% survival at 35 days post 

infection (Scott et al., 2011). Immunisation with live B. thailandensis must be 

carefully assessed as human infections are beginning to be reported (Chang et 

al., 2017; Glass et al., 2006). 

Use of a live, but attenuated strain of B. pseudomallei has shown promise (Table 

1.2). These strains contain deletions of proteins which are essential for the 

bacterium to cause disease, but concerns about in-host reversion to a virulent 

state requires thorough investigation. Deletion of the gene, purM, which encodes 

a phosphoribosyl formylglycinamide cycloligase which is involved in the de novo 

biosynthesis of adenine and thiamine, resulted in a mutant strain that is avirulent 

in mice (Propst et al., 2010). This mutant strain was used to immunise both 

BALB/c and C57BL/6 mice, which were then challenged intranasally with B. 



 

12 
 

pseudomallei. This immunisation regimen conferred 60% survival in BALB/c mice 

but 100% survival was observed in C57BL/6 mice (Silva et al., 2013). Another 

example of a live attenuated vaccine strain tested by Khakhum et al. contained a 

double deletion of tonB and hcp1. Immunisation using this highly attenuated 

strain conferred 100% protection in C57BL/6 mice against an aerosolised 

bacterial challenge up to 27 days post-exposure (Khakhum et al., 2019). 

An alternative approach that is proving fruitful is the development of 

glycoconjugate vaccines. These consist of a bacterial polysaccharides 

conjugated onto a carrier protein, which elicit T helper (Th) cell involvement 

leading to greater immunological memory and increased isotype switching 

(Dagan et al., 2010). The O-polysaccharide (OPS) and manno-heptose capsular 

polysaccharide (CPS) of B. pseudomallei are both protective antigens (Nelson et 

al., 2004), with the CPS being structurally conserved and present in all virulent 

isolates of B. pseudomallei (Burtnick et al., 2012). Purified OPS and CPS were 

conjugated to cationized bovine serum albumin (cBSA). Mice immunised with the 

OPS-BSA glycoconjugate were not protected against a lethal infection of B. 

pseudomallei, while the CPS-BSA glycoconjugate was formulated with the 

adjuvant, Alhydrogel-CpG, and tested. The addition of an adjuvant provided 50% 

protection against lethal exposure to B. pseudomallei (Scott, Burtnick, et al., 

2014). This study showed that the CPS was a better antigen capable of eliciting 

a protective immune response. Further work by Burtnick et al. used that CPS 

antigen and conjugated it with a mutant diphtheria toxin (CRM197) and combined 

with either the Hcp1 or TssM protein (Burtnick et al., 2018). These combinations 

were formulated with Alhydrogel-CpG and tested in C57BL/6 mice against 

aerosol exposure. The most promising formation was CPS-CRM197+Hcp1 with 

immunised mice showing 100% survival, while use of the TssM protein saw 80% 

survival (Burtnick et al., 2018).  

The use of gold nanoparticles (AuNP) which are coated in glycoconjugate 

antigens has proved to elicit a good immune response and shown increased 

protection in a mouse model of glanders (Gregory et al., 2015). Muruato et al. 

used this technology to produce an AuNP-LPS glycoconjugate with the addition 

of a combination of antigenic proteins (Hcp1, haemagglutinin and a flagella 

protein, FlgL). This formulation elicited a strong IgG response in naïve vaccinated 

mice and following a lethal aerosol exposure, 100% of the mice vaccinated with 
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the combination formulation survived, while only 80% of the mice vaccinated with 

the AuNP-LPS+FlgL formulationsurvived (Muruato et al., 2017). These recent 

multivalent glycoconjugate antigen formulations demonstrated by Burtnick et al. 

and Muruato et al. are showing good immunological responses and high levels 

of protection in immunised mice, providing a good step forward on the journey to 

a melioidosis vaccine. 
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Table 1.2 Vaccine combinations developed for melioidosis. Table adapted from Morici et al. (Morici et al., 2019). 
Antigen Adjuvant Mouse strain; 

immunisation 
route 

Challenge route; 
dose 

 Mouse Survival Reference 

Glycoconjugate vaccines 

OPS-BSA 
CPS-BSA 
CPS + BSA-LolC 
LolC 

Alhydrogel 
+ CpG 

BALB/c; s.c. i.p.; 8 x 104 (OPS-
BSA 4 x104) 

0 % (day 14) 
50 % (day 35) 
70 % (day 35) 
0 % (day 35) 

(Scott, Burtnick, 
et al., 2014) 

OPS + C. jejuni AcrA +Alum 
- 

BALB/c; s.c. i.n.; 2 x 103 40 % (day 12) 
(+Alum) 
0 % (day 21) (-Alum) 

(Garcia-
Quintanilla et al., 
2014) 

LPS-TetHc 
LPS 
LPS + TetHc 

- BALB/c; i.p. i.p.; 4 x 104 81 % (day 29) 
62 % (day 29) 
75 % (day 29) 

(Scott, Ngugi, et 
al., 2014) 

Synthetic CPS + TetHc MPL/Sigma 
adj. system 

BALB/c; i.p. i.p.; 0.9-1.0 x 105 67 % (day 35) (Scott et al., 2016) 

AuNP-Hcp1-LPS 
AuNP-HA-LPS 
AuNP-FlgL-LPS 
AuNP-Hcp1-HA-FlgL-LPS 

Alhydrogel 
+ poly(I:C) 

C57BL/6; s.c. i.n.; 1 x105 10 % (day 35) 
20 % (day 35) 
90 % (day 35) 
100 % (day 35) 

(Muruato et al., 
2017) 

CPS-CRM197 + Hcp1 
CPS-CRM197 + TssM 
CPS-CRM197 

Alhydrogel 
+ CpG 

C57BL/6; s.c. Aerosol; 1.6 x 103 100 % (day 35) 
80 % (day 35) 
67 % (day 35) 

(Burtnick et al., 
2018) 
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Antigen Adjuvant Mouse strain; 
immunisation 
route 

Challenge route; 
dose 

 Mouse Survival Reference 

Subunit vaccines 

Chronic antigens 
Chronic + LolC 
Chronic + CPS 
CPS 

Sigma 
adjuvant 
system 

BALB/c; i.p. i.p.; 7 x 104 30 % (day 50) 
40 % (day 50) 
50 % (day 50) 
10 % (day 50) 

(Champion et al., 
2016) 

Nano/microparticle vaccines 

OMVs - BALB/c; i.n. 
BALB/c; s.c. 

Aerosol; 1 x 103 20 % (day 14) 
60 % (day 14) 

(Nieves et al., 
2011) 

OMVs - BALB/c; i.n. i.p.; 2 x104 100 % (day 21) (Nieves et al., 
2014) 

Lysate/MP +Resiq/MP 
Lysate + Resiq/MP 
Lysate + Resiq/MP 

- 
Alum 
- 

BALB/c; s.c. i.p.; 1 x 106 12 % (day 26) 
8 % (day 26) 
16 % (day 26) 

(Schully et al., 
2015) 

Whole bacterial cell vaccines 

Bps, inactivated CLDC BALB/c; i.n. i.n.; 7.5 x 103 100 % (day 40) (Henderson et al., 
2011) 

Bps, heat killed - BALB/c; i.p. Aerosol; 9.2 x101 55 % (day 44) (Sarkar-Tyson et 
al., 2009) 
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Antigen Adjuvant Mouse strain; 
immunisation 
route 

Challenge route; 
dose 

 Mouse Survival Reference 

BpsΔaroC, live attenuated - C57BL/6; i.p. i.p.; 6 x 103 80 % (day 150) (Srilunchang et 
al., 2009) 

BpsΔasd, live attenuated - BALB/c; i.n. i.n.; 4 x 103 100 % (day 80) (Norris et al., 
2011) 

BpsΔrelAΔspoT, live 
attenuated 

- C57BL/6; i.n. i.n.; 1 x 103 100 % (day 30) (Müller et al., 
2012) 

BpsΔpurM, live attenuated - C57BL/6; s.c. i.n.; 1 x 104 100 % (day 60) (Silva et al., 2013) 

BpsΔtonBΔhcp1, live 
attenuated 

- C57BL/6; i.n. Aerosol; 1.7 x 103 100 % (day 27) (Khakhum et al., 
2019) 

B. thailandensis E555, live - BALB/c; i.p. i.p.; 6 x106 100 % (day 35) (Scott et al., 2013) 

Bps - B. pseudomallei, s.c. - subcutaneous injection, i.p.- intraperitoneal injection, i.n.- intranasal



 

17 
 

1.3 Pathogenicity of B. pseudomallei  

The B. pseudomallei genome is approximately 7.2Mb in size and spread across 

two chromosomes (Holden et al., 2004). It is thought that Chromosome I (4.07Mb) 

encodes for genes involved in core functions such as metabolism and cell growth, 

Chromosome II (3.17Mb) comprises genes that have been acquired to allow the 

bacterium to adapt and survive in a variety of niches, thus facilitating B. 

pseudomallei survival in different environments and within many hosts. As a 

result, many well-known, and as of yet, understudied, virulence factors are 

encoded in the B. pseudomallei genome. 

1.3.1 Biofilm formation 

The formation of a biofilm is important for any environmental bacterium to allow 

successful survival in harsh conditions. B. pseudomallei increases its biofilm 

formation under high osmotic conditions, high levels of iron and in low 

temperatures (20°C) (Kamjumphol et al., 2013). Kumjumphol et al. theorised that 

this temperature would simulate that of deep soil layers in North East Thailand, 

and thus could be a factor in the high endemnicity of B. pseudomallei in this region 

(Kamjumphol et al., 2013). Biofilm formation is also dependent on the release of 

extracellular DNA from living B. pseudomallei cells, with DNase I treatment of 

bacteria eliminating the capacity to form a biofilm (Pakkulnan et al., 2019). 

Unsurprisingly, B. pseudomallei strains grown under biofilm-forming conditions 

became highly resistant to all tested antimicrobials (Sawasdidoln et al., 2010) 

highlighting a potential difficulty in treating deep seated B. pseudomallei 

infections where biofilms form (Vorachit et al., 1995). 

The role of biofilm in virulence is not entirely clear with studies showing differing 

in vivo phenotypes. Studies using two transposon mutants showed that a high-

biofilm producing strain (G207) and a biofilm-defective strain (M10) have the 

same LD50 in BALB/c mice as the wild-type strain (H777) (Taweechaisupapong 

et al., 2005). This biofilm mutant (M10) was also unable to adhere to A547 human 

lung epithelial cells resulting in decreased intracellular counts over 12 hours. 

Interestingly, despite this, cellular cytotoxicity was not reduced and it was found 

that this mutant strain stimulated necrosis rather than apoptosis in the epithelial 

cells (Kunyanee et al., 2016). Conversely, a study using clinical isolates that were 

either high- or low-biofilm producers showed that high-biofilm producing clinical 
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strains were more virulent in both a C. elegans nematode infection model and in 

BALB/c mice than a low-biofilm producing clinical strain (Chin et al., 2015). 

Testing of the previously described strains H777 and M10 in a chronic model of 

infection using C57BL/6 mice, showed that the biofilm mutant M10 was 

attenuated in virulence, with only two mice succumbing to infection (2/7) while the 

biofilm producing strain H777 caused five animals to succumb to illness (5/7). 

Histopathology of the lungs showed significantly less severe inflammation in the 

biofilm mutant strain (Panomket et al., 2017). These results point to biofilm 

playing a role in chronic, rather than the acute stage of infection. 

1.3.2 Quorum sensing 

Quorum sensing (QS) is the process used by Gram-negative bacteria that utilises 

N-acyl-homoserine lactones (AHLs) to coordinate gene expression in a cell-

density-dependent manner (Fuqua et al., 1994). AHL synthase (LuxI) proteins 

are responsible for AHL biosynthesis with each LuxI having a partner LuxR 

transcriptional regulator that either represses or induces gene expression on 

binding to its cognate AHL (Wagner et al., 2003). B. pseudomallei encodes for 

five luxR and three luxI homologues (Ulrich et al., 2004). There are three luxIR 

pairs; pmlIR1 (BPSS0885, BPSS0887), bpmIR2 (BPSS1180, BPSS1176) and 

bpmIR3 (BPSS1570, BPSS1569), while there are two orphaned luxR, bmpR4 

(BPSS0312) and bmpR5 (BPSL2347). Each gene was individually deleted from 

the DD503 strain of B. pseudomallei and the mutants used to challenge BALB/c 

mice in an aerosolised model of infection (Ulrich et al., 2004). All QS mutants 

showed a delay to time of death with the most attenuated being the bpmI3 

deletion strain, which showed 70% survival for 39 days post-exposure. This 

attenuation was also seen using the hypersensitive Syrian golden hamster model 

which demonstrated that deletion of bmpI3, pmlI1, bmpR3 and bmpR5 resulted 

in a significantly increased LD50 of >1080, 674, >727 and >870 CFU respectively, 

while the wild-type strain, DD503 had an LD50 of <6 (Ulrich et al., 2004). A 

concurrent study investigating the pmlIR1 QS pair was also published in 2004 

which showed that disruption of the pmlI1 gene resulted in increased survival in 

Swiss brown mice through intraperitoneal, subcutaneous and intranasal routes of 

infection (Valade et al., 2004). 
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1.3.3 Antimicrobial resistance mechanisms 

Antimicrobial resistance mechanisms can rapidly spread through a bacterial 

population by transfer of mobile genetic elements (Partridge et al., 2018), but this 

is not the case with B. pseudomallei, which chromosomally encodes all of its 

known resistance mechanisms (Schweizer, 2012). The breadth of resistance 

mechanisms possessed by B. pseudomallei has resulted in limited treatment 

options, but fortunately, development of resistance to clinically used antibiotics is 

rare (Sarovich, Price, Von Schulze, et al., 2012). Antimicrobial resistance in B. 

pseudomallei is conferred through exclusion, efflux, enzymatic inactivation and 

target mutation (Schweizer, 2012). Exclusion of antimicrobials in B. pseudomallei 

is mediated by the addition of Ara4N to phosphate groups on the lipid A moiety 

of the LPS (Novem et al., 2009). This addition confers resistance to cationic 

antimicrobial peptides (CAMPs) produced by the host as well as antimicrobials 

such as Polymyxin B (PMB) and Colisitin, to which an extremely high resistance 

is seen (Burtnick et al., 1999). Disruptions of the O-antigen and outer core 

components of the LPS renders B. pseudomallei strain 1026b susceptible to 

PMB, with their presence providing a barrier against interaction of PMB with the 

inner core and disrupting membrane integrity, thus lysing the cell (Burtnick et al., 

1999).  

Holden et al. published an annotated genome of the prototype B. pseudomallei 

strain, K96243, which identified ten resistance-nodulation-division (RND) efflux 

pumps (Holden et al., 2004). RND pumps belong to a family of transporters 

responsible for the efflux of a broad range of antimicrobial compounds and are 

thought to be major contributors to intrinsic antimicrobial resistance in Gram-

negative bacteria (Nikaido et al., 2009). Expression studies found that 90 % of 

isolates tested expressed at least one of the seven RND efflux pumps which are 

thought to be involved in antimicrobial export (Kumar et al., 2008). 

Aminoglycoside and macrolide resistance is mediated through the RND pump, 

AmrAB-OprA, with an amr mutant strain (DD503) being highly susceptible to both 

classes of antimicrobials (Moore et al., 1999). Another RND pump, BpeAB-OprB, 

in the KHW strain is responsible for efflux of gentamicin, streptomycin and 

erythromycin, but not spectinomycin or clarithromycin (Chan et al., 2004). 

However, Mima & Schweizer showed that in the 1026b strain of B. pseudomallei 

deletion of BpeAB-OprB resulted in loss of efflux of erythromycin but not of 
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aminoglycosides such as gentamicin and kanamycin, although it is not known the 

reason behind such a stark difference between the strains (Mima et al., 2010). 

The last of the characterised RND efflux pumps is BpeEF-OprC which has been 

implicated in the efflux of chloramphenicol and trimethoprim (Kumar et al., 2006). 

Only three of the seven antimicrobial RND efflux pumps have been characterised; 

further work is needed to understand the substrates of the remaining four. 

Lastly, antibiotic inactivation of β-lactam antibiotics has been demonstrated by a 

chromosomally encoded Class A β-lactamase, PenA. Deletion of PenA in stain 

1026b resulted in a highly susceptible B. pseudomallei strain to antibiotics such 

as ampicillin, amoxicillin and carbenicillin (Rholl et al., 2011). Upregulation of 

PenA was found to increase resistance to ceftazidime and co-trimoxazole, but 

not to carbapenems such as meropenem, indicating that PenA in B. pseudomallei 

is selective in which β-lactam antibiotics it hydrolyses. Mutations in penA and its 

regulation have been identified in clinical isolates from Australia (Sarovich, Price, 

Von Schulze, et al., 2012) and Malaysia (Sam et al., 2009) resulting in 

development of resistance during treatment. 

1.3.4 Lipopolysaccharide 

The lipopolysaccharide (LPS) is a glycolipid molecule decorating the outside of 

the cell wall of Gram-negative bacteria. The LPS consists of three components, 

the lipid A, the core region and an O-antigen polysaccharide chain (OPS) 

(Sperandeo et al., 2009). The structure of the B. pseudomallei O-antigen was 

solved and found to be unbranched heteropolymers of repeating structures of -

3)-β-D-glucopyranose-(1-3)-6-deoxy-α-L-talopyranose-(1- and is referred to as 

type II O-PS (Knirel et al., 1992; Perry et al., 1995). The LPS biosynthesis cluster 

is found on Chromosome I (BPSL2672-BPSL2688) (Holden et al., 2004). A 

comprehensive study of 1327 isolates of environmental and clinical origin were 

investigated to determine the heterogeneity of LPS in B. pseudomallei isolates. 

Three serotypes of LPS have been found in B. pseudomallei, smooth typical type 

A LPS, smooth atypical type B LPS and rough LPS. The predominant serotype 

is smooth type A which accounts for 97% of all screened isolates and this consists 

of the characterised O-antigen moiety, type II O-PS. (Anuntagool et al., 2006). A 

variant of type B LPS, type B2, has now also been identified through genomic 

screening (Tuanyok et al., 2012). 
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Toll-like receptors (TLR) are crucial for the host detection of pathogens and 

stimulate the innate immune system up on infection. TLR4 is an important 

component of this response due to its ability to sense the LPS of Gram-negative 

pathogens (Beutler et al., 2003). B. pseudomallei is recognised by both TLR4 and 

TLR2 and this has been demonstrated in vitro, but in vivo TLR2 is responsible for 

the detection of LPS and host response to infection (Wiersinga et al., 2007). 

Further work has shown that only on deleting type II O-PS, does an increase in 

TLR4-dependent NF-κB activation occur (Sengyee et al., 2018), perhaps 

explaining the in vivo host reliance on TLR2 activation. Differential signalling 

between murine and human models has been shown with LPS-induced immune 

activation occurring solely through TLR4-in murine models, while additional TLR2 

activation also occurring in human models (Weehuizen et al., 2015), highlighting 

the importance of thorough research in different immune models. 

A Tn5 transposon mutant (insertion in wbiI, SRM117) deficient in type II O-PS 

was sensitive to killing in 30% non-human serum. SRM117 displayed a 10-fold 

reduction in virulence in both hamster and guinea-pig melioidosis models and 

100-fold less virulence in an infant diabetic rat model (DeShazer et al., 1998). 

This decrease in virulence is also seen in BALB/c mice with a 4-log increase in 

LD50 in an intraperitoneal injection model (Wikraiphat et al., 2009). Further studies 

with SRM117 determined that deletion of the type II O-PS resulted in increased 

uptake into RAW 264.7 murine macrophages. Intracellular counts decreased 

during early stages of infection, attributed to the activation of iNOS, while wild-

type infected macrophages failed to activate iNOS (Arjcharoen et al., 2007). 

These results indicate that the LPS, particularly the O-PS moiety, plays in 

important role in suppressing the host response during early stages of infection 

in vitro and resulting in attenuation in animal models of disease. 

1.3.5 Capsule polysaccharide 

Four putative capsule polysaccharide (CPS) regions have been identified in B. 

pseudomallei with genes involved in sugar biosynthesis and transport (Holden et 

al., 2004; Reckseidler-Zenteno et al., 2010; Sarkar-Tyson et al., 2007). The most 

characterised of these clusters is CPS I (BPSL2787-2810) as it has been found 

in all clinical isolates, indicating a conservation of this CPS amongst B. 

pseudomallei strains (Burtnick et al., 2012).The resulting product of this 

biosynthetic cluster is a high molecular weight unbranched polymer of -3)-2-O-
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acetyl-6-deoxy-β-D-manno-heptopyranose-(1-residues, also referred to as the 

type I O-PS (Knirel et al., 1992; Perry et al., 1995). The CPS is thought to be a 

major virulence determinant, with initial studies using subtractive hybridisation 

demonstrating a CPS I-mutant had an LD50 similar to that of B. thailandensis 

(Reckseidler et al., 2001). Further work with signature-tagged transposon 

mutants showed that CPS mutants were unable to establish infection in mice and 

had a significant increase in time to death (Atkins et al., 2002; Wikraiphat et al., 

2009). Upon infection, capsule expression is induced in the presence of serum, 

resulting in a decrease in levels of complement C3b deposition, thus reducing the 

activation of the complement cascade (Reckseidler-Zenteno et al., 2005). 

Deletion of the entire wcb capsule biosynthesis operon was successfully 

constructed by Warawa et al. indicating that capsule is non-essential for bacterial 

viability. This mutant showed no significant difference from the wild-type strain 

when tested in vitro in J774A.1 murine macrophages indicating that CPS I is not 

required for intracellular survival and replication of B. pseudomallei in a laboratory 

setting (Warawa et al., 2009). However, this mutant displayed a ~2-log increase 

in LD50 in an intranasal model in BALB/c mice. To determine the cause, 

colonisation of tissues was assessed and it was found that deletion of CPS I 

resulted in decreased bacterial counts in the blood and spleen, and decreased 

histopathology scores in the spleen and liver. This decrease in histopathology 

score is thought to be due to a decreased Th1 immune response to infection, 

which is usually stimulated by host recognition of the CPS I (Warawa et al., 2009). 

Further investigations into single components of capsule biosynthesis were 

conducted by Cuccui et al., where disruptions of 18 of the 25 genes in the CPS I 

coding region. Disruption of gmhA, wcbJ and wcbN resulted in strains which were 

unable to cause lethal disease following intranasal challenge. Immunisation 

studies with these strains resulted in increased time to death following challenge 

with wild-type B. pseudomallei indicating that sterilising immunity was not 

achieved (Cuccui et al., 2012). 

The remaining CPS clusters have been less thoroughly characterised with CPS 

II (or Type III O-PS) (BPSS0417-BPSS0429) not displaying a significant 

decrease in mean time to death in a BALB/c model, when a single gene, 

BPSS0421, was deleted (Sarkar-Tyson et al., 2007). Meanwhile, the role of CPS 

III (or Type IV O-PS) (BPSS1825-BPSS1835) is even less clear, with a significant 
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increase in mean time to death seen in BALB/c mice (Sarkar-Tyson et al., 2007), 

but no attenuation when compared to the wild-type strain in a Syrian hamster 

model of infection (Reckseidler-Zenteno et al., 2010). Further investigation into 

infected hamsters showed that the CPS III cluster was not significantly 

upregulated upon infection (Reckseidler-Zenteno et al., 2010), indicating that this 

O-PS does not play a role in virulence of B. pseudomallei in hamsters.  

1.3.6 Flagella 

The flagellin of B. pseudomallei is encoded by the fliC (BPSL3319) gene, thus 

enabling the bacterium to move throughout its environment. Deletion or 

inactivation of this gene results in a non-motile strain (Chua et al., 2003; 

Chuaygud et al., 2008; DeShazer et al., 1997; Wikraiphat et al., 2009). Initial 

studies to determine protective antigens, demonstrated that passive 

immunisation with anti-flagellin IgG provided 80% protection against a challenge 

of 104 CFU of B. pseudomallei in a diabetic rat model (Brett et al., 1994). 

Interestingly, disruption of the flagellin (Tn5 insertion) did not affect the virulence 

of mutant strains MM35 and MM36 in Syrian hamsters or in diabetic rats when 

challenged intraperitoneally (IP), leading DeShazer et al. to hypothesise that the 

flagellum or motility is not a virulence determinant but rather a protective antigen 

(DeShazer et al., 1997). Challenge of BALB/c mice by IP with a B. pseudomallei 

flagellin mutant also demonstrated no change in LD50 (Wikraiphat et al., 2009). 

Interestingly, deletion of fliC in the KHW strain of B. pseudomallei demonstrated 

no attenuation in A549 human epithelial cells or in C. elegans infection, but was 

attenuated in BALB/c mice in an intranasal model of infection, with decreased 

colonisation and mortality (Chua et al., 2003). This lack of in vitro attenuation 

shown by Chua et al. was found to be due to a centrifugation step during 

experimental procedures, as omitting this step resulted in decreased initial 

intracellular counts in both RAW 264.7 murine macrophages and A549 human 

epithelial cells (Chuaygud et al., 2008), indicating that the flagellum is needed to 

invade cells to begin its intracellular lifecycle (Figure 1.2). These studies show 

that the flagellin is not a virulence determinant in intraperitoneal infection but may 

play a role in intranasal infection. 
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Figure 1.2. Intracellular lifecycle of B. pseudomallei. B. pseudomallei possesses the ability to invade host cells or be actively phagocytosed by phagocytic cells (1). 
Following phagolysosome escape (2) bacteria sequester the necessary nutrients and undergo rapid bacterial division (3) to obtain high bacterial numbers. B. 
pseudomallei moves to the host cell membrane and induces membrane fusion (4) facilitating the formation of multi-nucleated giant cells (MNGC) (5) which are innately 
unstable resulting in host cell apoptosis allowing bacterial release and subsequent whole-body spread (6). 
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1.3.7 Adhesins 

Adhesion and subsequent invasion of host cells is a critical step to establishing 

disease (Figure 1.2). A total of 13 pilin-like clusters are encoded in the prototype 

K96243 strain of B. pseudomallei (Holden et al., 2004). Deletion of pilA which 

encodes for a type IV-A pilus (TFP) in strain K96243 made it unable to adhere or 

invade to the same extent as the parental strain in three human epithelial cell 

lines, A549, BEAs2-B and RPMI-2650 cells. Infection of the nematode, C. 

elegans, with a pilA mutant resulted in a delay to death of 58 hours compared to 

40 hours by the wild-type. Interestingly, this mutant showed no difference in 

BALB/c mice when an intraperitoneal model was assessed, but a delay in death 

was observed when challenged by the intranasal route and with a low bacterial 

challenge dose (Essex-Lopresti et al., 2005). A pilA mutant in the B. pseudomallei 

strain 08 did not demonstrate the same reduction in cellular adhesion/invasion as 

was described by Essex-Lopresti et al. but pilA was required for microcolony 

formation in this strain but only when grown at the lower temperature of 27°C 

(Boddey et al., 2006). These studies indicate that there are other factors involved 

in attachment and invasion of host cells or alternative pili play a joint role in B. 

pseudomallei. 

Autotransporters are outer membrane-anchored proteins, which have been 

implicated in multiple pathogenesis pathways, that can exist as a monomer or as 

a trimeric structures. Two B. pseudomallei autotransporters, BoaA and BoaB, 

have been determined to act as adhesins with mutants that have the genes 

encoding these proteins deleted, showing adecrease in adhesive ability to A549, 

Hep2 and NHBE human respiratory epithelial cells, but no change in intracellular 

survival. Interestingly, only in a double deletion mutant does intracellular survival 

become affected, indicating that these two autotransporters work together to 

allow the bacteria to adhere to respiratory cells (Balder et al., 2010). Another 

autotransporter protein, BpaC, played a role in adherence to NHBE cells by 

reducing adhesive capacity by 39%, but not to A549 or Hep2 cells. Deletion of 

BpaC did not result in a change in LD50 or bacterial burden in organs in BALB/c 

mice that were challenged via an aerosol route of infection (Lafontaine et al., 

2014). 
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1.3.8 Secretions systems 

Secretion systems are multi-protein complexes that have evolved to export 

virulence factors and effector proteins out of the bacterial cell. There are six main 

types of secretion systems in Gram-negative bacteria named Type I to Type VI. 

Secretion systems may be single or double membrane spanning and bacteria 

may have acquired more than one cluster of each class of secretion system 

(Costa et al., 2015).  

1.3.8.1 Type III Secretion Systems 

Three Type III Secretion Systems (T3SS) have been identified in the B. 

pseudomallei genome (Attree et al., 2001; Rainbow et al., 2002; Stevens et al., 

2002; Winstanley et al., 1999) with the gene codes listed in Table 1.3. T3SS-1 is 

homologous to a T3SS gene cluster found in Ralstonia solanacearum (Rainbow 

et al., 2002; Winstanley et al., 1999), while T3SS-2 is genetically similar to that of 

Xanthomonas spp (Attree et al., 2001; Rainbow et al., 2002). Interestingly, these 

bacterial species are well known plant pathogens, and deletion of the T3SS-1 

and T2SS-2 in B. pseudomallei resulted in significant delay to disease in tomato 

plantlets using an unwounded root infection model (Lee et al., 2010), indicating 

that there is the potential for B. pseudomallei to cause disease in plants. These 

two T3SS clusters however are not required for virulence in a Syrian golden 

hamster model of infection with deletion of the respective bsaZ homologue (a 

major internal membrane subunit) resulting in no significant difference in the LD50 

compared to the parental strain (Warawa et al., 2005). 

The third T3SS cluster was identified when bioinformatic analysis showed a 

putative T3SS with high levels of identity to the Inv/Mxi-Spa T3SS found in 

Shigella flexneri and the Inv/Spa-Prg of Salmonella typhimurium (Stevens et al., 

2002). The B. pseudomallei T3SS cluster was designated as Burkholderia 

secretion apparatus (Bsa) and genes of no known function within the T3SS-3 

locus were annotated as Bsa-associated proteins (Bap) (Stevens et al., 2002). 

Deletion of bsaZ (an internal membrane subunit), bipD (part of the translocation 

apparatus) and bopE (a putative secreted effector protein) revealed that 

apparatus components of the T3SS were required during intracellular infection. 

Deletion of bsaZ and bipD resulted in loss of the ability to infect J774A.2 murine 

macrophages, with further immunofluorescence investigation finding a lack of 
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membrane protrusions and actin tails in these deletion strains. Additionally, these 

two mutant strains were highly associated with LAMP-1 suggesting they could 

not escape the phagolysosome (Stevens et al., 2002), an important step of 

intracellular infection (as shown in Figure 1.2 part 2). This data was supported 

with deletion of bsaZ showing a 3-log increase in LD50 in Syrian golden hamsters 

indicating that T3SS-3 is required for virulence in animals (Warawa et al., 2005). 

Of note, T3SS-3 does not play a large role in virulence in plants (Lee et al., 2010). 

Further studies of putative secreted effectors of T3SS-3, bopA, bopB, and bopE, 

as well as the gene encoding an apparatus protein, bipD, were deleted and 

assessed in a BALB/c model of infection. Deletion of bopE did not result in any 

attenuation with time to death being 21 days compared to 20 days for the parental 

strain. Meanwhile, deletion of bopB and bopA delayed the median time to death 

to 30 and 32 days, respectively. The most significant change was with the bipD 

mutant with a median time to death of 50 days. This delay in time to death upon 

deletion of bipD was also shown in a highly susceptible C57BL6 IL-12 p40-/- 

mouse line (Stevens et al., 2004). Effector proteins from T3SS-3 do not appear 

to play a direct role in virulence in animals, but ongoing studies are beginning to 

elucidate their role in intracellular infection, with the effector, BopA, shown to 

mediate evasion of autophagy with deletion of the bopA gene resulting in 

increased co-localisation with LC3, a marker of autophagy (Cullinane et al., 

2008). 

Table 1.3. Type III Secretion System (T3SS) clusters in B. pseudomallei. 
Cluster Genes 

T3SS-1 BPSS1390-BPSS1408 

T3SS-2 BPSS1613-BPSS1629 

T3SS-3 BPSS1520-BPSS1554 

 
 

1.3.8.2 Type VI Secretions Systems 

B. pseudomallei encodes for six Type VI Secretion System (T6SS) clusters, 

which can be found in Table 1.4 (Schell et al., 2007). Five of these T6SS are 

found on Chromosome II and one is on Chromosome 1. These clusters share 
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high levels of identity with those found in B. mallei and B. thailandensis, but 

interestingly T6SS-4 is absent in B. thailandensis and T6SS-5 is absent in B. 

mallei (Schell et al., 2007) indicating that there is a specific role for these clusters 

in B. pseudomallei. T6SS are essential components for virulence in a variety of 

pathogens including Vibrio cholerae and Francisella tularensis (Miyata et al., 

2011; Rigard et al., 2016), as they are contact-dependent secretion apparatuses 

that inject toxins into eukaryotic cells (Sana et al., 2017). 

Expression of T6SS in B. pseudomallei is tightly controlled, with only T6SS-6 

showing detectable levels of expression in nutrient broth (Burtnick et al., 2011). 

Meanwhile, a 12-fold increase in expression of T6SS-1 is detected in infected 

macrophages when using a tssI-lacZ fusion (Shalom et al., 2007). This activation 

of the T6SS-1 is mediated by the VirAG two-component system which senses 

host intracellular signals, thus activating transcription of genes in the T6SS-1 

such as hcp1, tssAB and vgrG (Chen et al., 2011). The hemolysin-coregulated 

protein, or Hcp, forms hexameric rings, which comprise of the inner tube of the 

contractile needle at the tip of the T6SS. Additionally, Hcp is a secreted substrate 

of the T6SS and can act as a chaperone for substrates, including itself (Lim et 

al., 2015; Silverman et al., 2013). The genes encoding the Hcp proteins were 

deleted in B. pseudomallei to determine which cluster of T6SS was important in 

virulence. Only hcp1 was required for virulence in a Syrian hamster model of 

infection, with no animals succumbing to disease even when challenged with 103 

CFU, well above the LD50 of the wild-type strain. This mutant, Δhcp1, also 

displayed decreased intracellular counts and was less cytotoxic to RAW264.7 

murine macrophages. This was corroborated using immunofluorescence staining 

which showed a defect in intracellular spread with an inability for form multi-

nucleated giant cells (MNGC) (Burtnick et al., 2011), an important step in infection 

spread (Figure 1.2). 

The precise role of the remaining five T6SS clusters is still the subject of ongoing 

research as it appears that only Cluster 1 is essential for murine virulence. A 

MarR transcription factor (tctR) negatively regulates the expression of T6SS-2 

but positively regulates T6SS-6, with ΔtctR being indistinguishable from wild-type 

in a Syrian hamster model (Losada et al., 2018). T6SS-2 is implicated in zinc and 

manganese transport in response to oxidative stress, and works in a contact-

independent manner (DeShazer, 2019). It is clear that the breadth of T6SS 
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clusters encoded by B. pseudomallei are promoting response and survival in 

multiple environments. 

 

Table 1.4. Type VI Secretion System clusters in B. pseudomallei. Clusters were originally 
determined and numbered by homology to T6SS found in B. mallei (Schell et al., 2007). The 
alternative names were published by Shalom et al. that same year (Shalom et al., 2007). Both 
are widely used in the literature. 

 

1.3.9 Immunophilins 

Two immunophilin proteins belonging to the FK506-binding partner family have 

been shown to play a role in virulence in B. pseudomallei. Inactivation of the gene 

encoding one of these, the macrophage infectivity potentiator (Mip) protein, 

showed reduced survival in J774A.1 murine macrophages and A549 human lung 

epithelial cells (Norville et al., 2011). A mip mutant was also sensitivity to low pH 

and was immotile, ultimately resulting in attenuation in a BALB/c mouse model 

(Norville et al., 2011). The other immunophilin, BPSL0918, upon deletion showed 

attenuated growth in bone marrow-derived macrophages and ultimately was less 

virulent in BALB/c mice (Norville et al., 2011). 

 

 

Cluster Alternative name Genes 

T6SS-1 tss-5 BPSS1496-BPSS1511 

T6SS-2 tss-4 BPSS0515-BPSS0533 

T6SS-3 tss-6 BPSS2090-BPSS2109 

T6SS-4 tss-3 BPSS0166-BPSS0185 

T6SS-5 tss-2 BPSS0091-BPSS0117 

T6SS-6 tss-1 BPSL3096-BPSS3111 
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1.4 Immunophilins; a family of peptidyl-prolyl cis-trans 
isomerases 

Protein function can only occur when a polypeptide chain is organized into its 

correct conformation. Incorrect protein structures can lead to aggregate formation 

and polypeptide chains are slated for cleavage and destruction (Tyedmers et al., 

2010). Conversion of most amino acids between a cis and a trans isomer occurs 

quite rapidly, but it is not the case with xaa-proline. The conversion of the bond 

preceding a proline requires large amounts of energy, thus requiring enzymatic 

intervention. As a result the cis-trans isomerization of peptide bonds preceding a 

proline residue is known to be a rate-limiting step in protein folding (Brandts et 

al., 1975; Lang et al., 1987). An enzyme superfamily called the immunophilins 

have evolved to exhibit peptidyl-prolyl cis-trans isomerase, or PPIase, activity (EC 

5.2.1.8) which enables the catalysis of this inherently slow cis-trans reaction to 

occur, thus allowing the rate of protein folding to increase (Figure 1.3) (Schiene-

Fischer et al., 2001). As well as facilitating protein folding, PPIases can play roles 

as protein chaperones and in cell-division activities (Fischer et al., 2003). The 

immunophilin superfamily is classified into three subfamilies based on their 

PPIase activity to be inhibited by a cognate inhibitor. These subfamilies include: 

the FK506 binding proteins (FKBPs), parvulins and cyclophilins, of which all are 

found in both eukaryotic and prokaryotic cells.  

 

 

Figure 1.3. Cis to trans isomerization of xaa-proline bonds. The PPIase activity of the 
immunophilins catalyze the cis-trans isomerisation of the peptide bonds preceding a proline 
residue in a polypeptide chain. P1 = peptide chain 1 and P2 = peptide chain 2. Adapted from 
Scheuplein et al. (Scheuplein et al., 2020). 
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1.4.1 FK506-binding proteins 

The FK506-binding proteins, or FKBPs, are inhibited by the immunosuppressive 

macrolide antibiotics FK506 and rapamycin. FK506 is a polyketide produced by 

Streptomyces tsukubasesis (Kino et al., 1987; Tanaka et al., 1987) while 

rapamycin is produced by Streptomyces hygroscopicus (Swindells et al., 1978). 

A total of 18 known mammalian FKBPs have been identified to date, including 

the cytosolic FKBP12 (Ghartey-Kwansah et al., 2018). FKBP12 was the first 

identified human FKBP as it was found to be the binding target of the 

immunosuppressant drugs FK506 and rapamycin (Harding et al., 1986; Harrison 

et al., 1990; Siekierka et al., 1989). FKBP12 complexes with these drugs which 

in turn binds to calcineurin when complexed with FK506 (Liu, Farmer Jr, et al., 

1991) or to mammalian target of rapamycin (mTOR) when complexed with 

rapamycin (Chiu et al., 1994; Kolos et al., 2018), thus eliciting an 

immunosuppressive effect. 

Investigations into the roles of human FKBPs have revealed numerous 

interactions with physiological pathways. FKBP12 modulates the gating 

properties of ryanodine receptor (RyR) and inositol 1,4,5-triphosphate receptor 

(IP3R) which mediates calcium release from the endoplasmic reticulum 

(Cameron et al., 1995; Timerman et al., 1993; Tong et al., 2016). Other signalling 

pathways such as the transforming growth factor β (TGF-β) pathway are 

influenced by FKBP12 (Chen et al., 1997; Wang et al., 2004), while FKBP38 

negatively regulates the sonic hedgehog signalling pathway (Bulgakov et al., 

2004; Cho et al., 2008). FKBPs demonstrate PPIase-independent activity with 

FKBP51 and FKBP52 co-chaperoning proteins with heat shock protein 90 

(Hsp90) (Pirkl et al., 2001; Riggs et al., 2003) while FKBP38 is able to chaperone 

the anti-apoptotic protein, Bcl-2 (Kang et al., 2005). This chaperone activity and 

subsequent interaction of FKBP38 with Bcl-2 suppresses apoptosis by 

recruitment of Bcl-2 to the mitochondrial membrane (Shirane et al., 2003). 

In addition to modulating physiological functions within the human cell, FKBPs 

are associated with several pathologies such as cardiovascular disease, cancer 

and neurodegeneration (Bonner et al., 2017). The interaction of FKBP12 and 

FKBP12.6 with RyR2 in cardiac muscle is essential for correct muscle contraction 

and excitation. Aberrations in this interaction can lead to cardiac disease and 

cardiac arrhythmia (MacMillan, 2013; Marx et al., 2000). Suppression of FKBP38 
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can lead to the destabilisation of Bcl-2 and contribute to cancer development 

(Choi et al., 2010), while both proteins interact with mTOR whose dysregulation 

can lead to cellular growth and proliferation (Bai et al., 2007; Liu et al., 2013). 

Additionally, increased expression of FKBP12 has been found in brains of 

patients with Alzheimer’s, Parkinson’s and dementia, indicating that neurological 

syndromes can also be attributed to dysregulation of FKBPs (Avramut et al., 

2002). 

1.4.2 Parvulins 

Parvulins were the most recently discovered PPIase subfamily, with Rahfeld et 

al. discovering a 10.1 kDa PPIase in the periplasm of E. coli that was not 

inhibitable by FK506 or Cyclosporin A (Rahfeld et al., 1994). Following compound 

library screening it was found that the cognate inhibitor of this subfamily was 

juglone (5-hydroxy-1,4-naphtoquinone) which unlike FK506 or Cyclosporin A, 

binds irreversibly with parvulin proteins (Hennig et al., 1998). Three members of 

the parvulin subfamily have been identified in humans, PIN1, Par14 and Par17 

(Lu et al., 1996; Mueller et al., 2006; Rulten et al., 1999; Uchida et al., 1999). 

PIN1 is involved in many cellular functions including transcriptional regulation, 

mitotic cell control and phosphorylation-dependent signal transduction pathways 

(Arévalo‐Rodríguez et al., 2000; Ryo et al., 2003; Winkler et al., 2000; Wu et al., 

2000). PIN1 interacts with the Never In Mitosis (NIMA) kinase which is important 

in cell-cycle progression (Lu et al., 1996). Due to its role in various cellular 

functions, drug development against PIN1 as a novel anti-cancer therapy is 

underway (Lu, 2003). Expression of PIN1 is generally low in human tissues, with 

upregulation during cellular proliferation (Bao et al., 2004; Shen et al., 1998), but 

its overexpression has been linked to enhancement of cancer progression by 

causing uncontrolled cell proliferation and malignant cell transformation (Ryo et 

al., 2003; Shen et al., 2005; Shen et al., 2008). Knockout and knockdown studies 

of PIN1 in cancer cell lines leads to mitotic arrest and subsequent apoptosis (Lu 

et al., 1996; Rippmann et al., 2000) highlighting a promising lead in novel anti-

cancer therapies. The cognate inhibitor of PIN1, juglone, demonstrates in vitro 

efficacy against cancer cell proliferation (Kanaoka et al., 2015), but off-target 

effects such as inhibition of RNA polymerase II limits its use (Chao et al., 2001; 

Fila et al., 2008). Alternative inhibitors of PIN1 such as All-trans retinoic acid 

(ATRA) and arsenic trioxide (ATO) are currently being tested, with these 
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molecules already being approved by the FDA for treatment of acute 

promyelocytic leukaemia (APL) (Kozono et al., 2018; Wei et al., 2015).  

1.4.3 Cyclophilins 

The cyclophilin subfamily was the first characterized PPIase discovered 

concurrently by two independent groups. Fischer et al. isolated a cyclophilin 

protein from porcine kidney (Fischer et al., 1984) while Harding et al. sought to 

determine the binding partner to the immunosuppressant undecapeptide 

Cyclosporin A (CsA) (Harding et al., 1986). These proteins were then found to be 

identical (Fischer et al., 1989). Cyclosporin A is produced by the fungus 

Tolypocladium inflatum and has been used as an immunosuppressant drug since 

the early 1980s (Borel, 1986). The prototypic cytosolic cyclophilin A (CypA or 

Cyp18), which when bound to Cyclosporin A forms a complex which binds with 

calcineurin and inhibits its phosphatase activity and blocks T cell activation (Liu 

et al., 1991; Wang et al., 2005). Cyclophilin proteins have been found in all other 

cellular compartments such as the endoplasmic reticulum, mitochondria and 

nucleus (Wang et al., 2005). CypA is thought to be one of the most abundant 

proteins in the human cell making up between 0.1-0.4% of all cytosolic proteins 

(Harding et al., 1986). Cytosolic roles of CypA include procollagen I and 

transferrin folding (Lodish et al., 1991; Steinmann et al., 1991), trafficking of 

proteins such as apoptosis-inducing factor, CD147 and fructose-1,6-

biphosphatase (Brown et al., 2001; Pushkarsky et al., 2005; Tanaka et al., 2011; 

Zhu et al., 2007), T-cell activation via IL-2 tyrosine kinase (Colgan et al., 2005) 

and cell signalling through ERK1/2, NF-κB and E-selectin (Colgan et al., 2005; 

Jin et al., 2004; Jin et al., 2000; Satoh et al., 2008). Meanwhile, CypA has also 

been shown to be secreted under inflammatory stimuli (Jin et al., 2000; Seko et 

al., 2004; Sherry et al., 1992; Suzuki et al., 2006). Secreted CypA has been 

shown to be involved in human pathologies such as rheumatoid arthritis (Billich 

et al., 1997; Kim et al., 2005; Wang et al., 2010; Yang et al., 2008) and asthma 

(Gwinn, 2006; Stemmy et al., 2010; Stemmy et al., 2011). Other disease 

pathologies such as diabetes (Ramachandran et al., 2012), coronary artery 

disease (Satoh et al., 2013), Alzheimers (Jin et al., 2000; Satoh et al., 2010; 

Satoh et al., 2009) and cancer (Yang et al., 2007) have also been attributed to 

the activity or over-expression of CypA.  
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Interestingly, human CypA has been found to be essential for viral replication of 

a variety of viruses. Cyclophilin A interacts with the Human Immunodeficiency 

Virus (HIV) capsid proteins (Luban, 2007) and its knockdown results in decreased 

HIV replication (Braaten et al., 2001). Enhancement of Hepatitis C virus (HCV) 

replication is reliant on CypA (Tellinghuisen et al., 2007) and knockdown studies 

significantly decrease RNA replication and expression of viral proteins (Chatterji 

et al., 2009). Other notable interactions of CypA with viruses include influenza A 

virus (Liu et al., 2009), SARS-CoV (Luo et al., 2004) and Hepatitis B virus (HBV) 

(Tian et al., 2010). Development of non-immunosuppressive inhibitors, such as 

Alispovir, for the treatment of viral infections has reached Phase III clinical trials 

for the treatment of HCV (Flisiak et al., 2009).  

1.5. Immunophilins in bacteria 

1.5.1 FKBPs in bacteria 

There are three FK506 binding proteins associated with bacteria; trigger factor, 

sensitive to lysis protein D (SlyD) and the macrophage infectivity potentiator (Mip) 

protein. The Mip protein is the most thoroughly characterised protein, with small 

molecule compounds being designed to inhibit Mip proteins in pathogenic 

bacteria (Scheuplein et al., 2020). Relatively few studies have looked at the effect 

of removing trigger factor and SlyD proteins. Interestingly, trigger factor is the 

only PPIase found in the minimal genome of Mycoplasma genitalium potentially 

indicating its importance within the cell (Bang et al., 2000). Despite this, 

mutagenesis studies have been carried out in bacterial species such as 

Streptococcus pyogenes and Listeria monocytogenes. RopA (trigger factor) in S. 

pyogenes is required for the maturation and expression of secreted cysteine 

proteinase (SCP), an important extracellular proteinase involved in virulence 

(Lyon et al., 1998), although in vitro studies were conducted with a ΔropA mutant. 

In L. monocytogenes deletion of tig resulted in rapid elimination from mice 

spleens and livers six days post infection (Bigot et al., 2006). Meanwhile, deletion 

of trigger factor from B. subtilis and E. coli does not result in a discernible 

phenotype under the conditions tested (Deuerling et al., 1999; Göthel et al., 

1998). 

The Mip protein has been studied in numerous Gram-negative pathogens such 

as L. pneumophila (Cianciotto et al., 1989; Cianciotto et al., 1990; Helbig et al., 
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2001; Köhler et al., 2003; Rasch et al., 2019), B. pseudomallei (Norville et al., 

2011), Neisseria gonorrhoeae (Leuzzi et al., 2005; Reimer et al., 2016), 

Salmonella enterica (Horne et al., 1997) and Chlamydia trachomatis (Lundemose 

et al., 1993; Reimer et al., 2016). The L. pneumophila Mip was the first identified 

Mip protein and was found to be essential to survival in explanted human alveolar 

macrophages with 1.5-log fewer bacteria obtained after 24 hours (Cianciotto et 

al., 1989) and was attenuated in an intra-tracheal guinea pig model of infection, 

with greater animal survival using both high and low challenge doses (Cianciotto 

et al., 1990). Deletion of mip in the B. pseudomallei AI strain had pleiotropic 

effects on virulence. Survival in A549 epithelial cells was severely diminished, 

with a 60-fold decrease in intracellular counts up to 24 hours post-infection. In 

J774A.1 murine macrophages the mip mutant was able to infect at the same rate 

as the parent strain, but intracellular numbers were significantly fewer by 24 hours 

post-infection. Growth at pH 4 was diminished with a 4-log decrease in bacterial 

survival following exposure for 24 hours, and swarming motility was abolished. 

These changes to known virulence factors cumulated in severe attenuation in a 

BALB/c model of infection with 50% of animals surviving 35 days post challenge 

while all wild-type mice had succumbed to infection (Norville et al., 2011). 

1.5.2 Parvulins in bacteria 

The Gram-positive parvulin PrsA plays a role in the folding of secreted proteins 

into their correct structure. Deletion in B. subtilis results in decreased secretion 

of α-amylase and subtilisin (Jacobs et al., 1993), while in S. aureus there is 

decreased secreted protease and phospholipase activity (Keogh et al., 2019; 

Wiemels et al., 2017). Meanwhile, Listeria monocytogenes, encodes for two PrsA 

homologues, PrsA1 and PrsA2. The role of PrsA1 has yet to be elucidated but 

deletion of the prsA2 gene in L. monocytogenes results in decreased invasion of 

murine macrophages, an 80% reduction in plaque size in L2 fibroblast cells. 

Levels of secreted factors listeriolysin O (LLO) and a broad-specificity 

phospholipase (PC-PLC) were decreased on deletion of PrsA2, both of which are 

important for virulence in L. monocytogenes. The prsA2 gene is also important 

for establishing an infection in vivo with the mutant strain demonstrating a 5-log 

and 6-log decrease in bacterial burden seen in the liver and spleens of Swiss 

mice using an intravenous model of infection (Alonzo et al., 2010; Alonzo et al., 

2009; Alonzo III et al., 2011). 
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E. coli is the most studied organism in parvulin research. Initial studies looked at 

mutations in the parvulin gene, surA, with these mutants having a slightly 

increased doubling time of 60 min at 30°C (vs 45 min) and were highly susceptible 

to novobiocin and detergents indicating membrane instability and a change in the 

composition of outer membrane proteins (Dartigalongue et al., 1998; Missiakas 

et al., 1996; Tormo et al., 1990). An increased susceptibility to novobiocin was 

also seen in a surA mutant constructed in a uropathogenic strain of E. coli, UTI89. 

This pathogenic strain of E. coli also displayed decrease in haemagglutination of 

guinea pig erythrocytes as well as a reduction in binding and invasive ability 

against 5637 human bladder epithelial cells (Watts et al., 2008), indicating that 

results seen in mutants constructed in cloning strains of E. coli such as K12 also 

apply to pathogenic strains. Deletion of SurA in other pathogenic bacteria has 

also resulted in virulence attenuation. In Shigella flexerni, mutants lacking surA 

displayed a reduced ability to produce plaques in Henle epithelial cells, as well 

as a decreased presentation of the outer membrane protein, IcsA (VirG) on its 

surface. IcsA is an autotransporter and is required for S. flexneri to spread from 

cell to cell (Purdy et al., 2007). The Salmonella enterica serovar Typhimurium 

surA mutant displayed decreased adhesive and invasive capability in human 

epithelial type 2 (HEp-2) cells as well being highly attenuated when administered 

orally in BALB/c mouse infection model. SurA proved to be a good vaccine 

candidate, with protection conferred against wild-type bacteria following 

immunization studies with the ΔsurA strain (Sydenham et al., 2000). Lastly, SurA 

also plays a role in virulence in Yersinia pseudotuberculosis. Deletion of surA 

increased susceptibility to vancomycin, bacitracin and bile salts, as well as 

several detergents. Y. pseudotuberculosisΔsurA displayed a 40-fold decrease in 

its ability to adhere to HeLa epithelial cells (Obi et al., 2013), and could only cause 

asymptomatic disease in BALB/c mice (Obi et al., 2011).  

1.5.3 Cyclophilins in bacteria 

Bacterial cyclophilins were first reported in the early 1990’s (Herrler et al., 1992; 

Herrler et al., 1994; Liu et al., 1990). Since then, advances in molecular 

techniques have allowed a more thorough understanding in the role of 

cyclophilins in bacteria. Bacteria encode for a maximum of two cyclophilins, a 

periplasmic (Gram-negative) or outer membrane (Gram-positive) PpiA and a 

cytoplasmic PpiB. Many of these cyclophilins have now been structurally and 
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functionally characterised (Dimou et al., 2017), but much work still needs to be 

done. Table 1.5 provides a summary of the phenotypes displayed upon deletion 

of cyclophilin proteins from pathogenic bacteria. 
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Table 1.5 Overview of the phenotypes of cyclophilin mutants in bacteria. 
Bacteria Gene Phenotype Reference 
Bacillus subtilis ppiB -No phenotype under tested conditions 

-ΔtigΔppiB double mutant displayed decreased growth under 
minimal conditions 

(Achenbach et al., 1997; 
Göthel et al., 1998; 
Herrler et al., 1992; 
Herrler et al., 1994) 

Enterococcus 
faecalis 
 

ef1534 -Decreased viability in saline 
-Grows better under oxidative stress and high levels of manganese 
-Attenuated in a Galleria mallonella model 
-2-log decrease in ability to colonise the kidney in BALB/c mice 

(Reffuveille et al., 2012; 
Reffuveille et al., 2011) 

ef2898 -No phenotype under tested conditions (Reffuveille et al., 2012) 
Streptococcus 
mutants 

ppiA -More readily phagocytosed by differentiated THP-1 monocytes 
-Suppressed MARCO-dependent mediated phagocytosis 

(Mukouhara et al., 2011) 

Streptococcus 
pneumoniae 

slrA -Decreased ability to colonise the nasopharynx and airways of mice 
-Decreased ability to adhere to epithelial and endothelial cells 

(Hermans et al., 2006) 

Streptococcus 
gordonii 

ppiA -11-fold increase in phagocytic uptake in macrophages (Cho et al., 2013) 

Staphylococcus 
aureus 

ppiB -Decreased nuclease activity and haemolysin activity 
-14-fold decrease in bacterial numbers in BALB/c mice and 
decreased overall organ burdens 
-Decreased survival in RPMI2650 epithelial cells 48 hours post-
infection 
-Reduced formation of αPSMs 

(Keogh et al., 2019; 
Keogh et al., 2018; 
Wiemels et al., 2017) 

Clostridioides 
difficile 

ppiB -Decreased tolerance to cysteine (Ünal et al., 2019) 
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Bacteria Gene Phenotype Reference 
-Increased toxin production leading to high levels of cytotoxicity in 
NIH-3T3 mouse fibroblast cells 
-Increased susceptibility to amoxicillin 

Legionella 
pneumophila 

lcy/ppiB -Decreased growth at 16 °C 
-Decreased intracellular survival in Acanthameoba castellanii model 
of infection 

(Rasch et al., 2019; 
Schmidt et al., 1996; 
Söderberg et al., 2008) 

lpg1962 -No phenotype under tested conditions (Rasch et al., 2019; 
Söderberg et al., 2008) 

Escherichia coli 
 

rotA/ppiA -Increased biofilm (PPIase activity independent) 
-Increased swimming motility 

(Skagia et al., 2017) 

ppiB -Increased swarming and swimming motility 
-Increased biofilm production 
-Cellular filamentation 

(Skagia et al., 2017; 
Skagia et al., 2017; 
Skagia et al., 2016) 

Acinetobacter baylyi rotA -No phenotype under tested conditions (Kok et al., 1994) 
Brucella abortus BAB1_1118 

(cypA) 
-Decreased growth at 23 °C and in the presence of environmental 
stresses 
-Unable to survive in HeLa epithelial cells 
-10-fold decrease in bacterial load at 12 weeks post-infection in a 
chronic BALB/c model 

(Roset et al., 2013) 

BAB1_1117 
(cypB) 

(Roset et al., 2013) 
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1.5.3.1 Cyclophilins in Gram-positive bacteria 

1.5.3.1.1 Staphylococcus aureus 

The cytoplasmic cyclophilin, PpiB, of S. aureus has been well characterised in 

recent years. It has been shown to be an active PPIase and can be inhibited by 

CsA (Wiemels et al., 2017). Deletion of ppiB in S. aureus resulted in a decrease 

in secreted nuclease (Nuc) activity, but not of secreted protein levels indicating 

that PpiB plays a role in the folding of the Nuc protein into its active form. This 

was confirmed using a modified refolding assay that showed an increase in active 

Nuc protein following the addition of recombinant PpiB to denatured Nuc protein 

(Wiemels et al., 2017). Nuc refolding is dependent on PPIase activity, with an 

inactive PpiB-F64A protein unable to refold Nuc to levels seen with active PpiB 

(Keogh et al., 2018). Another important secreted factor of S. aureus is the alpha 

phenol-soluble modulins (αPSMs) which are responsible for erythrocyte 

haemolysis. The ΔppiB mutant strain displayed a decrease in erythrocyte 

haemolysis, due to a 1.5-fold decrease in secreted αPSMs (Keogh et al., 2019; 

Wiemels et al., 2017). In vitro characterisation showed a small decrease in 

intracellular counts following infection with ΔppiB in THP-1 human monocytes 

and RPMI2650 epithelial cells (Keogh et al., 2019).The mutant strain was tested 

in two BALB/c infection models, systemic and abscess formation. Seven days 

following subcutaneous injection of 106 CFU ΔppiB resulted in abscesses with 

14-fold fewer viable bacteria, while an inactive PpiB protein complement showed 

no difference to the wild-type strain indicating that this virulence decrease seen 

up on deletion of ppiB is not due to its PPIase activity (Keogh et al., 2018). These 

findings were corroborated in a systemic model of disease with significant 

decreases in bacterial burden in the kidney, heart, spleen, liver and lungs (Keogh 

et al., 2019). 

1.5.3.1.2 Streptococcus spp. 

Streptococcus species such as S. mutans and S. gordonii encode for outer 

membrane cyclophilins, PpiA, which are anchored by the Lgt enzyme (Cho et al., 

2013; Mukouhara et al., 2011). S. pneumoniae also encodes a homologous 

protein called SlrA, which is an active PPIase and is inhibited by CsA, thus 

making it a cyclophilin (Hermans et al., 2006). Deletion of S. pneumoniae slrA 

resulted in decreased adherence to human epithelial cells such as HUVEC, A549 
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and Detroit 562 cells, but interestingly an increase in internalisation by 

professional phagocytic cells such as J774 murine macrophages was observed 

(Hermans et al., 2006). This phenotype was also observed in a S. mutansΔppiA 

which was phagocytosed by THP-1 human monocytes 3.2-fold higher than the 

wild-type strain, and 5-fold high in murine peritoneal macrophages (Mukouhara 

et al., 2011). An 11-fold and 45-fold increase in phagocytosis of S. gordoniiΔppiA 

was seen in these same respective cell lines (Cho et al., 2013). Investigation into 

the cause of this increase in phagocytosis was found that transcription of the host 

class A scavenger receptor, MARCO, was upregulated to a greater extent when 

exposed to a ΔppiA mutant in both S. gordonii and S. mutans (Cho et al., 2013; 

Mukouhara et al., 2011), indicating that PpiA in these species plays an anti-

phagocytic role. In S. pneumoniae this translates to a decreased capacity of ΔslrA 

to colonise CD-1 mice when a co-infection assay with a wild-type strain was 

performed, although there was no significant difference in overall disease 

(Hermans et al., 2006). The outer membrane cyclophilins in Streptococcal 

species appear to play an important role in interaction with the host upon infection 

to facilitate a repressed uptake of bacteria. 

1.5.3.1.3 Enterococcus faecalis 

Enterococcus faecalis encodes for two cyclophilin-like proteins, ef1534 and 

ef2898. Deletion of the cytoplasmic ef2898 did not result in any discernible 

phenotype under the tested conditions and the double mutant with ef1534 

displayed a phenotype similar to that of a single ef1534 mutant (Reffuveille et al., 

2012). The lipoprotein ef1534 displayed 65% similarity to SlrA of S. pneumoniae 

(Reffuveille et al., 2011). Viability in 28.5% saline solution decreased 2.5-fold up 

on deletion of ef1534. Infection of G. mellonella with 1.5 x 106 CFU Δ1534 

resulted in ~20% increase in survival of larvae 20 hours post-injection. 

Furthermore, a 2-log decrease in bacterial colonisation of the kidney of BALB/c 

mice was seen 7 days after infection with Δ1534, with a slight decrease in liver 

bacterial burden (Reffuveille et al., 2012).  

1.5.3.1.4 Clostridioides difficile 

The anaerobic spore forming bacillus C. difficile encodes for a single PpiB protein. 

This putative cyclophilin was deleted in strain 630 Δerm. In vivo crosslinking 

experiments identified 38 possible interacting partners of PpiB including the 
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complete pathway for phenylalanine and leucine fermentation, carbon 

metabolism and CysK, which is the last enzyme involved in cysteine biosynthesis. 

These interactions were verified using a Bacterial Two-Hybrid (BacTH) system 

indicating that PpiB interacts directly with CysK, Flic and Lrp. Site-directed 

mutagenesis of Lrp showed that replacement of the fifth proline residue, P87A, 

abolished interaction between PpiB and Lrp. The mutant strain, ΔppiB, displayed 

a delayed growth phenotype when grown in BHIS media supplemented with L-

cysteine. This growth defect was restored on complementation of PpiB. 

Interestingly, this mutant showed 2.8- and 2.3-fold increased production of the 

toxins, TcdA and TcdB respectively,compared to the wild-type strain. Microscopy 

of toxin-exposed NIH-3T3 cells showed marked actin depolymerisation and cell 

rounding, with restoration of cellular structure upon overexpression of PpiB in the 

complemented strain (Ünal et al., 2019). 

1.5.3.2 Cyclophilins in Gram-negatives 

1.5.3.2.1 Escherichia coli 

The periplasmic cyclophilin protein in E. coli, PpiA, was deleted and an increase 

in biofilm production and swimming motility was observed. Site-directed 

mutagenesis of the PpiA protein determined that the negative modulation of 

biofilm was PPIase-independent with inactive PpiA variants such as L137F 

unable to restore wild-type levels of biofilm produced when used to complement 

ΔppiA (Skagia et al., 2017). Interestingly, deletion of the cytoplasmic cyclophilin, 

ppiB, also resulted in a 2-fold increase in biofilm production, swarming and 

swimming motility (Skagia et al., 2016). Unlike PpiA, PPIase activity of PpiB is 

needed for the negative modulation of biofilm production, but activity is not 

needed for swimming motility (Skagia et al., 2017). Bacterial cell morphology was 

affected upon deletion of ppiB, with marked elongation of the bacterial cell, a 

phenotype which was also observed with the over-expression of PpiB. Division 

proteins, FtsZ and ZipA, are expressed significantly less in ΔppiB during 

exponential phase which may explain the cellular elongation. Lastly, PpiB was 

shown to interact with FtsZ and was able to suppress its GTPase activity (Skagia 

et al., 2017).  
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1.5.3.2.2 Brucella abortus 

Brucellosis is a disease with both an acute and chronic phase, similar to that of 

melioidosis. Roset et al. constructed a double cyclophilin knock-out to study the 

effect of both cyclophilins on the virulence of B. abortus. Both cyclophilin proteins 

are differentially expressed in intracellular bacterial cells harvested from 

macrophages with CypA 18-fold higher and CypB 1.8-fold higher than in non-

intracellular bacteria . Knockout of both cyclophilin proteins resulted in decreased 

ability to grow at low temperatures (23°C). The double deletion mutant, ΔcypAB, 

displayed a 2.5-fold decrease in CFU following exposure to acid, 69 % more 

sensitive to oxidative stress and, was more sensitive to anionic and zwitterionic 

detergents. Infection of HeLa epithelial cells is attenuated in the double mutant 

with a 50-fold decrease in intracellular bacteria up to 48 hours post-infection, with 

ΔcypAB unable to reach its replicative niche. Infection of BALB/c mice showed 

that ΔcypAB was unable to colonise 12 weeks post-infection with 10-fold 

decrease in bacteria counts in the spleen. In all experimental procedures, 

complementation with a single cyclophilin protein restored the phenotype to wild-

type levels indicating that the presence of a single cyclophilin protein is enough 

to restore balance within the bacterial cell (Roset et al., 2013). Although a 

drawback of this study is the lack of single cyclophilin mutants to determine the 

effect of a single cyclophilin knock-out.  

1.5.3.2.3 Legionella pneumophila 

Legionella pneumophila encodes for two cyclophilin proteins, the cytoplasmic 

ppiB or lcy, and the periplasmic lpg1962 or ppiA. Both cyclophilin proteins are 

secreted following growth at low temperature (Söderberg et al., 2008). Single 

cyclophilin mutants showed that deletion of ppiB resulted in reduced bacterial 

counts following growth at 17°C, while deletion of lpg1962 did not impair low 

temperature growth. A double deletion mutant showed a phenotype comparable 

to that of the ppiB mutant (Rasch et al., 2019; Söderberg et al., 2008). An earlier 

study by Schmidt et al. deleting the lcy gene from the Philadelphia I JR32 strain 

of L. pneumophila demonstrated that loss of this gene resulted in a 10-fold 

decrease in bacteria recovered from Acanthamoeba castellani cells 48 hours post 

infection (Schmidt et al., 1996). Further studies showed that a ΔppiB mutant was 

unable to survive in human THP-1 monocytes as well as the wild-type strain with 

a 200-fold decrease in intracellular counts (Rasch et al., 2019). These studies 
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highlight the role of ppiB in virulence and in promoting growth at low 

temperatures. 

 

1.6 Enzymatic activity of immunophilins 

Functional characterisation of PPIase enzymes consists of purification of 

recombinant protein followed by determination of its catalytic efficiency at 

converting a synthetic substrate from a cis to a trans conformation (Kcat/Km). 

Following this, the class of immunophilin is determined by identifying its inhibitory 

partner and calculating an inhibitory constant (Ki). Other activities such as 

chaperone activity can be evaluated by using a chaperone assay such as the 

citrate synthase aggregation assay. 

The measurement of PPIase activity is predominantly conducted using 

tetrapeptide substrates containing a proline residue with a variety of preceding 

amino acids. Dissolving these tetrapeptides in dimethyl sulfoxide (DMSO) results 

in a cis to trans ratio of 40% to 60%, and the conversion of these cis isomers to 

trans can be measured with a spectrophotometer (Figure 1.4). Two such assays 

exist, a protease-coupled and a protease uncoupled PPIase assay (Fischer et 

al., 1984; Janowski et al., 1997). Alternatively, PPIase activity can be measured 

by the refolding of a denatured proteins such as ribonuclease T1 (RNase T1) as 

was done with PpiB from Staphylococcus aureus (Polley et al., 2017). Use of 

multiple tetrapeptide substrates with different preceding amino acids is 

recommended as it has been shown that cyclophilins and FKBPs have different 

affinities with human FKBP12 showing virtually no activity against Ala-Pro, while 

Phe-Pro is turned over rapidly (Harrison et al., 1990). 

The most commonly used PPIase assay is the protease-coupled assay 

developed by Fischer et al. to measure the activity of porcine cyclophilin A 

(Fischer et al., 1984). A synthetic tetrapeptide with the structure of Suc-Ala-Xaa-

Pro-Phe-pNa where Xaa is any amino acid and pNa is a C-terminal chromophore 

which is cleaved by a protease such as α-chymotrysin when the xaa-pro bond is 

in a trans conformation. Figure 1.4 shows the process of conducting a protease-

coupled PPIase assay. Incubation of the tetrapeptide in buffer at low temperature 

(4°C) allows for a rapid isomerisation to occur until an equilibrium is reached with 
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between 10-15% of substrate left in a cis conformation. Addition of the protease 

cleaves all trans xaa-pro-pNa and this can be measured at 390 nm with a 

spectrophotometer. The next stage involves the slow isomerisation of the 

remaining cis substrates which can be seen on the computer screen in Figure 

1.4. The addition of no active PPIase results in very slow isomerisation, thus the 

increase in optical density occurs very slowly (grey cuvette/line), while addition of 

an active PPIase increases this, the rate of cis-trans conversion occurs rapidly 

resulting in a marked increase in optical density within the first few minutes 

(orange cuvette/line). Table 1.6 shows the catalytic efficiency (Kcat/Km) of human 

cyclophilin A and well characterised bacterial cyclophilins. Alternative proteases 

such as trypsin can be used in cases where immunophilins are sensitive to 

proteolytic cleavage, as was the case with the SlyD protein from E. coli which 

was thought to be an inactive PPIase when α-chymotrypsin was used as a 

protease, but use of trypsin allowed the determination of PPIase activity 

(Hottenrott et al., 1997; Wülfing et al., 1994).  

In order to overcome the proteolytic degradation of the immunophilin protein, an 

alternative PPIase assay was developed which utilised the natural optical density 

change that occurred when the tetrapeptide was converted from a cis to a trans 

conformation. In doing this there was no need for proteolytic cleavage of the pNa 

chromophore, thus sensitive immunophilins,, such as E. coli SlyD, could be 

screened for PPIase activity. To increase the amplitude of the signal, the 

tetrapeptide is dissolved in 0.48M LiCl/TFE rather than DMSO allowing an 

equilibrium to be reached at 70:30 rather than 85:15 (cis:trans%) (Janowski et 

al., 1997).  

1.6.1 Inhibition of PPIase activity 

Inhibition of PPIase activity can be measured using either the protease-coupled 

or protease-free PPIase assays. Inhibitors are added to these assays at the same 

time as the active immunophilin and in doing so an inhibition constant (Ki) can be 

determined. Single cuvette screenings are convenient when determining 

inhibition of a handful of inhibitory compounds, but are not time-efficient when 

screening compound libraries. A medium-throughput assay has been developed 

by Vivoli et al. which has decreased the sample volume size by using a 

temperature-controlled plate reader with 96-well plates and is semi-automated 
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thus allowing a four-fold increase in samples run in a single day (Vivoli et al., 

2017). 

Currently, inhibitors against bacterial immunophilins have only been designed 

against the FKBP, Mip and were recently reviewed by Scheuplein et al. 

(Scheuplein et al., 2020). Small molecule inhibitors derived from the pipecoline 

acid moiety of rapamycin have been developed against the Mip protein of 

Legionella pneumophila and B. pseudomallei. These inhibitors have been 

designed to remove the immunosuppressive component of rapamycin. Inhibition 

of PPIase activity can been seen against the recombinant protein of these 

pathogens, as well as purified Mip proteins from Yersinia pestis and Francisella 

tularensis (Juli et al., 2011; Seufert et al., 2016). In addition to this, a decrease in 

B. pseudomallei-associated cellular cytotoxicity was demonstrated in vitro using 

the J774A.1 murine macrophage cell line (Begley et al., 2014). Broad-spectrum 

efficacy of these early compounds is seen with decreased infective progeny 

produced by Chlamydia trachomatis following inhibitor treatment. Meanwhile 

treatment of Neisseria gonorrhoea resulted in decreased intracellular counts in 

neutrophil granulocytes, and decreased intracellular N. meningitidis counts 

following infection of Detroit 562 nasopharyngeal epithelial cells (Reimer et al., 

2016). These studies show that it is possible to design compounds with high 

levels of affinity to bacterial Mip proteins that show in vitro efficacy. 
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Figure 1.4. Measurement of PPIase activity using the protease-coupled PPIase assay. 
Graphical representation of the protease-coupled PPIase assay. A cis-SAPPP tetrapeptide is 
unable to be cleaved by a protease as seen in the grey cuvette and there is no steep increase of 
absorbance as indicated by the grey line on the computer monitor. Upon the addition of an active 
immunophilin protein (orange cuvette), tetrapeptides are rapidly converted to a trans-SAPPP 
state (white double headed arrow) and can be cleaved by a protease (scissors). This released 
the chromophore, which can be measured by the spectrophotometer and is seen as a rapid 
increase in absorbance (orange line). To test the inhibitory effect of cognate or novel inhibitors 
(yellow cuvette) an inhibitor is added (blue bean) in conjunction with active immunophilin which 
blocks the conversion from a cis to trans tetrapeptide, thus a smaller ratio of chromophore is 
cleaved resulting in an absorbance reading (yellow line) trending towards the negative control 
which has no immunophilin protein in it. 
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      Table 1.6 Catalytic activity and inhibition constants for bacterial cyclophilins. 
Organism Gene Kcat/Km (µM-1s-1) Ki (nM) Additional notes Reference 

Homo sapiens cypA 13.7 19 IC50-10 nM (Liu et al., 1991) 
Escherichia coli rotA 9 3400 IC50-3000 nM (Liu et al., 1991) 

ppiB 0.674 2500-
5000 

IC50-50000 nM (Compton et al., 1992) 

Azotobacter 
vinelandii 

ppiA 0.544   (Dimou et al., 2011) 
ppiB 1.201   (Dimou et al., 2011) 

Bacillus subtilis ppiB 1.1 175 IC50-120 nM (Achenbach et al., 1997; 
Göthel et al., 1998; 
Herrler et al., 1992; 
Herrler et al., 1994) 

Streptomyces 
chrysomallus 
 

cypA 3.73  IC50-25 nM; SAAPP 
substrate 

(Pahl et al., 1992) 

cypB 7.5  IC50-70 nM; SAAPP 
substrate 

(Pahl et al., 1997) 

Legionella 
pneumophila 

ppiB/lcy 4.6 1250 SAAPP substrate (Schmidt et al., 1996) 

Mycobacterium 
tuberculosis 

ppiA 0.634   (Mitra et al., 2006) 

Streptococcus 
pneumonia 

slrA 1.144 880 SAAPP substrate (Hermans et al., 2006) 

Staphylococcus 
aureus 

Cyp 5 0.53 Used RNase T1 
refolding assay 

(Polley et al., 2017) 

 



 

 

1.7 Aims of this project 

The aim of this project is to identify and characterise the role of cyclophilins in B. 

pseudomallei. In particular, the use of bioinformatics will be used to identify 

cyclophilin homologues in B. pseudomallei and determine their homology to 

known bacterial cyclophilins, which have been shown to be virulence factors. The 

role of cyclophilin A and cyclophilin B in the virulence of B. pseudomallei will be 

evaluated by construction of gene deletion mutants. These mutants will be 

characterised using a variety of in vitro and in vivo techniques to assess if there 

is any attenuation in virulence. Global proteomic analysis conducted on these 

cyclophilin-null strains aims to elucidate what these cyclophilin proteins are acting 

on in the bacterial cell. To understand the role of all cyclophilin proteins in B. 

pseudomallei a cyclophilin-null strain will be constructed and characterised with 

previously used techniques.  

Identified B. pseudomallei cyclophilin proteins will be recombinantly expressed 

and purified. These recombinant proteins will be characterised enzymatically to 

determine if they are active PPIases and if their activity can be inhibited by their 

cognate inhibitor, Cyclosporin A. Novel Cyclosporin A derivatives developed by 

Cypralis Ltd will be tested using the protease-coupled PPIase assay to identify if 

enzymatic activity of cyclophilin A and cyclophilin B can be inhibited. Additionally, 

these derivatives will also be screened in vitro in cell infection models to 

determine if a cyclophilin-null phenotype can be achieved. 

  



 

 

  



 

 

Chapter 2 - Materials and Methods 

2.1 Bacterial strains and cell lines 

2.1.1 Burkholderia pseudomallei strains  

Burkholderia pseudomallei strains used in this study are listed in Table 2.1. 

Bacteria were grown in 10 mL LB broth overnight with agitation at 37°C unless 

otherwise stated. B. pseudomallei strains containing the pBBR-1-MCS-1 plasmid 

were grown in the presence of chloramphenicol 30 µg/mL. B. pseudomallei 

strains containing the pMLBAD plasmid were grown in the presence of 

trimethoprim 100 µg/mL and 0.2% L-arabinose. 

2.1.2 Escherichia coli strains 

Escherichia coli strains used in this study are listed in Table 2.2. Bacteria were 

grown in 10 mL LB broth overnight with agitation at 37°C and appropriate 

antibiotics unless otherwise stated.  

2.1.3 Mammalian cell lines 

Cell lines used in this study were J774A.1 mouse BALB/c macrophages, A549 

human lung epithelial cells and THP-1 human-derived peritoneal monocytes 

(Table 2.3). J774A.1 murine macrophages and A549 human lung epithelial cells 

were grown in 10 mL DMEM (Table 2.4) and THP-1 human-derived peritoneal 

macrophages were grown in 25 mL RPMI 1640 (Table 2.4) at 37°C and 5% CO2 

overnight, unless otherwise stated.   



 

 

Table 2.1 Burkholderia pseudomallei strains used in this study. 
Burkholderia 
pseudomallei strain  

(name used in this study) 

Comments Source 

Burkholderia pseudomallei 
K96243  

(BpsWT) 

Clinical isolate Dstl 

Burkholderia pseudomallei 
K96243 

pMLBAD  

(BpsWT) 

K94243 isolate; 

pMLBAD (empty); TpR; L-
arabinose inducible expression 

This study 

Burkholderia 
pseudomalleiΔppiA 

(Bps∆ppiA) 

K96243 derivative; unmarked 
deletion ΔppiA 

This study 

Burkholderia 
pseudomalleiΔppiA/ 

pMLBAD 

(Bps∆ppiA) 

K96243 derivative; unmarked 
deletion ΔppiA; 

pMLBAD (empty); TpR; L-
arabinose inducible expression 

This study 

Burkholderia 
pseudomalleiΔppiA/ 
ppiA_3XFLAG_pBBR-1-
MCS-1 

(Bps∆ppiA/ppiA) 

K96243 derivative; unmarked 
deletion ΔppiA; 
ppiA_3XFLAG_pBBR-1-MCS-1; 
CmR; constitutive expression 

This study 

Burkholderia 
pseudomalleiΔppiA/ 
ppiA_3XFLAG_pMLBAD 

(Bps∆ppiA/ppiA) 

K96243 derivative; unmarked 
deletion ΔppiA; 
ppiA_3XFLAG_pMLBAD; TpR; 
L-arabinose inducible 
expression 

This study 

Burkholderia 
pseudomalleiΔppiB 

(Bps∆ppiB) 

K96243 derivative; unmarked 
deletion ΔppiB 

This study 

Burkholderia 
pseudomalleiΔppiB/ 
ppiB_3XFLAG_pBBR-1-
MCS-1 

K96243 derivative; unmarked 
deletion ΔppiB; 
ppiB_3XFLAG_pBBR-1-MCS-1; 
CmR; constitutive expression 

This study 



 

 

Burkholderia 
pseudomallei strain  

(name used in this study) 

Comments Source 

(Bps∆ppiB/ppiB) 

Burkholderia 
pseudomalleiΔppiAΔppiB 

(Bps∆ppiAppiB) 

K96243 derivative; unmarked 
deletion ΔppiAΔppiB 

This study 

Burkholderia 
pseudomalleiΔppiAΔppiB/ 

pMLBAD 

(Bps∆ppiAppiB) 

K96243 derivative; unmarked 
deletion ΔppiAΔppiB; 

pMLBAD (empty); TpR; L-
arabinose inducible expression 

This study 

Burkholderia 
pseudomalleiΔppiAΔppiB/ 
ppiA_3XFLAG_pBBR-1-
MCS-1 

(Bps∆ppiAppiB/ppiA) 

K96243 derivative; unmarked 
deletion ΔppiAΔppiB; 
ppiA_3XFLAG_pBBR-1-MCS-1; 
CmR; constitutive expression 

This study 

Burkholderia 
pseudomalleiΔppiAΔppiB/ 
ppiB_3XFLAG_pBBR-1-
MCS-1 

(Bps∆ppiAppiB/ppiB) 

K96243 derivative; unmarked 
deletion ΔppiAΔppiB; 
ppiB_3XFLAG_pBBR-1-MCS-1; 
CmR; constitutive expression 

This study 

Burkholderia 
pseudomalleiΔppiAΔppiB/ 
ppiA_3XFLAG_pMLBAD 

(Bps∆ppiAppiB/ppiA) 

K96243 derivative; unmarked 
deletion ΔppiAΔppiB; 
ppiA_3XFLAG_pMLBAD; TpR; 
L-arabinose inducible 
expression 

This study 

Burkholderia 
pseudomalleiΔppiAΔppiB/ 
ppiB_3XFLAG_pMLBAD 

(Bps∆ppiAppiB/ppiB) 

K96243 derivative; unmarked 
deletion ΔppiAΔppiB; 
ppiB_3XFLAG_pMLBAD; TpR; 
L-arabinose inducible 
expression 

This study 

 
  



 

 

Table 2.2 Escherichia coli strains used in this study. 
Escherichia 
coli strain 

Use Genotype Source 

TOP10 Transformation F- mcrA Δ(mrr-hsdRMS-
mcrBC) φ80lacZΔM15 
ΔlacX74 nupG recA1 
araD139 Δ(ara-leu)7697 
galE15 galK16 rpsL(StrR) 
endA1 λ- 

Invitrogen, 
ThermoFisher 
Scientiic 

DH5αλpir Transformation endA1 hsdR17 glnV44 (= 
supE44) thi-1 recA1 gyrA96 
relA1 φ80dlacΔ(lacZ)M15 
Δ(lacZYA-argF)U169 zdg-
232::Tn10 uidA::pir+ 

Dstl 

S17λpir  Conjugation TpR SmR recA, thi, pro, 
hsdR-M+RP4: 2-Tc:Mu: Km 
Tn7 λpir 

Dstl, 

(Penfold et al., 
1992)  

ST18 Conjugation  pro thi hsdR1 Tpr Smr 
; chromosome::RP4-2 
Tc::Mu-Kan::Tn7/lpir ∆hemA 

Dr Joshua 
Ramsay 

(Thoma et al., 
2009) 

DH5α Transformation F– endA1 glnV44 thi1 recA1
 relA1 gyrA96 deoR nupG p
urB20 φ80dlacZΔM15 
Δ(lacZYA-argF)U169, 
hsdR17(rK

–mK
+), λ– 

Invitrogen, 
ThermoFisher 
Scientific 

BL21 (DE3) 
pLysS 

Expression F– ompT gal dcm lon hsdSB

(rB
–mB

–) λ(DE3 [lacI lacUV5-
T7p07 ind1 sam7 nin5]) 
[malB+]K-12(λ

S) 

pLysS[T7p20 orip15A](CmR) 

Invitrogen, 
ThermoFisher 
Scientific 

Β2150 Conjugation thrB1004 pro thi strA hsdS 
lacZDM15 (F9 lacZDM15 
laclq traD36 proA1 proB1) 
DdapA::erm (Ermr) pir 

(Dehio et al., 
1997) 

  



 

 

Table 2.3 Mammalian cell lines used in this study. 

Mammalian cell line Source 

J774A.1 murine macrophages ATCC® TIB67™ 

A549 human lung epithelial cells ATCC® CCL-185™ 

THP-1 human-derived peritoneal 

macrophages 

ATCC® TIB-202™ 

 

2.1.4 Growth media 

Media used to grow bacteria and cell lines in this study are found in Table 2.4. 

2.1.5 Antibiotics and supplements 

Final concentrations of antibiotics and growth supplements used in this study are 

listed in Table 2.5. 

2.1.6 Preparation of chemical solutions 

Chemical solutions used in this study are found in Table 2.6. 

  



 

 

Table 2.4 Growth media used in this study. 

Media Composition Treatment 

Luria Bertani 
broth (LB) 

10 g Oxoid Tryptone, 5 g Oxoid Yeast 
Extract, 10 g Sodium Chloride, 1 L MilliQ 
Water 

Autoclave at 
121°C for 15 
minutes 

Luria Bertani 
agar (LB) 

10 g Oxoid Tryptone, 5 g Oxoid Yeast 
Extract, 10 g Sodium Chloride, 10 g 
Astral Scientific Bacteriological Agar No. 
1, 1 L MilliQ Water 

Autoclave at 
121°C for 15 
minutes 

M9 Minimal 
Media (M9MM) 

20 mL 5X M9 minimal salts, 200 µL 
MgSO4 (1 M), 10 µL CaCl2 (1 M) 
 
2 mL 20 % glucose (M9MM+G) OR  
10 mL sodium succinate (200 mM) 
(M9MM+S) 
Make up to 100 mL with MilliQ Water 

Autoclave 5X M9 
salts at 121°C for 
15 minutes. All 
other supplements 
filter sterilised 
using a 0.2 µm 
filter 

0.3% motility 
agar 

10 g Oxoid Tryptone, 5 g Oxoid Yeast 
Extract, 5 g Sodium Chloride, 3 g Oxoid 
Bacteriological Agar No. 1,  

Autoclave at 
121°C for 15 
minutes 

Mueller Hinton 
broth (MHB) 

21 g Oxoid Mueller Hinton base, 1 L 
MilliQ Water 

Autoclave at 
121°C for 15 
minutes 

Sucrose agar 10 g Oxoid Tryptone, 5 g Oxoid Yeast 
Extract, 10 g Astral Scientific 
Bacteriological Agar No. 1, 100 g Sigma-
Aldrich Sucrose, 1 L MilliQ Water 

Autoclave at 
121°C for 15 
minutes 

Super Optimal 
broth with 
Catabolite 
repression 
(SOC) 

2% Oxoid Tryptone, 0.5% Oxoid Yeast 
Extract, 10 mM Sodium chloride, 2.5 mM 
Potassium chloride, 10 mM Magnesium 
chloride, 10 mM Magnesium sulphate, 
20 mM glucose 

Filter sterilise 
using a 0.2 µm 
filter 

Dulbecco’s 
Modified Eagle 
Medium (DMEM) 
(Gibco®) 

10% Fetal Calf Serum Heat-Inactivated 
(Lot #1939338), 1% GlutaMAX, 100 
U/mL Penicillin-Streptomycin 

n/a 

RPMI 1640 
(RPMI) 
(Gibco®) 

10% Fetal Calf Serum Heat-Inactivated 
(Lot #1939338), 1% GlutaMAX, 100 
U/mL Penicillin-Streptomycin 

n/a 

Leibovitz’s L-15 
medium (L15) 
(Gibco®) 

10% Fetal Calf Serum Heat-Inactivated 
(Lot #1939338), 1% GluaMAX 

n/a 

  



 

 

Table 2.5 Final concentrations of antibiotics and supplements used in this study. 
 Final 

concentration 
(µg/mL)  

Solvent Source 

Antibiotics 

Kanamycin 50 Water Sigma-Aldrich 

Chloramphenicol 30 Ethanol Sigma-Aldrich 

Ampicillin 50 Water Sigma-Aldrich 

Trimethoprim 100 DMSO Sigma-Aldrich 

Supplements 

5-aminolevulinic 

acid hydrochloride 

(ALA) 

50 Water Sigma-Aldrich 

2,6-

diaminopimelic 

acid (DAP) 

0.2 mM Water Sigma-Aldrich 

  



 

 

Table 2.6 Chemical solutions used in this study. 

Reagent/Buffer Composition Source 

Molecular Cloning 

Tris-acetate 

electrophoresis (TAE) 

buffer (1X) 

20 mL of 50 x TAE 

buffer diluted to 1 L final 

volume with MilliQ 

Water 

This study 

NEBuffer CutSmart 

(10X) 

100 mM Magnesium 

acetate, 0.5 M 

Potassium acetate, 200 

mM Tris acetate, 1 

mg/mL BSA, pH 7.9 at 

25°C 

New England Biolabs 

(USA) 

NEBuffer 3.1 (10X) 100 mM Magnesium 

chloride, 1 M Sodium 

chloride, 0.5 M Tris-HCl, 

1 mg/mL BSA, pH 7.9 at 

25 °C 

New England Biolabs 

(USA) 

Gel Loading Dye (6X) 15% Ficoll®-400, 60 

mM EDTA, 20 mM Tris-

HCl, 0.48% SDS, 0.12% 

Dye 1, 0.012% Dye 2, 

pH 8 at 25 °C 

New England Biolabs 

(USA) 

Complementation confirmation 

Phosphate Buffered 

Saline (PBS) (Life 

Technologies) 

Dissolve 1 x PBS Tablet 

in 500 mL MilliQ Water 

Invitrogen, Life 

Technologies 

PBS-T  Mix 500 µL Tween20 

with 500 mL PBS 

This study 

Laemmli Buffer (5X) 4 mL 1.5 M Tris-Cl (pH 

6.8), 10 mL glycerol, 2 g 

This study 



 

 

 SDS, 5 mL β-

mercaptoethanol, and 1 

mL 1% (w/v) 

bromophenol blue. 

Stored at -20°C, in 1.5 

mL aliquots 

10X SDS-PAGE Running 

Buffer 

30 g Tris Base, 144 g 

Glycine, 10 g SDS, 

make up to 1 L with 

MilliQ water 

This study 

10X Transfer Buffer 30 g Tris Base, 144 g 

Glycine, make up to 1 L 

with MilliQ water 

This study 

1X Transfer Buffer 100 mL 10X Transfer 

Buffer, 200 mL 

Methanol, 70 mL MilliQ 

Water 

This study 

Blocking Buffer 2% (w/v) Bovine Serum 

Albumin (BSA) was 

dissolved in PBS-T to a 

final volume of 25 mL 

This study 

Anti-FLAG HRP 

conjugated monoclonal 

antibody solution 

0.1% (v/v) conjugated 

monoclonal mouse anti-

FLAG HRP in 10 mL 

Blocking Buffer. 

This study 

Chemiluminescent 

Peroxidase Substrate-3 

Mix 1 part 

Chemiluminescent 

Reagent with 1 part 

Chemiluminescent 

Reaction Buffer. 

Equilibrate to room 

temperature before use 

Sigma-Aldrich 



 

 

Mutant characterisation 

Blocking Buffer 

(Immunofluorescence) 

5% (v/v) Fetal Calf 

Serum in PBS 

This study 

Crystal Violet (biofilm) 2% (w/v) crystal violet in 

MilliQ Water 

This study 

Lysis buffer (Mass spec) 
4% SDS, 100 mM Tris 

pH 8.5, 10 mM DTT 

This study 

Coomassie stain 0.5 g Coomassie 

Brilliant Blue, 200 mL 

Methanol, 50 mL glacial 

Acetic acid, 250 mL 

MilliQ Water 

This study 

Destain Buffer 400 mL Methanol, 100 

mL glacial Acetic acid, 

500 mL MilliQ Water 

This study 

Recombinant protein expression and purification 

MES SDS Running 

Buffer (20X) 

1 M MES, 1 M Tris 

Base, 2% SDS, 20 mM 

EDTA, pH 7.3 

Novex, Life 

Technologies 

NuPAGE® Transfer 

Buffer (20X) 

25 mM Tris, 192 mM 

Glycine. 

Novex, Life 

Technologies 

Anti-HisX6-HRP 

conjugated monoclonal 

antibody solution 

 0.1% (v/v) conjugated 

monoclonal mouse anti-

HisX6-HRP in 10 mL 

Blocking Buffer. 

This study 

Development Solution Two solutions mixed 

immediately before use; 

30 mg of 4-chloro-1-

naphtol dissolved in 10 

mL methanol, and 40 

 This study 



 

 

mL PBS plus 30 µL of 

H2O2 (30% (w/v)) 

Binding Buffer (BB) 150 mM Sodium 

chloride, 50 mM 

HEPES, 10% glycerol, 

25 mM Imidazole, pH 

7.5 at 25°C 

This study 

Elution Buffer (EB) 150 mM Sodium 

chloride, 50 mM 

HEPES, 10% glycerol, 

500 mM Imidazole, pH 

7.5 at 25°C 

This study 

Size Exclusion Buffer 

(SEB) 

150 mM Sodium 

chloride, 50 mM Sodium 

phosphate, 10% 

glycerol, pH 7.5 at 25°C 

This study 

Enzymology 

HEPES buffer Dissolve 2.08 g in 250 

mL MilliQ Water, pH 7.8 

at 25 °C, filter sterilise 

This study 

SAAPP Dissolve 10 mg/mL in 

DMSO 

Sigma-Aldrich 

SAPPP Dissolve 10 mg/mL in 

DMSO 

Bachem 

α-Chymotrypsin Dissolve 5 mg/mL in 

HEPES Buffer 

Sigma-Aldrich 

 
  



 

 

2.2 Phylogenetic analysis of bacterial cyclophilins 

2.2.1 Online bioinformatics tools 

https://www.burkholderia.com/  

https://www.uniprot.org/  

https://www.ebi.ac.uk/Tools/msa/muscle/  

https://www.psort.org/psortb/ (V 3.0.2) 

https://web.expasy.org/protparam/  

http://www.atgc-montpellier.fr/phyml/  

http://consurf.tau.ac.il/  

2.2.2 Data collection for phylogenetics 

Published peptidyl-prolyl isomerases with cyclophilin-like domains (CLD) were 

collated and sequences were acquired by searching for their associated NCBI or 

UniProt accession numbers. Sequences were manually checked to determine if 

there was a recognised CLD present and any lacking a CLD were removed from 

the data set. In addition, the two identified putative cyclophilins from B. 

pseudomallei were also included within the dataset. 

Sequences were refined so that only the CLD remained so that species-specific 

signal sequences did not skew alignment data. This CLD-only dataset was used 

for downstream phylogenetic analyses. A table of bacterial cyclophilins, their 

accession numbers and reference can be found in Appendix A2.1. 

2.2.3 Phylogenetic analysis of microbial cyclophilin-like domain 

The cyclophilin-like domain set of sequences was aligned using MUSCLE, and 

repeated so that two outputs, FASTA and Phylip Interleaved, could be collected 

and saved. The Multiple Sequence Alignment (MSA) was then used for further 

analysis.  

A maximum likelihood (ML) tree was performed using PhyML 3.0 (Guindon et al., 

2010). Automatic substitution modelling by Akaike Information Criterion was 

selected as well as BIONJ Tree Searching. Lastly, aLRT SH-like Branch Support 

was used.  

https://www.burkholderia.com/
https://www.uniprot.org/
https://www.ebi.ac.uk/Tools/msa/muscle/
https://www.psort.org/psortb/
https://web.expasy.org/protparam/
http://www.atgc-montpellier.fr/phyml/
http://consurf.tau.ac.il/


 

 

2.2.4 Calculation of ConSurf Conservation Scores 

To determine the conservation of each amino acid position, the conservation 

scores were calculated using the ConSurf Server (Mayrose et al., 2004; Pupko 

et al., 2002) (http://consurf.tau.ac.il/index_proteins.php). The MSA and ML tree 

calculated previously were provided. Conservations scores were projected onto 

the E. coli periplasmic cyclophilin crystal structure (PDB code 1CLH).  

The conservation scores for each amino acid position were also calculated using 

the Rate4Site algorithm (Pupko et al., 2002).  

 

2.3 Molecular biology 

2.3.1 Plasmids 

Plasmids used in this study are listed in Table 2.7 

Table 2.7 Plasmids used in this study. 
Plasmid Use Antibiotic 

Resistance 
Cassette 

Source 

pCR_Blunt-

II_TOPO® 

Cloning Kanamycin Invitrogen, 

ThermoFisher 

Scientific 

pDM4 Suicide vector Chloramphenicol (Milton et al., 

1996) 

pJR3XFLAG Cloning Ampicillin Dr Joshua 

Ramsay 

pBBR-1-MCS-1 Complementation Chloramphenicol (Kovach et al., 

1995) 

pMLBAD Complementation Trimethoprim (Lefebre et al., 

2002) 

pRK2013 Helper plasmid Kanamycin (Figurski et al., 

1979) 

pET15b Expression Ampicillin Novagen 

 

2.3.2 Genomic extraction of B. pseudomallei genomic DNA 

http://consurf.tau.ac.il/index_proteins.php


 

 

A single colony of B. pseudomallei on Blood agar was used to inoculate 10 mL 

LB broth and incubated at 37ºC overnight with agitation. 1 mL of overnight culture 

was centrifuged at 16 000 x g for 1 min in a microcentrifuge (Eppendorf Centrifuge 

5418) and genomic DNA extracted using the Gentra Puregene Yeast/Bact DNA 

extraction kit (Qiagen), as per manufacturer’s instructions for Gram-negative 

bacteria. 

2.3.3 Oligonucleotides 

Oligonucleotide primers were synthesised by Integrated DNA Technology (IDT) 

and used to amplify DNA by PCR, sequence inserts or screen plasmids for 

directional insertion following ligation. Primers used in this study are listed in 

Tables 2.8. 

  



 

 

Table 2.8 Oligonucleotides used in this study. 
Oligonucleotide 
name 

Sequence Restriction 
Site 

ppiA_UP_For TCTAGAATCAAGCAGTTCGTCGAGC
T 

XbaI 

ppiA_UP_Rev AGATCTCTGGGTGGGTGGAAGGAA
AG 

BglII 

ppiA_DN_For AGATCTGCGCCGTTTAAACCCCATC BglII 

ppiA_DN_Rev TCTAGAGACGGCCTTGATCTTGTCG
A 

XbaI 

ppiB_UP_For TCTAGATTCCATCGCGTGATCAAGG
G 

XbaI 

ppiB_UP_Rev AGATCTTGGTTCCTTCGATGGATGG
G 

BglII 

ppiB_DN_For AGATCTGGGATGTTGCAGGAGACA
CC 

BglII 

ppiB_DN_Rev AGATCTGGGATGTTGCAGGAGACA
CC 

XbaI 

ppiA_pstI_For CTGCAGATGAAACGTCTGTTGCTG
GCG 

PstI 

ppiA_pstI_Rev CTGCAGCTTTCGAGACGATCGTCG
CCG 

PstI 

ppiB_pstI_For CTGCAGATGGTCGAACTGCATACG PstI 

ppiB_pstI_Rev CTGCAGGGACCACGACGGCCTTCT PstI 

BamHI_stop_3XFL
AG_Rev 

GGATCCTTACTTGTCATCGTCATCC
TTAT 

BamHI 

ppiA_NoSS_pET1
5b_For 

CCATACATATGCAATCGGCCGCGA
CGCAC 

NdeI 

ppiA_pET15b_Rev CCGGATCCTTATTTCGAGACGATCG
TCGC 

BamHI 

ppiB_pET15b_For CCCATATGGTCGAACTGCATACGAA
C 

NdeI 

ppiB_pET15b_Rev CCGGATCCTCAGACCACGACGGCC
TTCTC 

BamHI 

pMLBAD_For TCTACTGTTTCTCCATACCCG n.a. 
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2.3.4 Polymerase Chain Reaction (PCR) 

PCR reactions were conducted using Phusion® High-Fidelity DNA Polymerase 

(New England Biolabs), while PCR reactions used for screening of insert 

directions and mutagenesis screening were conducted using Taq Polymerase 

(New England Biolabs). 

A typical Phusion® PCR reaction consisted of 1 X Phusion® polymerase buffer, 

6.67 µM of both forward and reverse oligonucleotides (IDT), 33.3 mM 

deoxynucleotides (dNTPs) (New England Biolabds) and 4% (v/v) dimethyl 

sulphoxide (DMSO) (Sigma-Aldrich). 1 unit Phusion® High-Fidelity Polymerase 

and 1 µg genomic DNA or plasmid DNA, with sterile distilled water added to a 

final volume of 50 µL. 

Screening PCR reactions to determine if a double cross over event had occurred 

used Taq Polymerase. A reaction mix consisted of 1 X Taq Polymerase buffer, 

6.67 µM forward and reverse oligonucleotides, 33.3 mM dNTPs, 4% (v/v) DMSO, 

1 unit Taq Polymerase and 1 µg genomic DNA or plasmid DNA, with sterile 

distilled water added to a final volume of 20 µL. 

A standard Phusion® PCR protocol is shown below in Table 2.9, while a screening 

PCR using Taq Polymerase is outlined in Table 2.10. All PCR reactions were 

carried out on a SimpliAmp Thermal Cycler (Applied Biosystems, ThermoFisher 

Scientific). 
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Table 2.9 A standard Phusion® PCR protocol. 
 

 

 

  

Cycles Step Temperature 
(°C) 

Duration 

1 X Denaturation 95 10 min 

1 X Denaturation 98 1 min 

35 X Denaturation 95 30 sec 

Annealing 85  50  

(-1 °C/cycle) 

30 sec 

Extension 72 30 sec 

1 X Extension 72 10 min 

1 X Hold 4 ꝏ 
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Table 2.10 Protocol for a double crossover event PCR using Taq polymerase. 
  

Cycles Step Temperature 
(°C) 

Duration 

1 X Denaturation 95 3 min 

1 X Denaturation 97 1 min 

 

 

10 X 

 

Denaturation 95 30 sec 

Annealing 6858  

(-1 °C/cycle) 

45 sec 

Extension 72 3 min 

20 X Denaturation 95 30 sec 

Annealing 55 45 sec 

Extension 72 3 min 

1 X Extension 72 5 min 

1 X Hold 4 ꝏ 
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2.3.5 Agarose Gel Electrophoresis 

Agarose gels (0.8% (w/v)) were made by adding 0.4 g of molecular grade agarose 

(Biostrategy) to 50 mL 1 X TAE buffer. This was heated until the agarose was 

dissolved and allowed to cool slightly. 1 X SYBR Safe DNA gel stain (Invitrogen, 

ThermoFisher Scientific) was added before the solution was poured into a gel 

tray and allowed to set for 30 minutes. 1 X Loading Buffer (New England Biolabs) 

was added to DNA samples prior to loading and the gel was then run at 100 V for 

43 min using a BioRad PowerPac-HC (BioRad). Agarose gels was visualised 

using a LAS-3000 (Fujifilm) or a UVITEC Alliance Imager (ThermoFisher 

Scientific). 

2.3.6 PCR purification 

PCR reactions which resulted in a single band were purified using the QIAquick 

Spin Purification kit (Qiagen), as per manufacturer’s instructions for PCR 

purification using a microcentrifuge.  

2.3.7 DNA Gel Purification 

DNA bands of interest were excised from 0.8% (w/v) agarose gels and purified 

using the QIAquick Gel Extraction kit (Qiagen), as per manufacturer’s instruction 

for gel extraction using a microcentrifuge. 

2.3.8 TOPO® Cloning 

Purified PCR products were ligated into pCR_Blunt-II_TOPO® (Invitrogen, 

ThermoFisher Scientific) prior to heat shock transformation into TOP10 E. coli as 

per manufacturer’s instructions. 

2.3.9 Extraction of Plasmid DNA 

A single bacterial colony was used to inoculate 10 mL LB broth with appropriate 

antibiotic and supplements and grown overnight at 37ºC with agitation. The 

bacteria were centrifuged at 1900 x g for 5 min (Eppendorf centrifuge 5804R). 

The plasmid DNA was purified using the QIAprep Spin Miniprep as per 

manufacturer’s instructions. Plasmid DNA was stored at -20 degrees until use. 
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2.3.10 Restriction Enzyme Digest 

Restriction enzymes used in this study are listed in Table 2.11. Single restriction 

digest reactions used for screening for the presence of an insert consisted of a 

minimum of 500 µg of plasmid DNA, 1 X appropriate buffer, restriction enzyme 

as per Table 2.12 and made up to 10 µL with sterile distilled water. Reactions 

were mixed and incubated at 37°C (unless otherwise stated in Table 2.11) for 2 

hours. Double restriction enzyme digests were conducted as above with care to 

choose an appropriate buffer where both restriction enzymes showed >70% 

cutting efficacy and that total v/v of restriction enzyme did not exceed 10% of the 

reaction volume.  

Restriction digests used for cloning DNA fragments were upscaled with a 

minimum of 4 µg plasmid DNA, 1 X appropriate buffer and restriction enzyme as 

per Table 2.12. Reactions were mixed and incubated at 37°C (unless otherwise 

stated in Table 2.11) for 4 hours. Plasmids which would be used in the cloning of 

DNA fragments were treated with 20 U Calf Intestinal Phosphatase (CIP) (New 

England Biolabs) in the last 30 minutes of the restriction digest reaction, as per 

manufacturer’s instructions. The digest products were subjected to agarose gel 

electrophoresis to visualise, excision and purification of fragments/linearised 

plasmid as described in Section 2.3.7. 
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Table 2.11 Restriction enzymes used in this study. All restriction enzymes were sourced from 
New England Biolabs. 

 

  

Restriction 
Enzyme (RE) 

Buffer Reaction 
temperature (°C) 

Units of RE used in a 
single RE reaction 

XbaI Cutsmart 37 20 

BglII 3.1 37 10 

NdeI Cutsmart 37 20 

BamHI-HF Cutsmart 37 20 

PstI 3.1 37 20 

EcoRI-HF Cutsmart 37 20 

HindIII-HF Cutsmart 37 20 

SmaI Cutsmart 25 20 
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2.3.11 T4 DNA Polymerase Treatment 

Blunting of 5’ overhang digested DNA fragments was performed using T4 DNA 

Polymerase (New England Biolabs). A minimum of 1 µg of purified fragment was 

blunted using 1 unit of T4 DNA Polymerase (New England Biolabs), 1 X Cutsmart 

Buffer and 0.25 mM dNTPs. The reaction was incubated at 16°Cfor 15 minutes 

followed by deactivation at 65°C for 20 minutes. The blunted products were then 

purified using the PCR Clean Up protocol described in section 2.3.6. 

2.3.12 Ligation 

Ligation reactions contained a ratio of insert to plasmid of 5:1, 1X DNA ligase 

buffer and 1 unit of T4 DNA Ligase (New England Biolabs). Reactions were 

incubated at 20°C for 2 hours or overnight at 4°C. Unless otherwise specified, 2 

µL of the ligation reaction was used to transform into either calcium competent or 

electrocompetent E. coli. 

2.3.13 Preparation of Calcium Competent E. coli 

A single bacterial colony was used to inoculate 10 mL of LB broth and incubated 

at 37°C overnight with agitation.  The next day, 10 mL of overnight culture was 

diluted in 1 litre of LB broth and incubated at 37°C agitating at 150 rpm (New 

Brunswick Scientific I 26 shaking incubator) until an optical density of 0.4 (600 

nm) was reached using a WPA Colourwave colourimeter (WPA Colourwave 

colorimeter, model C07500). The culture was placed on ice and allowed to cool 

to 4°C. The culture was split evenly into 6 ice cold centrifuge bottles (Beckman 

500 mL bottles) and harvested by centrifugation at 3000 x g (Beckman Coulter 

Avanti JXN-26, JLA-1-.500 rotor) for 15 minutes at 4°C. The supernatant was 

discarded and each pellet was gently resuspended in 100 mL of ice cold 1 M 

MgCl2. Pellets were pooled and harvested by centrifugation at 2000 x g for 15 

minutes at 4°C. Supernatant was discarded and the pellet was resuspended in 

200 mL ice cold 1 M CaCl2. The suspension was cooled on ice for a minimum of 

20 minutes. Cells were harvested by centrifugation at 2000 x g for 15 minutes at 

4°C. The supernatant was discarded and cells were gently resuspended in 50 mL 

of ice cold 85 mM CaCl2, 15% (v/v) glycerol. The suspension was transferred to 

a cooled 50 mL centrifuge tube and harvested by centrifugation at 1000 x g 

(Eppendorf 5804R) for 15 minutes at 4°C. Supernatant was discarded and the 

pellet resuspended in 2 mL of ice cold 85 mM CaCl2, 15% (v/v) glycerol. Calcium 
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competent cells were aliquoted in 50 µL volumes into pre-cooled microcentrifuge 

tubes and flash frozen in liquid nitrogen. Competent cells were stored at -80°C 

until use.  

Auxotrophic E. coli strains were manipulated in the presence of their essential 

supplement at all stages of production. ST18 E. coli were manipulated in the 

presence of ALA and β2150 E. coli were handled in the presence of DAP. 

2.3.14 Heat Shock Transformation 

An appropriate amount of ligation reaction was added to thawed chemically 

competent E.coli cells produced in Section 2.3.13 and incubated on ice for 30 

min. E. coli cells underwent heat shock at 42°C for 30 seconds and returned to 

ice for 1-5 minutes. 250 μL of SOC medium was added to the the E. coli cells and 

incubated at 37ºC for 1 hour with gentle agitation to allow for cell recovery. The 

mixture was plated onto LB agar plates containing appropriate 

antibiotics/supplements and incubated at 37ºC overnight for single colonies. 

2.3.15 Production of Electrocompetent E. coli 

A single bacterial colony was used to inoculate 10 mL of LB broth and incubated 

at 37ºC overnight with agitation. The next day, 2 mL overnight culture was added 

to 100 mL prewarmed Luria Bertani broth. This was incubated at 37 ºC agitating 

at 150 rpm until an absorbance reading of 0.5 was reached, using a WPA 

Colourwave colourimeter (WPA Colourwave colorimeter, model C07500) at 600 

nm. Bacteria were chilled on ice until they reached 4°C, then split evenly into 6 

ice cold centrifuge bottles which were centrifuged at 3000 x g for 15 min at 4 ºC 

(Beckman Coulter Avanti JXN-26, JLA-1-.500 rotor). The supernatant was 

discarded and pellets resuspended in 50 mL ice-cold H2O. Centrifugation was 

repeated as before and pellets were again resuspended in 50 mL ice-cold H2O. 

Centrifugation was repeated as above and pellets resuspended in 50 mL ice-cold 

10% (v/v) glycerol. Centrifugation was repeated as before, pellets resuspended 

in 600 μL ice-cold 10% (v/v) glycerol and aliquoted in 50 μl volumes. 

Microcentrifuge tubes were flash frozen in liquid nitrogen and stored at –80 ºC for 

future use. ST18 E. coli cells were handled in the presence of its required 

supplement, ALA, during all stages of preparation. 
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2.3.16 Electroporation Transformation 

A maximum of 2 μL of the ligation reaction was added to 50 μL of thawed 

electrocompetent E.coli cells (prepared as per Section 2.3.15) and was 

transformed by electroporation using Gene pulser II electroporator (Bio-Rad) at 

2.5 kV and a capacitance of 25 μF. 250 μL of SOC medium was immediately 

added to the ligation mixture and incubated at 37ºC for 1 hour with gentle agitation 

to allow for recovery of cells. The mixture was plated onto LB agar plates 

containing appropriate antibiotics and supplements and incubated at 37ºC 

overnight. 

2.3.17 Nucleotide sequencing 

Sanger sequencing of all constructed plasmids was performed by the Australia 

Genome Research Facility (AGRF). The reactions were performed using DNA 

obtained from using the QIAprep Spin Miniprep kit as per manufacturer’s 

instructions. Reactions were made up with between 600 – 1500 ng of plasmid 

DNA, appropriate forward and reverse oligonucleotides, 4% (v/v) DMSO and 

made up to 12 µL with sterile distilled H2O. 

2.3.18 Whole Genome Sequencing 

Burkholderia pseudomallei mutant strains were prepared for Whole Genome 

Sequencing (WGS) as follows. A single colony was used to inoculate 10 mL of 

LB broth and incubated overnight at 37 °C with agitation. The following day 1 mL 

of overnight was centrifuged and genomic DNA was extraction as described in 

Section 2.3.2. The 260/280 absorbance ratio was measured and only samples 

above 1.8 were used. WGS of B. pseudomallei strains in this study was 

conducted by Dr Stanley Pang and Professor Geoffery Coombs (Murdoch 

University). 

Sequence analysis of WGS and alignment to the B. pseudomallei K96243 

reference genome was conducted by Dr Derek Sarovich at the GeneCology 

Research Centre at the University of the Sunshine Coast. Variants were identified 

using the SPANDx pipeline (Sarovich et al., 2014). 
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2.4 Mutant Construction and Complementation 

2.4.1 Mutant Construction 

2.4.1.1 Biparental mating using a nitrocellulose membrane 

Single colonies of E.coli S17λpir containing the UPDN_pDM4 deletion construct 

and B. pseudomallei K96243 wild-type strain were used to inoculate 10 mL LB 

broth with appropriate antibiotics (for the E. coli strain only) and grown at 37 ºC 

overnight with agitation. The following day, nitrocellulose membrane squares 

were sterilised for 60 minutes using UV light. 1 mL of each bacterial strain were 

centrifuged at top speed for 2 min (Eppendorf 5804R centrifuge) and pellets 

resuspended in 250 μL PBS. Sterile nitrocellulose membranes were placed onto 

dried LB agar and 10 μL of each bacterial strain were spotted onto the membrane 

and incubated at 37ºC overnight. A B. pseudomallei and E. coli only control was 

also conducted in this manner. Filters were removed from the agar plate using 

sterile forceps and placed into a 10 mL centrifuge tube along with 1 mL of PBS 

and subsequently vortexed until the bacterial spot had dissolved into solution. 

The entirety of the conjugation mixture was plated onto LB agar containing both 

chloramphenicol and ampicillin, with 100 μL used per plate incubated at 37ºC for 

24 – 72 hr until single colonies had formed.  

Potential merodiploid integrants were patch plated onto LB plates containing 

ampicillin, chloramphenicol, both or no antibiotics to show colonies that showed 

the correct antibiotic resistance patterns (Am100RCm30R). Genomic DNA from 

merodiploid integrants was extracted as described in 2.3.2 and the successful 

integration was confirmed using a Taq polymerase screening PCR as shown in 

Table 2.11. Successful integrants displayed a dual banding pattern attributed to 

the UPDN deletion construct as well as the intact gene region. 

2.4.1.2 Sucrose selection of merodiploid strains 

A successful merodiploid integrant colony was used to inoculate 10 mL LB broth 

and incubated at 37ºC overnight with agitation. The overnight culture was diluted 

until an absorbance reading of 0.4-0.6 was reached (termed Neat dilution), using 

a WPA Colourwave colourimeter (WPA Colourwave colorimeter, model C07500) 

at 590 nm then serially diluted down to 10-6 in PBS. Neat, -2, -4 and -6 dilutions 

were plated onto 10% (w/v) sucrose agar plates with 100 µL used to spread 
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across a single plate. All sucrose plates were incubated at 25ºC for up to 1 week. 

Single colonies were patch plated onto LB agar containing ampicillin, 

chloramphenicol, both or no antibiotics. Colonies which had lost chloramphenicol 

resistance were retained as this indicated the loss of the chloramphenicol 

cassette present in the pDM4 backbone. Genomic DNA of these potential 

mutants was extracted as per Section 2.3.2 and a Taq screening PCR was 

conducted as per Table 2.11 to determine if these colonies were either wild-type 

revertants (UP + gene + DN fragment) or mutants (UP + DN fragments only). All 

mutant colonies had a glycerol stock made and a singular colony was picked to 

move forward with mutant characterisation. The picked mutant colony was 

confirmed by whole genome sequencing as described in Section 2.3.18. 

2.4.2 Plasmid-based complementation of B. pseudomallei mutant strains 

2.4.2.1 Biparental mating of B. pseudomallei mutants 

Single colonies of ST18 E.coli containing either ppiA_3XFLAG_pBBR-1-MCS-1 

or ppiB_3XFLAG_pBBR-1-MCS-1 were used to inoculate 10 mL LB broth with 

appropriate antibiotics and supplements and incubated overnight at 37°C with 

agitation. Single colonies of B. pseudomallei∆ppiA, B. pseudomallei∆ppiB or B. 

pseudomallei∆ppiAppiB were used to inoculate 10 mL LB broth grown at 37ºC 

overnight with agitation. The following day, nitrocellulose membrane squares 

were sterilised for 60 minutes using a UV light. 1 mL of each bacterial strain were 

centrifuged at maximum speed for 2 min (Eppendorf 5417R centrifuge) and 

pellets resuspended in 250 μL PBS. Sterile nitrocellulose membranes were 

placed onto dried LB agar supplemented with ALA and 10 μL of each bacterial 

strain were spotted onto the membrane and incubated at 37ºC overnight. A B. 

pseudomallei and E. coli only control was also conducted in this manner. Filters 

were removed from the agar plate using sterile forceps and placed into a 10 mL 

centrifuge tube along with 1 mL of PBS and subsequently vortexed until the 

bacterial spot had dissolved into solution. The conjugation mixture was diluted to 

10-2 and each dilution was plated onto LB agar with no ALA supplement, plates 

were incubated overnight at 37°C. Single colonies were patch plated onto LB 

agar plates containing chloramphenicol or no antibiotic and several colonies were 

stocked for later use. 
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2.4.2.2 Tri-parental mating with B. pseudomallei mutants 

Single colonies of β2150 E. coli containing either ppiA_3XFLAG_pMLBAD or 

ppiB_3XFLAG_pMLBAD were used to inoculate 10 mL LB broth with 0.2 mM 

DAP and 100 µg/mL trimethoprim. An overnight broth in 10 mL with 50 µg/mL 

kanamycin of β2150 E. coli containing the helper plasmid pRK2013 was also 

incubated. Single colonies of B. pseudomallei∆ppiA, B. pseudomallei∆ppiB or B. 

pseudomallei∆ppiAppiB were used to inoculate 10 mL LB broth grown at 37ºC 

overnight with agitation. The following day, 1 mL of each E. coli strain and 330 

µL of each B. pseudomallei strain was centrifuged at maximum speed for two 

minutes (Eppendorf 5417R centrifuge). The supernatant was discarded and each 

strain was resuspended in 330 µL of LB broth. The donor β2150 E. coli with 

appropriate plasmid, the respective B. pseudomallei mutant strain and the β2150 

E. coli with the pRK2013 helper plasmid were combined into a single 

microcentrifuge tube. The mating mixture was centrifuged at maximum speed for 

two minutes (Eppendorf 5417R centrifuge) and supernatant discarded. The 

resultant pellet was resuspended in 100 µL of LB broth and the entire mixture 

was spotted onto an LB agar plate containing 0.2 mM DAP and incubated 

overnight at 37°C. The following day the bacterial spot was harvested and 

resuspended in 1 mL PBS. Serial dilutions to 10-3 were conducted and 100 µL 

aliquots were plated onto LB agar containing 100 µg/mL trimethoprim to select 

for B. pseudomallei strains containing the complementation plasmids. 

 

2.5 Tissue Culture 

2.5.1 Resurrection of eukaryotic cells from liquid nitrogen 

An aliquot of stored eukaryotic cells was removed from liquid nitrogen storage 

and rapidly thawed to room temperature. 1 mL of thawed cells was added to 9 

mL of pre-warmed appropriate media. Cells were pelleted by centrifugation at 

400 x g for 5 minutes (Eppendorf 5804R centrifuge) to remove cryoprotectant. 

The supernatant was discarded and the cell pellet was resuspended in 1 mL of 

fresh media. Resuspended J774A.1 macrophages and A549 human lung 

epithelials were added to 9 mL DMEM (Gibco) and incubated at 37°C + 5% CO2 

until 80% confluent. THP-1 monocytes were added to 24 mL RPMI 1640 (Gibco) 

and incubated at 37°C + 5% CO2 until cell density approached 106 cells/mL. 
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2.5.2 Maintenance and passaging of eukaryotic cell lines 

2.5.2.1 J774A.1 murine macrophages 

As cultured J774A.1 macrophages approached 80% confluence by visual 

inspection, cells were passaged. Spent media was removed from the cell 

monolayer and cells were gently washed with 5 mL PBS which was subsequently 

discarded. Adhered macrophages were detached with the addition of 5mL 

TrypLE® (Gibco) and incubated at 37°C + 5% CO2 for 15 minutes. Following 

incubation, monolayers were removed using a cell scraper and pipetted into a 

centrifuge tube containing 5 mL DMEM to inactivate the TrypLE®. Macrophage 

cells were centrifuged at 400 x g for 5 minutes (Eppendorf 5804R centrifuge). The 

supernatant was removed and cells were resuspended in 1 mL of fresh media. 

200 µL of cells was used to seed a new T75 cm2 flask containing 10 mL of fresh 

DMEM and cells were incubated at 37°C + 5% CO2 for 1 week until ready for use.  

Four days following passaging of cells, macrophage monolayers underwent a 

media change to remove cellular debris and spent media. Media was removed 

from flasks and discarded, upon which monolayers were gently washed with 5 

mL PBS. 10 mL of fresh DMEM was added to the flask and cells were incubated 

at 37°C + 5% CO2 until approximately 80% confluent. 

2.5.2.2 A549 human lung epithelial cells 

As A549 human lung epithelial cells achieved 80% confluence by visual 

inspection, cells were passaged. Spent media was removed from the cell 

monolayer and cells were gently washed with 5 mL PBS which was subsequently 

discarded. Adhered macrophages were detached with the addition of 5mL 

TrypLE® (Gibco) and incubated at 37°C + 5% CO2 for 15 minutes. Following 

incubation, monolayers were removed using a cell scraper and pipetted into a 

centrifuge tube containing 5 mL DMEM to inactivate the TrypLE®. Epithelial cells 

were centrifuged at 400 x g for 5 minutes (Eppendorf 5804R centrifuge). The 

supernatant was removed and cells were resuspended in 1 mL of fresh media. 

50 µL of cells was used to seed a new T75 cm2 flask containing 10 mL of fresh 

DMEM and cells were incubated at 37°C + 5% CO2 for 1 week until ready for use.  

Four days following passaging of cells, epithelial monolayers underwent a media 

change to remove cellular debris and spent media. Media was removed from 
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flasks and discarded, upon which monolayers were gently washed with 5 mL 

PBS. 10 mL of fresh DMEM was added to the flask and cells were incubated at 

37°C + 5% CO2 until approximately 80% confluent. 

2.5.2.3 THP-1 human-derived monocytes 

THP-1 human-derived monocytes were passaged as the concentration of cells in 

the T75 cm2 flask approached 106 cells/mL. Cells were gently agitated to form a 

confluent suspension and moved into a centrifuge tube. THP-1 monocytes were 

centrifuged at 400 x g for 5 minutes (Eppendorf 5804R centrifuge). The 

supernatant was discarded and cells were resuspended in fresh RPMI 1640. 

Cells were counted using a haemocytometer and an appropriate volume of cells 

was passaged for a new flask to have a concentration of cells of approximately 

1.5 x 105 cells/mL in a total of 25 mL.  Newly passaged cells were incubated at 

37°C + 5% CO2 for 1 week until ready for use.  

Four days following passaging of cells an additional 25 mL of fresh RPMI 1640 

was added to cell culture flasks and cells were incubated at 37°C + 5% CO2 until 

ready for use.  

2.5.3 Long-term storage of eukaryotic cell lines 

Confluent flasks were processed as above in Section 2.5.2.1-2.5.2.3 and cells 

were centrifuged at 400 x g for 5 minutes (Eppendorf Centrifuge). The 

supernatant was removed with care taken to remove all liquid. Cells were 

resuspended in 3.68 mL fetal calf serum (FCS) followed by the addition of 320 

µL DMSO which was added in a dropwise fashion. Cells were split in 1 mL 

aliquots into 2 mL cryovials and stored in a Cool Cell LX (PathTech) at -80°C 

overnight before being transferred into liquid nitrogen for long term storage the 

following day. 
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2.6 Mutant Characterisation 

2.6.1 Growth Curves 

2.6.1.1 Nutrient media growth curves 

A single bacterial colony was used to inoculate 10 mL LB broth and incubated at 

37ºC overnight with agitation. 2 mL overnight culture was added to 100 mL 

prewarmed LB broth and incubated at 37ºC shaking at 150 rpm (New Brunswick 

Scientific I26 shaking incubator) for up to 24 hours. At hourly timepoints up to 8 

hours and at 24 hours, 1 mL bacterial culture was removed and absorbance read 

using a WPA Colourwave colourimeter (model C07500) at 590 nm. At 0, 2, 4, 6, 

8, and 24 hours, 1 mL of culture was removed and serially diluted in PBS to 

determine the colony forming units of bacteria present. Serial dilutions were 

plated onto LB agar in triplicate and allowed to absorb before being incubated at 

37°C for 24 hours at which point colonies were counted to determine CFU/mL. 

2.6.1.2 M9 minimal media growth curves 

A single bacterial colony was used to inoculate 10 mL LB broth and incubated at 

37ºC overnight with agitation. 2 mL overnight culture was centrifuged at 400 x g 

for 5 minutes (Eppendorf 5804R centrifuge) and supernatant was discarded. The 

bacterial pellets was resuspended in 2 mL M9 minimal media containing glucose 

(M9MM+G) and 1.6 mL was added to 48.4 mL M9MM+G, representing a 1/30 

dilution. Cultures were incubated at 37ºC shaking at 150 rpm (New Brunswick 

Scientific I26 shaking incubator) for up to 48 hours.  

At 0, 4, 8, 12, 24, 28 and 48 hours, 1 mL bacterial culture was removed and 

absorbance read using a WPA Colourwave colourimeter (model C07500) at 590 

nm. Alongside optical density readings a further 1 mL of culture was removed 

and serially diluted in PBS to determine the colony forming units of bacteria 

present. Serial dilutions were plated onto LB agar in triplicate and allowed to 

absorb before being incubated at 37°C for 24 hours at which point colonies were 

counted to determine CFU/mL. 

2.6.1.3 24-well plate based growth curves 

In order to rapidly screen a range of temperatures a small-scale 24-well plate 

based growth curve system was adopted. This allowed for side-by-side screening 
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of both nutrient and minimal media in addition to being able to use a plate reader 

to obtain the optical density.  

A single bacterial colony was used to inoculate 10 mL LB broth and incubated at 

37ºC overnight with agitation. The overnight culture was split into two 5 mL 

aliquots and was centrifuged at 400 x g for 5 minutes (Eppendorf 5804R 

centrifuge) and supernatant was discarded. The bacterial pellets was 

resuspended in 3 mL LB broth or M9 minimal media containing sodium succinate 

(M9MM+S). Nutrient broths were diluted 1/50 to a total volume of 3 mL, while 

minimal media broths were diluted 1/15 to a total volume of 3 mL. Duplicate 1 mL 

aliquots were pipetted into neighbouring wells in a 24-well plate (Nunc, 

ThermoFisher). Cultures were incubated at either 25°C or 16°C shaking at 150 

rpm (New Brunswick Scientific I26 shaking incubator) for up to 168 hours 

depending on the temperature being tested.  

At specific timepoints bacterial density was measured by spectrophotometer 

(BioRad Xmark) at a wavelength of 590 nm. Bacterial density was also measured 

by plate count with a 20 µL aliquot used as the neat which was serially diluted in 

180 µL PBS and plated in triplicate on LB agar plates and incubated at 37°C until 

colonies were sizable enough to count. In addition at each timepoint 20 µL of 

bacterial culture was spread over a clean microscope slide and allowed to air dry. 

Bacteria were fixed to the microscope slide by flooding the slide with methanol 

and allowing it to dry. Microscope slides were viewed for auto-fluorescence using 

the FITC LED cube of a Nikon Eclipse TsR2 microscope (Nikon).  

 

2.6.2 In vitro cell infection assays 

J774A.1 murine macrophages and A549 human lung epithelial cells were seeded 

into a 24-well tissue culture treated plate at a concentration of 4 x 105 cells/mL 

DMEM and incubated for 20 hours at 37°C with 5% CO2. Alternatively, THP-1 

human-derived monocytes were seeded at a concentration of 1 x 106 cells/mL in 

RPMI 1640 and stimulated to differentiate into macrophages with the addition of 

200 nM phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich) and incubated 

for 24 hours at 37°C with 5% CO2. A single colony of all B. pseudomallei strains 

to be tested were grown in 10 mL LB broth with appropriate antibiotics and 
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supplements for complemented strains and incubated overnight at 37°C with 

agitation. 

B. pseudomallei strains were adjusted to an optical density of between 0.35 and 

0.4 at 580 nm using a colorimeter (WPA Colourwave colorimeter, C07500) in 

Leibovitz L-15 medium (Gibco). Strains were serially diluted in L-15 medium and 

1 mL of bacteria was added to each well at a multiplicity of infection (MOI) of 10 

and incubated for 30 minutes for J774A.1 and THP-1 macrophages or for 1 hour 

for A549 epithelial cells at 37°C to allow for infection and uptake of bacterial cells. 

To determine the exact starting inoculum at time of infection bacteria were further 

serially diluted and 10-5, 10-6 and 107 dilutions were plated in triplicate on LB agar. 

Bacteria were aspirated off the cell monolayer and infected cells were gently 

washed three times with PBS (Life Technologies, autoclaved and filter sterilised) 

and then incubated with L-15 medium containing 1 mg/mL kanamycin for a further 

30 minutes at 37°C to kill extracellular bacteria. The supernatant was removed 

and infected cells were then incubated with L-15 media containing 250 µg/mL 

kanamycin for 24 hours.  

At pre-determined hours post-infection, maintenance media was removed from 

cell monolayers and 1 mL sterile MilliQ water (MQW) was added to the monolayer 

to burst the eukaryotic cells. Cells were scraped off with a pipette tip and the liquid 

pipetted up and down several times to lyse any remaining eukaryotic cell before 

being serially diluted in 900 µL PBS down to 10-4. Bacteria were enumerated by 

triplicate spot plating on LB agar plates which were incubated at 37 °C until 

colonies were comfortable to count, approximately 24 – 48 hours. 

Inhibitor screening assays were carried out as above with the following 

modifications. THP-1 monocytes and J774A.1 macrophages were seeded into 

96-well plates at a concentration of 1 x 106 and 4 x 105 cells/mL respectively.  

Standardised B. pseudomallei strains were exposed to inhibitors for 1 hour at 

37°C prior to invasion step and maintenance media contained 10 µM of inhibitor 

in addition to antibiotic. 

2.6.3 Immunofluorescence on infected monolayers 

Cell infection assays were conducted as stated in Section 2.6.2 with the addition 

of 13 mm round coverslips (Menzel-Glaser, ThermoFisher Scientific) added to 

24-well plates prior to the seeding of eukaryotic cells. At pre-determined 
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timepoints post-infection monolayers were washed 3 times with PBS for 5 

minutes and fixed in 100% methanol for 30 minutes then washed 3 times with 

PBS for 5 minutes. Fixed monolayers were kept in PBS at 4 °C until ready to be 

stained. Monolayers were blocked with 5% (v/v) FCS in PBS for 2 hours at room 

temperature to block non-specific antibody binding and then washed 3 x 2 min. 

Cells were incubated with Anti-B. pseudomallei-LPS at 1 µg/mL (1:100; 

Mab4VIH12) (kindly provided by Dstl) for 1 hour, followed by 3 x 2 min washes in 

5% (v/v) FCS. Coverslips were incubated with a secondary Anti-mouse-whole 

IgG-FITC (1:64; Sigma Aldrich) for 1 hour followed by 3 x 2 min washes. Nuclei 

were stained using Hoescht33258 (1:10,000; Invitrogen, ThermoFisher Scientific) 

for 15 minutes followed by 2 x 2 min washes. Coverslips were mounted onto glass 

slides using Prolong Gold Anti-Fade reagent (Invitrogen) and allowed to cure 

overnight. Fluorescence microscopy was performed using a Nikon Eclipse Ts2R 

microscope and images were acquired using the NIS-Elements software (Nikon). 

2.6.4 Multi-Nucleated Giant Cell (MNGC) Enumeration 

Evaluation of MNCG formation was conducted using fluorescently stained cell 

monolayers described above in Section 2.6.3. Using previously published metrics 

(Kespichayawattana et al., 2000); 1000 nuclei per coverslip were counted and 

the percentage of MNGC formation was calculated using the following equation;  

MNGC (%)=
number of nuclei within multinucleated cells

total nuclei counted  X 100 

2.6.5 Motility Assay 

Assessment of motility was performed as described in Norville et al. (Norville et 

al., 2011). Briefly, B. pseudomallei strains were incubated at 37°C overnight with 

agitation. One microliter of overnight culture was stabbed into the middle of a 

0.3% motility agar using a sterile inoculation loop and plates were incubated 

upright for 24 hours upon which the distance of bacterial spread was measured. 

2.6.6 Biofilm Assay 

Biofilm assays were performed following the methodology in 

Taweechaisupapong et al. (Taweechaisupapong et al., 2005) but with the 

following modifications. B. pseudomallei strains were incubated overnight at 37°C 

with agitation. The following day 2% of overnight culture (v/v) was inoculated into 
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fresh media and incubated for a further 24 hours at 37°C with agitation. Overnight 

cultures (200 µL) were added to a 96-well plate and incubated for 3 hours at 37°C 

to allow for adhesion. Supernatant was gently aspirated to not disturb the adhered 

cells and fresh LB broth was added and incubated at 37°C for a further 24 hours. 

Supernatant was aspirated and biofilms were washed once with PBS and fresh 

LB broth added and incubated for a further 24 hours. On the final day supernatant 

was removed and biofilms were washed three times with PBS before being fixed 

with methanol and allowed to air dry. Cells were stained with 2% (w/v) crystal 

violet, with excess stain removed with running H2O from a tap and plates were 

allowed to air dry. Dye bound to cells was solubilised with 33% glacial Acetic acid 

and the optical density was read at 590 nm on a spectrophotometer (BioRad X-

Mark). 

2.6.7 Antimicrobial Susceptibility Assays 

Broth microdilutions against a variety of antibiotic classes were tested as 

described in Heine et al. (Heine et al., 2001) with the following modifications. 

Strains were incubated overnight in Mueller Hinton broth (MHB) at 37°C. 

Overnight cultures were diluted 1/50 in fresh MHB and were incubated at 37°C 

for 1 hour with agitation. Antibiotics were 2-fold serially diluted across a 96-well 

plate in MHB with a final volume of 100 µL with an antibiotic range of 256 to 0.25 

μg/mL. Following bacterial incubation, 100 µL of each strain was added to 

antibiotic containing media in a 96 well plate and incubated statically at 37°C for 

24 hours. Optical density of plates was read at 590 nm using a spectrophotometer 

(BioRad Xmark). The Minimum Inhibitory Concentration (MIC) was called as the 

minimum antibiotic concentration needed to keep overnight growth to under 20% 

of the unexposed bacterial growth control. 

2.6.8 Transmission Electron Microscopy 

Blood agar plates (PathWest Media) were streaked with BpsWT, Bps∆ppiA and 

Bps∆ppiB and incubated at 37°C overnight. A loopful of bacteria was collected 

and resuspended in 500 µL PBS in a microcentrifuge tube. Bacteria were 

centrifuged at 400 x g for 10 minutes (Eppendorf 5804R centrifuge) and discard 

the supernatant, with care taken to remove all liquid. The microcentrifuge tube 

was then filled with a 2.5% glutaraldehyde solution in phosphate buffer at pH 7.4 

(Pro Sci Tech and BDH Chemicals Australia Pty Ltd). Cells were resuspended by 
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gentle vortexing and allowed to fix overnight at room temperature.  The bacterial 

suspension was centrifuged, most of the supernatant was discarded and the 

pellet resuspended in PBS and incubated at room temperature for 15 minutes. 

The suspension was once more centrifuged and the supernatant discarded. 

Bacterial cells were filled with 250 µL of 10% (w/v) bovine serum albumin (Sigma-

Aldrich) and quickly resuspended and then allowed to stand for 1 minute before 

centrifugation. 90 µL of 2.5% glutaraldehyde solution was gently trickled along 

the side of the tube and the tube was left to rest for 4 hours as the albumin gelled 

around the bacterial cell pellet. Once solidified the gelled bacterial pellet was 

scooped out of the microcentrifuge tube and placed in a larger tube with 2.5% 

glutaraldehyde solution until ready to be processed.  

Preparation of bacterial cell pellets, ultramicrotome sectioning and examination 

of blocks was conducted by the Electron Microscopy department of PathWest 

Laboratory Services using a JOEL transmission electron microscope (JOEL Ltd) 

and images were obtained using a GATAN Orius SC1000D digital camera (Gatan 

Inc). 

2.6.9 Lipopolysaccharide microextraction and visualisation 

B. pseudomallei strains were streaked onto Blood Agar plates (PathWest Media) 

and incubated overnight at 37°C. Bacterial cells were harvested from agar plates 

to an optical density of 3 at 600 nm. Cells were centrifuged and resuspended in 

100 µL of LPS lysis buffer (2% SDS, 4% β-mercaptoethanol, 0.1% Bromophenol 

Blue, 10% (v/v) glycerol and 1 M Tris-HCl (pH 6.8)). Samples were boiled for 30 

minutes and allowed to cool slightly. 5 µL of Proteinase K (20 mg/mL) was added 

and samples were incubated at 55°C overnight. 

Following separation on a 15% SDS-PAGE gel, the LPS gels were washed twice 

with 200 mL MQW for 10 min. Following washing, gels were placed in 50 mL of 

oxidative solution (40% ethanol, 5% acetic acid and 0.7% (w/v) periodic acid) for 

20 minutes. Gels were placed into 150 mL of freshly made staining solution (28 

mL 0.1 M NaOH, 2 mL concentrated NH4OH (29.4%), 5 mL 20% w/v silver nitrate 

and 115 mL MQW) for 10 minutes. Stained gels were washed three times in 200 

mL of water for 10 min each after which they were placed in 200 mL colour 

developer solution (10 mg citric acid, 0.1 mL 37% formaldehyde in MilliQ Water) 

for up to 10 minutes, or until background staining has just begin to show. 
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Development was halted by placing the gels into 100 mL 10% (v/v) Acetic acid 

for one minute after which gels could be placed into MilliQ Water until imaged 

using a scanner at 600 dpi.  

2.6.10 Proteomic analysis of B. pseudomallei strains 

2.6.10.1 Preparation of samples for mass spectrometry 

Bacterial strains for mass spectrometry analysis were streaked onto Blood Agar 

plates (PathWest Media) and incubated overnight at 37°C. Half a loopful of 

bacterial growth was collected and resuspended in ice cold PBS. The bacterial 

suspension was centrifuged at 400 x g for 2 minutes and the supernatant 

discarded. This wash step was repeated four times to remove any media 

components from the preparation. 

Following washing, cell preparations were solubilised in lysis buffer (Table 2.7) 

(by boiling for 10 minutes and then allowed to cool). A small portion of sample 

was diluted 1/25 and 1/125 in MilliQ Water and the protein concentration was 

determined by theBCA protein assay (Pierce, Invitrogen, ThermoFisher 

Scientific) according to the manufacturer's instruction. Protein samples were 

diluted to 100 µg of protein in 200 µL ice-cold MilliQ Water. Each sample was 

acetone precipitated by mixing four volumes of ice-cold acetone (ChemStore, 

UWA) with one volume sample and allowed to precipitate overnight at -20°C. 

Precipitated protein samples were centrifuged at 400 x g for 90 minutes at 4°C 

(Eppendorf benchtop cooling centrifuge). Pellets were resuspended in 80% (v/v) 

ice-cold acetone and precipitated for an additions 4 hours at -20°C. Protein 

samples were centrifuged once more and the supernatant was removed and 

samples were allowed to air dry. To ensure consistent sample concentrations, 

100 µg of protein was separated by SDS-PAGE and visualised by Coomassie 

Brilliant Blue staining. Samples were shipped to Dr Nichollas E. Scott at the Peter 

Doherty Institute at the University of Melbourne for mass spectrometry analysis.  

2.6.10.2 Protein clean up and in-solution digestion. 

Dried protein pellets were resuspended in 6 M urea (Sigma-Aldrich), 2 M thiourea 

(Sigma-Aldrich), 40 mM NH4HCO3 (TEAB buffer) (Sigma-Aldrich) and samples 

were vortexed to allow for easier resuspension. 2 µL of 1 M tris(2-

carboxyethyl)phosphine hydrochloride (TCEP)(10 mM final 
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concentration)(Sigma-Adrich) and 50 µL of 100 mM Chloroacetamide (40 mM 

final concentration)(supplier) and digested at room temperature for 1 hour before 

the addition of 50 µL Lys-C (1:200 enzyme:protein (µg/µg))(Wakor) which was 

then left to digest at 25°C in the dark for 4 hours. The solution was diluted 1/4 

with the addition of 900 µL of 100mM ammonium bicarbonate (ABC) or 100mM 

triethylammonium bicarbonate (TEAB) and digested with trypsin (Promega) at a 

1/50 enzyme:protein ratio (µg/µg) overnight at room temperature (Scott et al., 

2011). Peptide samples were centrifuged at 20,000 x g for 10 minutes to pellet 

all insoluble material and supernatant was transferred to a fresh microcentrifuge 

tube and dried down using a Speedvac (ThermoFisher Scientific). 

Peptide samples were resuspended in 100 µL of Buffer A (0.1% glacial 

trifluoroacetic acid, 2% Acetonitrile) and desalted using a homemade C18 stage 

tip (Empore C18 material; Sigma-Aldrich) (Ishihama et al., 2006; Rappsilber et 

al., 2007). The column was washed with 3 x 80 µL of Buffer B (0.1% glacial formic 

acid and 80% Acetnitrile) followed by 3 x 80 µL of Buffer A. The samples was 

loaded onto the column and then washed with 3 x 80 µL of Buffer A before being 

eluted in 80 µL of Buffer B. Eluted peptides were then dried down using a 

Speedvac. 

2.6.10.3 LFQ based quantitative proteome LC-MS and data analysis.  

Label-free quantitative (LFQ) LC-MS was conducted by Dr Nichollas E. Scott at 

the Peter Doherty Institute at the University of Melbourne. Purified peptides were 

resuspended in Buffer A and separated using a two-column chromatography set 

up comprising a PepMap100 C18 20 mm x 75 μm trap and a PepMap C18 500 

mm x 75 μm analytical column (ThermoFisher Scientific). Samples were 

concentrated onto the trap column at 5 μL/min for 5 mins and infused into an 

Orbitrap Elite™ Mass Spectrometer (ThermoFisher Scientific) at 300 nL/min via 

the analytical column using a Dionex Ultimate 3000 UPLC (ThermoFisher 

Scientific). 90 min gradients were run altering the buffer composition from 1% 

buffer B to 28% B over 60 mins, then from 28% B to 40% B over 10 mins, then 

from 40% B to 100% B over 2 mins, the composition was held at 100% B for 3 

mins, and then dropped to 3% B over 5 mins and held at 3% B for another 10 

mins. The Elite™ Mass Spectrometer was operated in a data-dependent mode 

automatically switching between the acquisition of a single Orbitrap MS scan 
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(120,000 resolution) followed by 20 data-dependent CID MS-MS events (NCE 

35) were allowed with 30 seconds dynamic exclusion enabled. 

2.6.10.4 Mass spectrometry data analysis.  

Mass spectrometry data analysis was conducted by Dr Nichollas E. Scott at the 

Peter Doherty Institute at the University of Melbourne. Identification of proteins 

was accomplished using MaxQuant (v1.5.3.1) (Cox et al., 2008). Searches were 

performed against the Burkholderia pseudomallei strain K96243 (Uniprot 

proteome id UP000000605, downloaded 10-07-2018, 5,717 entries) proteomes 

with carbamidomethylation of cysteine set as a fixed modification. Searches were 

performed with trypsin cleavage specificity allowing 2 miscleavage events and 

the variable modifications of oxidation of methionine and acetylation of protein N-

termini. The precursor mass tolerance was set to 20 parts-per-million (ppm) for 

the first search and 10 ppm for the main search, with a maximum false discovery 

rate (FDR) of 1.0 % set for protein and peptide identifications. To enhance the 

identification of peptides between samples the Match Between Runs option was 

enabled with a precursor match window set to 2 minutes and an alignment 

window of 10 minutes. For label-free quantitation, the MaxLFQ option within 

Maxquant (Cox et al., 2014; Cox et al., 2008) was enabled in addition to the re-

quantification module. The resulting protein group output was processed within 

the Perseus (v1.4.0.6) (Tyanova et al., 2016) analysis environment to remove 

reverse matches and common protein contaminants prior. GO terms and 

associated annotation was downloaded from Uniprot (Uniprot proteome id 

UP000000605, downloaded 10-07-2018). For LFQ comparisons missing values 

were imputed using Perseus and Pearson correlations visualized using Perseus 

and R. The mass spectrometry proteomics data for BpsΔppiB have been 

deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et 

al., 2019) partner repository with the dataset identifier PXD012956.  

2.6.11 In vivo BALB/c Mice Survival Study 

The in vivo BALB/c survival study was conducted at the Defense Science 

Technology Laboratory (Dstl). In brief, investigations involving animals were 

carried out according to the requirements of the United Kingdom Animal 

(Scientific Procedures) Act 1986 under project licence PPL 30/3026. This project 

licence was approved following an ethical review by Dstl's Animal Welfare and 
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Ethical Review Body. Studies were performed using female BALB/cAnNCrl mice 

(BALB/c; Charles River, UK) implanted with a subcutaneous Pico transponder 

(Uno BV, Netherlands) to allow individual mice to be tracked through the study. 

On arrival into containment level 3 animal facilities, mice were randomly allocated 

into cages of five animals and acclimatised to their new surroundings for 5 days 

before any procedures were performed. Animal husbandry practices and 

environmental conditions during study were as described previously (Scott et al., 

2016). Challenges were performed with B. pseudomallei strains as described 

previously (Scott et al., 2016) and delivered via the intraperitoneal route. Mice 

were checked at least twice daily following challenge and clinical signs for each 

mouse recorded for five weeks post‐infection. Humane end‐points were used 

throughout these studies to minimise suffering, with culls performed via cervical 

dislocation at the end‐point. At the end of the study, animals were culled and 

spleens removed for enumeration of bacterial burden. These were homogenised 

through 40 μm sieves into PBS, serially diluted and plated onto LB agar. 

 

2.7 Recombinant Protein Production 

2.7.1 Small-scale protein Expression 

To determine the levels of protein expression over time, a single bacterial colony 

was used to inoculate 10 mL of LB broth containing appropriate antibiotics and 

incubated at 37ºC overnight with agitation. The next day, the overnight culture 

was diluted 1/10 with pre-warmed LB broth containing appropriate antibiotics. 

This was incubated at 37ºC shaking at 150 rpm (New Brunswick Scientific I26 

shaking incubator) until an absorbance reading of 0.4-0.6 was reached, using a 

WPA Colourwave colourimeter (model C07500) at 600 nm. Isopropyl β-D-1-

thiogalactopyranoside (IPTG) (Sigma-Aldrich) was then added to a final 

concentration of 1 mM and the cultures further incubated at 37ºC. At 0, 2, 4 or 24 

hr post induction, 1 mL bacteria was harvested by centrifugation at 400 x g for 5 

min (Eppendorf 5804R centrifuge) and pellets resuspended in 250 μL PBS. 

To determine the cellular location of expressed proteins, cultures were induced 

and incubated at 37ºC with agitation as above. 1 mL of bacterial culture was 

harvested by centrifugation at 400 x g for 5 min and the pellet resuspended in 

250 μL PBS. Cells were disrupted by sonication as follows; 4 times for 15 sec 
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with 15 sec on ice between each sonication. The insoluble fraction was pelleted 

at 400 x g for 5 min. The supernatant was separated from the pellet and labelled 

the soluble fraction while the pellet was resuspended in 250 μL PBS and labelled 

the insoluble fraction.  

2.7.2 Protein production and purification 

2.7.2.1 Large-Scale Protein Expression 

A single bacterial colony was used to inoculate 30 mL of LB broth containing 

appropriate antibiotics and incubated at 37ºC overnight with agitation. The next 

day, 10 mL overnight culture was added to 400 mL pre-warmed LB broth 

containing appropriate antibiotics. This was incubated at 37ºC at 150 rpm until an 

absorbance reading of 0.4-0.6 was reached, using a WPA Colourwave 

colourimeter (model C07500) at 600 nm. IPTG was then added to a final 

concentration of 1 mM and the cultures further incubated for a period of time 

optimised for expression of the protein. Bacteria were harvested by centrifugation 

at 400 x g for 20 min at 4ºC and the supernatant discarded. Pellets were 

combined and stored at -20ºC until use. 

2.7.2.2 Homogenisation of E. coli cells 

Cell pellets were re-suspended in 30 mL binding buffer (Table 2.7) per 10 g wet 

cell pellet. Cells were lysed by two high pressure passes through an Avestine 

EmulsiFlex C5 homogeniser. Samples were centrifuged at 24,000 x g for 30 min 

at 4°C (Beckman Coutler centrifuge,). Supernatants (soluble fraction) were 

carefully decanted into separate tubes, and a small portion of pellet (insoluble 

fraction) was retained for visualisation by SDS-PAGE. 

2.7.2.3 Ni-NTA Purification 

Ni-NTA purification of recombinant cyclophilin proteins was conducted under the 

guidance of Dr Jua Iwasaki (UWA). A HisTrap Nickel Affinity Column (5mL 

HisTrap HP, GE Healthcare Life Sciences) was equilibrated with binding buffer 

(BB) (Table 2.7) by flowing a minimum of 5 X column volumes (CV) through the 

column. Protein sample was filtered (Filtropur S 0.2, Sarstedt) and then loaded 

manually onto the equilibrated HisTrap column. The HisTrap Column was then 

attached to the BioLogic (Quadtech) System (BioRad). The column was washed 

with 5 X CV of BB at a rate of 1 mL/min. The column was then subjected to a 5X 
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CV gradient of 0-100% elution buffer (EB) (Table 2.7) at a rate of 1 mL/min, 

followed by a wash of 2X CV of EB (Table 2.5). During this elution phase, 1.9 mL 

fractions were collected. Fractions with A380 nm peaks were selected and 

evaluated by SDS-PAGE. Fractions found to be containing the protein of interest 

were then pooled and concentrated using Amicon Ultra-15 centrifugal filter units 

(Merck) 3000 x g at 4°C in 15 minute intervals until a final volume of less than 5 

mL was achieved.  

2.7.2.4 Size Exclusion Chromatography 

Size Exclusion Chromatography was conducted under the guidance of Dr Jua 

Iwasaki. An S200 16/60 gel filtration column (120 mL HiLoad Superdex, GE 

Healthcare Life Sciences) was attached to the BioLogic (Quadtech) System 

(BioRad) and equilibrated with 2X CV size exclusion buffer (SEB) (Table 2.7). 

Protein samples were filtered (Filtropur S 0.2, Sarstedt) and loaded on to the 

equilibrated column. The column was then subject to a wash of 2X CV SEB at a 

rate of 2 mL/min. Fractions of 1.9 mL were collected during this phase and 

fractions with A380 nm peaks were evaluated using SDS-PAGE. Fractions 

containing purified protein were pooled and concentrated using an Amicom Ultra-

15 centrifugal filter units (Merck). Final protein concentration was determined 

using the Pierce BCA assay kit (Invitrogen, ThermoFisher Scientific). Purified 

protein was flash frozen in liquid nitrogen before long-term storage at -80°C. 

2.7.3 Visualisation of expressed proteins 

2.7.3.1 Sample preparation 

Samples were prepared as follows; bacterial colonies were resuspended in either 

PBS or lysis buffer. Bacterial cells were boiled for a minimum of 30 minutes if B. 

pseudomallei or 10 minutes if E. coli. Alternatively, 1 mL of overnight B. 

pseudomallei broth cultures were centrifuged at 400 x g for 2 minutes and 

supernatant was discarded. Bacterial pellets were resuspended in 250 µL PBS 

or MilliQ Water and boiled for a minimum of 30 minutes. Bacterial lysates were 

frozen at -20°C until use.  

Bacterial lysates were thawed prior to use and 20 µL of lysate was mixed with 4 

µL of Laemmli sample buffer (5X stock solution, formulation in Table 2.7) and 
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boiled for 20 min. Samples were allowed to cool and subjected to a quick 

centrifuge to force all the sample to the bottom of the microcentrifuge tube. 

2.7.3.2 Running SDS-PAGE gels 

E. coli samples looking at protein expression were run on the Novex XCell Sure-

lock Mini Gel System (Invitrogen, ThermoFisher Scientific) using Bolt® 4-12% 

Bis-Tris Pre-Cast gels (Invitrogen, ThermoFisher Scientific). The Novex Gel 

System was assembled as per manufacturer’s instructions and a 1 X MES 

Running Buffer was created using a 20 X stock solution (Invitrogen, 

ThermoFisher Scientific). The inner chamber was filled and checked for leaks, 

followed by filling of the external chamber. 10 µL of sample (prepared as per 

section 2.7.3.2), as well as 5 µL of SeeBlue Plus 2 Pre-straining Standard Ladder 

(Invitrogen, ThermoFisher Scientific) was loaded into a well. Gels were run at 200 

V for 40 min, or until the dye front had reached the bottom of the well, using a 

BioRad PowerPac.  

B. pseudomallei samples assessing expression of complementation, LPS 

extractions or proteomics samples were run on the BioRad Mini-PROTEAN Tetra 

System (BioRad) using 10% SDS-PAGE gel using homemade buffers (Table 

2.7). Gels were run at 90 V for 20 minutes followed by 180 V until the dye front 

has reached the bottom of the gel. 

2.7.3.3 Coomassie staining of SDS-PAGE Gel 

Following electrophoresis, gels were stained with 25 mL Coomassie Brilliant Blue 

stain (formulation in Table 2.7) and microwaved for 20 sec before gentle agitation 

at room temperature for 30 minutes on an orbital shaker. Coomassie stain was 

removed and 50 mL destain solution (formulation in Table 2.7) was added and 

gels were agitated for 1 hour, a scrunched up tissue was added to the edge of 

the container to absorb large stain crystals. If following an hour of destaining, gels 

were still blue, destain solution was removed and fresh destain solution was 

added for an additional hour. Following this, destain solution was removed and 

replaced with MilliQ Water and gels were agitated at room temperature overnight 

before imaging using a colour scanner. 
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2.7.3.4 Transfer of SDS-PAGE gel to PVDF Membrane 

Following SDS-PAGE, Pre-Cast 4-12% Bis-Tris Plus gels were transferred to 

PVDF membrane using the NuPAGE Blot System (Invitrogen, ThermoFisher 

Scientific) as per manufacturer’s instructions. Briefly, 1X Transfer buffer was 

prepared with 50 mL 20X Transfer buffer (Invitrogen, ThermoFisher Scientific), 

100 mL Methanol (Rowe Scientific) and 850 mL MilliQ Water. Blotting pads and 

filter paper (Whatmanns) were soaked in Transfer buffer. The pre-cast gel was 

opened using a scraper and the foot and wells of the gel was cut off. The NuPAGE 

Blotting module was assembled from bottom up with two blotting pads, filter 

paper, pre-cast gel, equilibrated PVDF membrane, filter paper and two blotting 

pads. Once assembled the blotting module was placed into the Novex Sure-Lock 

system and filled with remaining Transfer buffer. The transfer was run at 30 V 

constant for 1 hour. Following transfer, the membrane was used immediately for 

Western Blotting. 

SDS-PAGE gels run using the BioRad Mini-PROTEAN Tetra system were 

removed from the glass plates and assembled in the transfer module in the same 

order as above while submerged in ice-cold 1X Transfer Buffer (Table 2.7). The 

transfer was run at 90V constant for 2 hours at 4°C or at 30 V at 4°C overnight.  

2.7.3.5 Western Blot 

The NuPAGE Blot System transferred PVDF membrane was placed into Blocking 

Buffer (2% w/v BSA (Sigma-Aldrich) in PBS) and agitated for 1 hour. Following 

blocking, Anti-His-HRP antibodies (50 µL of antibody mixed with 50 mL Blocking 

Buffer) were left agitating overnight. Membrane was washed four time with PBS 

for 5 min. During the final wash, chloronaphthol development solution was made 

consisting of; 0.03 g 4-chloronaphthol with 10 mL Methanol (Rowe Scientific) and 

30 µL H2O2 (BioRad) with 40 mL PBS). The last wash was discarded and two 

components of the development solution were combined and then added to the 

membrane. Development of the membrane was stopped when background 

bands began to appear by removing development solution and replacing it with 

MilliQ Water. The membrane was dried and subsequently scanned using an 

Epson Colour Scanner at 600 dpi.  

The BioRad Mini-Protean system transferred membrane was washed three times 

for five minutes in MilliQ Water with agitation. The membrane was allowed to dry 
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out overnight. The dried membrane was rehydrated briefly in methanol before 

being transferred into fresh PBS-T to equilibrate for approximately five minutes. 

The membrane was blocked for one hour with Blocking Buffer (2% (w/v) BSA in 

PBS-T, Table 2.7) with agitation. Following blocking, Anti-FLAG-HRP antibodies 

were added for one hour. The membrane was washed twice for five minutes, 

twice for 15 minutes and once for 20 minutes prior to chemiluminescence 

development. During the final wash step, chemiluminescence substrate was 

mixed and allowed to warm to room temperature. Development of the Western 

Blot was commenced by spotting substrate over the membrane and incubating 

at room temperature for five minutes. Western blots were visualised using the 

Alliance Q9 UV-Vis (ThermoFisher). 

 

2.8 Enzymology 

2.8.1 Protease-Coupled PPIase Assay 

A protease-coupled enzymatic assay to detect PPIase activity was developed by 

Fischer et al. (Fischer et al., 1984). This enzymatic assay was utilised to 

determine if recombinantly produced cyclophilins contained enzymatic activity. A 

Shimadzu 1800 UV/Vis spectrophotomer with an attached waterbath and 

computer were held in a 4°C cold room. The waterbath was switched to 4°C and 

circulated around the housing of the cuvette to allow for cool while a flea was 

used to mix the solution as the enzymatic assay was conducted. The enzymatic 

assay was conducted as follows. Increasing concentration of PpiA_NoSS or PpiB 

were incubated for 6 minutes with 10 μL Succinyl-ala-pro-pro-phe-p-nitroanilide 

(SAPPP) or Succinyl-ala-ala-pro-phe-p-nitroanilide (SAAPP)(10 ml/mL in DMSO, 

Bachem) and 35 mM HEPES buffer (pH 7.8, Sigma-Aldrich) to a total volume of 

1.25 mL. Following the 6 min equilibration step, 250 μL of α-Chymotrypsin (5 

mg/mL in 35 mM HEPES buffer; Sigma-Aldrich) was added to the cuvette. 

Cleavage of the chromophore, p-nitroalinide was measured at 390 nm at 2 

second intervals for 900 seconds.  

2.8.2 Inhibition of PPIase Activity  

To measure the ability of Cyclosporin A and other cyclophilin inhibitors to inhibit 

the PPIase activity of recombinant PpiA_NoSS or PpiB the protease-coupled 
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PPIase assay (Section 2.8.1) was employed. During the initial equilibration step 

increasing concentrations of inhibitor were added following the addition of 

recombinant protein but prior to the addition of SAPPP/SAAPP and allowed to 

equilibrate for 6 minutes. 250 μL of α-Chymotrypsin was added to the cuvette and 

the decrease in chromophore cleavage was measured at 390 nm every 2 

seconds for 900 seconds. 

2.8.3 Kinetics Analysis 

All data fitting and statistical analyses were performed using GraphPad Prism 8. 

This work was completed in conjunction with Ms Irena Sundac, an Honours 

student supervised by Ms Nicole Bzdyl. 

The pseudo first order rate constant was calculated using equation 1; data from 

10-50 sec (which were always after the lag phase, and before substrate became 

limiting) were taken, and kobs calculated by linear regression. 

(1) 𝑌𝑌 =  𝑌𝑌0 + �(𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚 −  𝑌𝑌0)(1 −  𝑒𝑒𝑘𝑘𝑚𝑚)�  

The enzymatic rate was determined by comparing the observed rate to the 

uncatalysed rate (equation 2). 

(2) 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 =  𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑘𝑘𝑢𝑢𝑒𝑒𝑢𝑢𝑚𝑚𝑢𝑢   

The specificity constant kcat/KM for the enzyme was calculated using equation 3 

(Harrison et al., 1990) and were fit using linear regression. 

(3) (𝑘𝑘𝑢𝑢𝑚𝑚𝑢𝑢/𝐾𝐾𝑀𝑀) =  𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒
[𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚𝑜𝑜𝑒𝑒]

  

Data for inhibitor assays were fit to equation 4 (Williams et al., 1979) using least 

squares non-linear fitting. [E] was treated as a constant (15 nM for PpiA_NoSS 

or 10 nM for PpiB); Y0 and Ki were fit, using initial estimates based on the raw 

data. 

(4) 𝑌𝑌 =  𝑌𝑌0  ×  [𝐸𝐸]−[𝑃𝑃]− 𝐾𝐾𝑖𝑖±�([𝐸𝐸]−[𝑃𝑃]− 𝐾𝐾𝑖𝑖)2+ (4 ×[𝐸𝐸]×𝐾𝐾𝑖𝑖)
2 [𝐸𝐸]
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2.9 Statistical Analysis 

For mutant characterisation an unpaired student’s t-test was used for growth 

curves, antimicrobial susceptibility, MNGC formation and proteomic analysis. For 

in vivo mutant characterisation a Log-rank test (Mantel-Cox) for comparison of 

survival curves was used. Remaining assays were analysed by Mann-Whitney. 

Statistical analyses were performed using GraphPad Prism version 8.  

Significances are as follows: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 

0.0001. 
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Chapter 3 - Bioinformatic analysis of prokaryotic cyclophilins 
and their homologues in B. pseudomallei 

3.1 Introduction 

Human cyclophilin A has been shown to be important in a diverse array of 

functions within a cell and is associated with a variety of diseases and viral 

infections (Frausto et al., 2013; Wang et al., 2005). Due to this, the conserved 

nature of cyclophilins, in particular their conservation amongst eukaryotes has 

been well studied (Galat, 2004; Trandinh et al., 1992). Despite this, few studies 

have investigated the divergence of prokaryotic sequences from the eukaryotic 

archetypal sequence of human Cyclophilin A (Bhaduri et al., 2014; Manteca et 

al., 2006). Cyclophilins from humans, mice and rats, demonstrate high levels of 

protein sequence homology of approximately >60% between them (Liu et al., 

1990; Trandinh et al., 1992). In contrast, in the Gram-negative bacterium 

Escherichia coli, the cyclophilin RotA only demonstrates 35% sequence 

homology with human cyclophilin A (Kawamukai et al., 1989). This divergence of 

sequence homology indicates that although these proteins are all active PPIases, 

there is evidence of cyclophilin sequence evolution between eukaryotes and 

prokaryotes, something which shall be elaborated upon here (Handschumacher 

et al., 1984; Liu et al., 1990; Zydowsky et al., 1992).  

Researchers worldwide are now beginning to gain a better understanding of the 

role of the cyclophilins sub-family in bacteria (Bzdyl et al., 2019; Rasch et al., 

2019; Roset et al., 2013; Skagia et al., 2017; Skagia et al., 2016; Ünal et al., 

2019). Despite this, there have only been two studies exploring the phylogeny of 

bacterial cyclophilins (Bhaduri et al., 2014; Manteca et al., 2006), with both 

studies focusing predominantly on Gram-positive cyclophilin sequences. Few 

Gram-negative sequences were included in these past analyses and thus the 

resultant evolutionary trees have been biased towards Gram-positive clades. 

One obvious conclusion from these studies was that Gram-negative cyclophilin 

protein sequences appear to clearly diverge from Gram-positive protein 

sequences (Bhaduri et al., 2014). Since the publication of these analyses, further 

studies investigating the role of Gram-negative cyclophilins has occurred (Bzdyl 

et al., 2019; Rasch et al., 2019 ; Roset et al., 2013; Skagia et al., 2017; Skagia et 

al., 2016). The identification of more cyclophilins in Gram-negative bacteria 
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allows for a more robust bioinformatic analysis of the evolution of these enzymes. 

Furthermore, development of open-access algorithms now allows for the 

visualisation of how the relatedness of prokaryotic cyclophilins has evolved in the 

context of secondary structure by modelling conservation onto a known crystal 

structure, something which as of yet has not been conducted on prokaryotic 

cyclophilins. 

The aim of this chapter is firstly to identify cyclophilin homologues in Burkholderia 

pseudomallei and to examine how conserved they are within the species. This 

was achieved using an array of bioinformatic tools to interrogate the genome and 

analyse putative cyclophilins. Furthermore, an analysis on the structural 

conversation was undertaken using all published bacterial cyclophilin sequences 

to elucidate the relatedness of bacterial cyclophilins, not just with a phylogenetic 

tree but also their tertiary structure.  

 

3.2 Results 

3.2.1 Identification of two cyclophilin-like homologues in Burkholderia 
pseudomallei 

The genome of Burkholderia pseudomallei K96243 was interrogated to determine 

the presence of any peptidyl-prolyl cis-trans isomerase annotated genes, using 

the search term ‘peptidyl-prolyl isomerase’ on the UniProt database. A total of 

eleven genes were identified shown in Table 3.1. The genes were classified into 

FKBP (fbp domain), Cyclophilin (cyclophilin-like domain) or Parvulin (ppiC/ppiD 

domain) based on their InterPro annotated domain and ProtParam results. One 

gene was predicted to have a dual Trigger Factor/ppiC domain and is called as 

such. Two cyclophilin-like homologues were identified, BPSL2245 and 

BPSL2246, encoded on Chromosome I, and although co-located sequentially in 

the genome, these open reading frames are not computationally predicted to be 

transcribed by the same promoter and do not form an operon, as per the 

Burkholderia database 

(https://www.burkholderia.com/feature/show/?id=373461&view=operons, 

accessed June 2020) (Winsor et al., 2008). BPSL2245 was annotated as ppiA 

and BPSL2246 was annotated as ppiB in UniProt and thus this nomenclature will 

be now used. The pSortb algorithm was used to determine which cellular 

https://www.burkholderia.com/feature/show/?id=373461&view=operons
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compartment the translated proteins would localise to with PpiA having a 

recognised signal sequence and hence is thought to localise to the periplasm. 

Meanwhile PpiB is predicted to reside within the cytoplasm. 

Table 3.1 Genes with annotated peptidyl-prolyl isomerase domains. The genome of B. 
pseudomallei K96243 was interrogated to identify genes with domains predicted to be involved in 
peptidyl-prolyl isomerisation. Eleven genes were found to contain these domains. The PPIase 
domain was classified according to ProtParam algorithm results and the cellular localisation was 
determined using the pSortb algorithm. The respective annotated name is stated and the UniProt 
accession number is listed. 

Gene Code Immunophilin 
name 

PPIase class Cellular  

compartment 

UniProt 
Accession # 

BPSL0659 SurA Parvulin Periplasmic Q63X78 

BPSL0918  FKBP Cytoplasm Q63WH1 

BPSL1402 Tig FKBP Cytoplasm Q63V42 

BPSL1410  Parvulin Cytoplasmic 

membrane/ 

Extracellular 

Q63V34 

BPSL1418  Trigger 

Factor/ppiC 

Periplasm Q63V26 

BPSL2245 PpiA Cyclophilin Periplasm Q63SS6 

BPSL2246 PpiB Cyclophilin Cytoplasm Q63SS5 

BPSL2254 SlyD FKBP Cytoplasm Q63SR7 

BPSS1155  Parvulin Cytoplasm Q63L53 

BPSS1383a  Parvulin Unknown Q63KH7 

BPSS1823 Mip FKBP Periplasm Q63J95 
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3.2.2 Homology of PpiA and PpiB to other known Gram-negative 
cyclophilins 

Although being annotated as having cyclophilin-like domains, the homology of 

PpiA and PpiB to other known cyclophilin proteins from Gram-negative bacteria 

was analysed. The resultant multiple sequence alignment (MSA) shows high 

levels of amino acid sequence homology of PpiA and PpiB with E. coli RotA, E. 

coli PpiB, L. pneumophila Lpg1962 and L. pneumophila Lcy (Figure 3.1). High 

levels of amino acid sequence identity (>50%) can be seen in Table 3.2 between 

the periplasmic cyclophilins (E. coli RotA, L. pneumophila Lpg1962 and B. 

pseudomallei PpiA) as well as between the cytoplasmic cyclophilins (E. coli PpiB, 

L. pneumophila Lcy and B. pseudomallei PpiB), strengthening the proposal that 

PpiA and PpiB are both cyclophilins. L. pneumophila Lpg1962 appears to be the 

least homologous amongst all six proteins, with an amino acid sequence identity 

of around 40% seen (Table 3.2). Residues which have been shown to be 

important in the PPIase activity of human cyclophilin A by Zydowsky et al. are 

highlighted in blue in Figure 3.1 (Zydowsky et al., 1992). Six of these seven 

residues show 100% identity across all six bacterial amino acid sequences 

indicating the highly conserved active site motif. Interestingly, the seventh 

important residue for activity is also required for the high affinity binding to the 

cognate inhibitor of cyclophilins, Cyclosporin A (CsA) (Liu et al., 1991). Amino 

acid sequences from E. coli (PpiB and RotA), Lcy of L. pnuemophila and PpiB of 

B. pseudomallei have a phenylalanine residue at position 112 (E. coli RotA 

position number) (Figure 3.1 #). In contrast to the human cyclophilin A which has 

a tryptophan at the equivalent residue which has been shown to be essential in 

tight binding to its natural inhibitor CsA. This phenylalanine residue has been 

directly shown to be responsible for the decreased sensitivity to CsA through site 

directed mutagenesis of E. coli RotA (Liu et al., 1991). Interestingly, the B. 

pseudomallei PpiA has a glycine at this CsA binding residue, while Lpg1962 of L. 

pnuemophila appears to not have an equivalent residue in its sequence, with a 

seven amino acid deletion present (Figure 3.1 #).  
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Figure 3.1 Multiple sequence alignment of Gram-negative cyclophilins. Multiple sequence 
alignment of both cytoplasmic and periplasmic cyclophilins from E. coli (UniProt Accession 
P0AFL3 (RotA) and P23869 (PpiB)) and L. pneumophila (UniProt Accession Q48822 (Lcy) and 
Q5ZU46 (Lpg1962) with the putative cyclophilin homologues from B. pseudomallei BPSL2245 
(UniProt Accession Q63SS6 (PpiA)) and BPSL2246 (UniProt Accession Q63SS5 (PpiB)) using 
MUSCLE. The blue highlighted residues indicates those important in PPIase activity as shown by 
site-directed mutagenesis of human Cyclophilin A by Zdyowsky et al. (Zydowsky et al., 1992), 
with the red # highlighting the amino acid residue important in forming a hydrogen bond with 
Cyclosporin A, resulting in high levels of binding affinity (Liu et al., 1991). 
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Table 3.2 Percentage identity of known Gram-negative cyclophilins against putative 
cyclophilin proteins from B. pseudomallei. The cyclophilin amino acid sequences of E. coli 
RotA (UniProt Accession P0AFL3), E. coli PpiB (UniProt Accession P23869), L. pneumophila Lcy 
(UniProt Accession Q48822), L. pneumophila Lpg1962 (UniProt Accession Q5ZU46), B. 
pseudomallei PpiA (UniProt Accession Q63SS6) and B. pseudomallei PpiB (UniProt Accession 
Q63SS5), were aligned using MUSCLE and the percentage identity calculated and tabulated. 

 
Lp- 

Lpg1962 

Ec-RotA Lp-Lcy Bp-PpiA Ec-PpiB Bp-PpiB 

Lp- 

Lpg1962 

100 41.86 40.67 41.28 42.00 42.95 

Ec-RotA 
 

100 51.55 50.79 55.90 57.50 

Lp-Lcy   100 52.47 59.76 57.67 

Bp-PpiA    100 53.09 61.49 

Ec-PpiB     100 66.26 

Bp-PpiB      100 

  



 

103 
 

3.2.3 Conservation of ppiA and ppiB amongst B. pseudomallei strains 

The level of sequence divergence of ppiA and ppiB sequences across sequenced 

B. pseudomallei strains was assessed.. A total of 80 individual B. pseudomallei 

strains were available in the BurkholderiaDB as complete genomes and their 

corresponding ppiA and ppiB homologue sequences extracted. A multiple 

sequence alignment of all ppiA homologues showed 100% conservation of 

sequence across all strains. The same holds true for ppiB, indicating that the 

sequences of both putative cyclophilin genes amongst B. pseudomallei strains 

are conserved.  

3.2.4 Phylogenetic analysis of B. pseudomallei PpiA and PpiB in 
comparison with other bacterial cyclophilins 

To determine the conservation of bacterial cyclophilins, all published cyclophilin 

amino acid sequences were collated and cross-referenced to confirm the 

presence of a cyclophilin-like domain (CLD). To remove bias in the analysis, any 

species-specific signal peptides and other domains were removed and a multiple 

sequence alignment was compiled using ClustalW using only the CLD of all 

sequences and this alignment was used as the basis for the calculation of a 

maximum likelihood tree. A table of all published cyclophilins, their accession 

number and publication reference can be found in Appendix A2.1.  

A maximum likelihood (ML) tree was produced from this MSA (Figure 3.2). The 

resultant tree is an elaboration of that published by Manteca et al. (Manteca et 

al., 2006), and despite an over-abundance of Gram-positive sequences, the 

addition of newly published Gram-negative sequences demonstrates that Gram-

negative sequences are highly conserved. Cyclophilins are considered highly 

conserved proteins in all forms of life (Harding et al., 1986), yet despite this there 

is clear distinction between the Gram-positive and Gram-negative sequences in 

this ML tree as indicated by the red lines in Figure 3.2, with Gram-negative 

sequences clustering tightly together. The Gram-negative cyclophilin clade was 

comprised of two sub-clades each related to the bacterial compartment in which 

the protein was directed to, that is the periplasm and cytoplasm. Demarcation of 

cytoplasmic with periplasmic/outer membrane cyclophilins occurs within their 

respective Gram-grouping (either positive or negative) which points to the 
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evolution of multiple cyclophilins within a prokaryote cell following the 

phylogenetic split of Gram-positive prokaryotes with Gram-negative prokaryotes.   

The B. pseudomallei sequences of PpiA and PpiB are highlighted in orange in 

Figure 3.2. B. pseudomallei PpiA (Bps_ppiA) can be seen clustering in the 

periplasmic Gram-negative group indicating that it shows greatest evolutionary 

homology with periplasmic cyclophilins of other Gram-negative prokaryotes. 

Meanwhile, ppiB (Bps_ppiB) falls within the cytoplasmic cluster of Gram-negative 

cyclophilins.  
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Figure 3.2 Evolution of the bacterial cyclophilins. The maximum likelihood phylogeny of all 
published bacterial cyclophilin amino acid sequences. Phylogeny was compiled by PhyML 3.0. 
The scale indicates the number of expected substitutions per site under the best fitting model. 
The red bars indicate the clustering of Gram-negative sequences, with cytoplasmic and 
periplasmic clustering indicated by green and blue arcs respectively. B. pseudomallei PpiA and 
PpiB are highlighted in orange and the human cyclophilin A sequence is highlighted in green.  
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3.2.5 The structural conservation of bacterial cyclophilins 

Modelling of conservation scores using the prototypic Gram-negative cyclophilin, 

E. coli RotA, crystal structure enables modelling of other cyclophilin proteins from 

which to infer structural similarities within this family. Using the ML tree, MSA and 

the ConSurf algorithm, the conservation of each amino acid residue was 

projected onto the crystal structure of E. coli RotA (PDB Accession 1CLH). Figure 

3.3 shows the resultant projection with the protein rotated to provide a view of the 

active site cleft which is highlighted with a red rectangle. The active site cleft of 

the cyclophilin protein shows the highest levels of structural conservation, with 

conservation scores greater than 7 (dark pink). The outer regions of the 

cyclophilin protein display a range of conservation scores of between 1-5 (dark 

teal to white).  

Based upon this model, both B. pseudomallei PpiA and PpiB proteins would be 

structurally similar in appearance to the modelled structures shown in Figure 3.3 

upon crystallisation. The conservation of the active site cleft amongst all 

prokaryotic sequences (Figure 3.3, red rectangle) indicates that to remain an 

active PPIase enzyme the residues involved in activity must remain structurally 

similar. Thus despite being distinct phylogenetically, important residues do 

remain structurally similar in prokaryotic cyclophilins. The full tabulated results 

consensus amino acid and conservation scores residue by residue are available 

in Appendix A2.2.  
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Figure 3.3 Structural conservation of bacterial cyclophilins. Phylogenetic ML tree and MSA 
of published bacterial cyclophilins was projected onto the crystal structure of E. coli RotA (PDB 
Accession 1CLH) using the ConSurf algorithm. Residues are coloured based on their 
conservation score which can be seen on the colour bar on the bottom of the figure. Amino acid 
residues with a score of 1-2 are considered variable, 3-5 display average conservation and 6-9 
are considered conserved residues. The red rectangular boxes indicate the active site cleft of a 
cyclophilin. Grey residues were not plotted in this analysis. Structures A-C are Y-axis rotations of 
the E. coli RotA crystal structure with projected conservation scores. 
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3.3 Discussion 

B. pseudomallei was found to encode for a total of eleven immunophilin genes; a 

large number compared to other prokaryotes such as Enterococcus faecalis 

which encodes four immunophilin genes (Reffuveille et al., 2012), and 

Mycoplasma genitalum which only encodes one immunophilin (Bang et al., 

2000). This large number of immunophilins in B. pseudomallei may be in part due 

to its large genome which consists of two chromosomes making up approximately 

7.2MB (Holden et al., 2004). Having multiple immunophilins of each class would 

allow B. pseudomallei a large repertoire of folding proteins to allow for efficient 

folding of the multitude of proteins which have been acquired by the bacterium, 

but thus far there has been no known association between immunophilin numbers 

and genome size, but a larger array of immunophilins could be related to the 

complexity of the lifestyle of the organism. Deletions of single immunophilins 

genes from organisms commonly results in little to no phenotypic changes 

indicating that there is some level of redundancy between immunophilin proteins 

once a large array is encoded (Herrler et al., 1994; Reffuveille et al., 2012). 

Eukaryotes are known to encode for over twenty immunophilins allowing for great 

diversification of function of these immunophilins, leading to very specialised 

immunophilins, particularly in humans (Galat, 2003), such as cyclophilin D which 

is located in the mitochondria and regulates mitochondria permeability transition 

and protects against cell apotosis  (Lin et al., 2002). Humans encode for 

cyclophilins which are directed to the endoplasmic reticulum, mitochondria and 

the nucleus, as well as those present in the cytosol (Wang et al., 2005). This 

specialisation of cyclophilins does indicate that greater numbers of immunophilins 

may be associated with specialisation of protein to specific targets rather than 

general protein folders. 

Upon identification of two cyclophilin homologues in B. pseudomallei, an 

assessment into their conservation against other characterised Gram-negative 

cyclophilins was conducted. Since periplasmic and cytoplasmic cyclophilins from 

E. coli (RotA and PpiB) and L. pneumophila (Lcy and Lpg1962) have been 

functionally characterised, the amino acid sequences of these genes were 

compared to PpiA and PpiB from B. pseudomallei by MSA (Figure 3.1). High 

levels of conservation were seen across these proteins, particularly in residues 

which are involved with enzymatic activity, of which six of seven residues showed 
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complete identity (Zydowsky et al., 1992), leading to the conclusion that PpiA and 

PpiB are putative cyclophilin homologues in B. pseudomallei. Upon closer 

examination it was revealed that B. pseudomallei PpiB contains a phenylalanine 

residue at residue 107 (which equates to residue F112 in E. coli RotA) which is 

consistent with most other Gram-negative cyclophilins, with this residue being 

highly important for both activity (Zydowsky et al., 1992) and Cyclosporin A 

binding (Liu et al., 1991) which results in inhibition of cyclophilin PPIase activity. 

This has the potential to have implications in the inhibitory kinetics in that B. 

pseudomallei PpiB protein may be less sensitive to Cyclosporin A than human 

cyclophilin A which has a IC50 of 6 nM (which has a tryptophan at the equivalent 

residue W121) (Liu et al., 1991), while the bacterial cyclophilins with a 

phenylalanine residues have an IC50 of 3000 nM for E. coli RotA and a Ki of 1330 

nM for L. pneumophila Lcy (Liu et al., 1991; Schmidt et al., 1996). Interestingly, 

the equivalent residue in B. pseudomallei PpiA (residue 135) is a glycine, an 

amino acid that accounts for 0.549% of residues at this equivalent residue in the 

phylogenetic analysis (residue 110 of MSA, Appendix 3.3). All other residues in 

the enzymatic domain or CLD are highly conserved indicating that PpiA is likely 

to be part of the cyclophilin sub-family. Further functional characterisation is 

required to determine the effect this amino acid substitution has on enzymatic 

efficiency and inhibition by Cyclosporin A of PpiA of B. pseudomallei. 

Interestingly, lpg1962 of L. pneumophila does not appear to encode this residue 

at all (Figure 3.1), but Lpg1962 has not been functionally characterised, so the 

effect on PPIase activity and inhibition by CsA is unknown. 

The sequence of cyclophilin genes in prokaryotes was analysed to determine the 

phylogenetic relationship between these sequences. The last published studies 

focused primarily on Gram-positive phylogeny at a ML tree level (Bhaduri et al., 

2014; Manteca et al., 2006), but since that time numerous Gram-negative 

prokaryotic cyclophilins have been characterised and published, thus allowing for 

the insertion of further Gram-negative sequences into the overall phylogeny of 

prokaryotic cyclophilins. Since conservation was only examined at the ML tree 

level, here, the conservation at a structural level was investigated. Only the 

cyclophilin-like domain (CLD) of sequences was used to prevent skewing by 

species-specific signal peptides. The maximum-likelihood (ML) phylogenetic tree 

illlustrates that bacterial cyclophilins are highly conserved with only short 
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branches (Figure 3.2). There is a clear divergence of Gram-negative and Gram-

positive sequences as shown by the red lines in Figure 3.2. Gram-positive 

sequences are highly homologous, but this may be misleading due to so many 

sequences belonging to the Mycobacteria genus from the Bhaduri et al. study in 

2014 (Bhaduri et al., 2014), with insertion of further cyclophilin sequences from 

other Gram-positive prokaryotic species needed to determine if this level of 

homology extends to all Gram-positive cyclophilins.  

An interesting observation is that following the split of Gram-positive and Gram-

negative sequences there is a further split into cytoplasmic and periplasmic 

sequences for Gram-negative prokaryotes. This evolution of sequences indicates 

that the cytoplasmic and periplasmic cyclophilins of Gram-negative prokaryotes 

occurred following the split of Gram-negative from Gram-positive. It is possible 

that prokaryotes initially encoded for a singular cyclophilin gene and upon 

evolution of a periplasmic space, two forms of cyclophilins were adopted and 

each evolved independently. This clear delineation of cytoplasmic and outer-

membrane is not as obvious in Gram-positive prokaryotes.   

B. pseudomallei PpiB (Bps_ppiB) clusters with other PpiB proteins from Gram-

negative prokaryotes, but interestingly B. pseudomallei PpiA (Bps_ppiA) diverges 

from other periplasmic cyclophilin amino acid sequences on its own branch quite 

early after the split with periplasmic sequences. This is likely to be due to multiple 

changes in amino acid sequences, such as a glycine at residue 135, which is a 

phenylalanine in B. pseudomallei PpiB, E. coli RotA and L. pneumophila Lcy 

(Figure 3.1), but how this will affect the activity and inhibition of PpiA will need to 

be determined by functional characterisation. Further Gram-negative sequences, 

particularly from closely related prokaryotic species would need to be inserted 

into the phylogenetic analysis to determine if the divergence of B. pseudomallei 

PpiA is unique in the context of Gram-negative periplasmic cyclophilins or if the 

prokaryotic diversity has not been fully captured through the currently published 

cyclophilins used in this analysis.  

To further understand the conservation of prokaryotic cyclophilins, the sequence 

conservation scores as determined by the Consurf algorithm (Mayrose et al., 

2004; Pupko et al., 2002) were modelled onto the E. coli RotA crystal structure 

(PDB Accession 1CLH) that has been previously solved (Clubb et al., 1994). The 

typical enzymatic cleft has been outlined in a red rectangle and orientated to be 
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visible at three different angles (Figure 3.3 A-C). High levels of residue 

conservation (conversation score >6) is seen within the enzymatic cleft, indicating 

that conservation of these residues is pivotal in retaining enzymatic activity. 

Greater degrees of variability are seen on the exterior of the protein with 

conservation scores generally being <5, with this region not associated with 

PPIase activity. 

In conclusion, two cyclophilin homologues have been identified in B. 

pseudomallei strain K96243 called ppiA (BPSL2245) and ppiB (BPSL2246). 

These cyclophilin homologues show high levels of amino acid sequence 

homology to other characterised periplasmic (PpiA) and cytoplasmic (PpiB) 

cyclophilins in Gram-negative bacteria including residues that are important in 

enzymatic activity. These findings therefore indicated that these are most likely 

to be cyclophilin proteins, although functional characterisation through 

purification and enzymatic characterisation is necessary to confirm this and will 

be discussed in the subsequent chapters of this thesis. The genes encoding ppiA 

and ppiB are 100 % conserved throughout all completed B. pseudomallei 

genomes, indicating that there is currently little environmental pressure for the 

bacterium to vary the amino acid sequence of these proteins. The conservation 

of published prokaryotic cyclophilins was investigated and analysed by 

generation of a phylogenetic tree. Gram-positive and Gram-negative cyclophilins 

have diverged from one another and evolved into their own distinct clades. 

Interestingly, cytoplasmic and periplasmic cyclophilins cluster independently in 

Gram-negative prokaryotes indicating a distinct evolutionary path of these 

sequences. Modelling of the conservation scores of each individual amino acid 

onto the crystal structure of E. coli RotA shows that the active cleft of cyclophilins 

is highly conserved in prokaryotic cyclophilins while the exterior of the protein 

remains variable between species.   
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Chapter 4 - Investigation into the role of the cyclophilin gene 
homologue, ppiB, in the virulence of Burkholderia 
pseudomallei 

4.1 Introduction 

Cytoplasmic cyclophilins are the most comprehensively studied cyclophilins in 

bacteria and play an important role in the stress response as well as in facilitating 

infection persistence in animal models (Keogh et al., 2019; Keogh et al., 2018; 

Roset et al., 2013; Schmidt et al., 1996). In the Gram-negative bacterium, L. 

pneumophila, the cyclophilin, lcy, was found to be important for intracellular 

survival in Acanthaemoba casterllanii (Schmidt et al., 1996). Meanwhile, in 

Brucella abortus, the cyclophilin B protein, CypB, displayed increased 

transcription levels during infection and deletion of both CypB and CypA 

cyclophilin proteins from B. abortus resulted in attenuation in a chronic BALB/c 

infection model, reduction in intracellular survival in HeLa epithelial cells, and 

increased susceptibility to oxidative and acidic stress (Roset et al., 2013). 

Although the role of ppiB from E. coli in virulence has not been investigated, it 

negatively modulates biofilm formation and motility. A ppiB-null mutant strain 

formed long filamentous cellular morphologies, with further investigation 

revealing that PpiB recognises denatured FtsZ protein, a protein important for cell 

division (Skagia et al., 2017; Skagia et al., 2017; Skagia et al., 2016) 

The gene BPSL2246, or ppiB, from B. pseudomallei K96243 strain encodes for 

a cyclophilin homologue, as shown previously in Chapter 3. The pSortB algorithm 

predicts it to reside within the cytoplasm of the bacteria, making ppiB similar to 

other ppiB or Cyclophilin B’s from other Gram-negative bacteria. This chapter 

aims to characterise the role of ppiB in the virulence of B. pseudomallei. To do 

this, an in-frame unmarked deletion of ppiB was constructed in the B. 

pseudomallei K96243 strain termed Bps∆ppiB. The Bps∆ppiB mutant was 

characterised for any defects in virulence in a variety of axenic conditions such 

as growth curves, biofilms and motility, in vitro cell infection assays. Finally, in 

vivo virulence was assessed in a BALB/c chronic model of infection. Furthermore, 

to understand the phenotypic changes in Bps∆ppiB, global proteomic analysis 

was conducted to determine if there were any correlation of the phenotypes 

observed and to identify proteins that could potentially be folded by PpiB. 



     

114 
 

4.2 Results 

4.2.1 Construction of Bps∆ppiB mutant strain 

4.2.1.1 Construction of ppiB-pDM4 deletion construct 

The cloning strategy used to construct the pDM4 deletion construct for ppiB is 

outlined in Figure 4.1. The upstream (UP) and downstream (DN) flanking regions 

of ppiB were amplified by PCR using the following primer pairs; 

ppiB_UP_For/ppiB_UP_Rev and ppiB_DN_For/ppiB_DN_Rev respectively 

(Table 2.9). PCR products were blunt ligated into the cloning vector pCR_Blunt-

II_TOPO and nucleotide sequence was confirmed by using Sanger sequencing 

(AGRF, Australia). Flanking regions with the correct nucleotide sequences were 

digested using the restriction enzyme, BglII before SOE-PCR amplification using 

the primer pair ppiB_UP_For/ppiB_DN_Rev and the resulting UPDN fused 

amplicon was ligated into pCR Blunt II TOPO and the nucleotide sequence was 

confirmed by Sanger sequencing. The fused upstream-downstream flanking 

regions were digested out of pCR Blunt II TOPO using the restriction enzyme 

XbaI and ligated into the XbaI site of the suicide plasmid pDM4. Ligations were 

transformed into E. coli DH5αλpir and plated onto LB agar containing 

chloramphenicol. Colonies containing ppiB_UPDN_pDM4 suicide plasmid 

constructs were confirmed by agarose gel electrophoresis of restriction digests. 
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Figure 4.1 Cloning strategy for the construction of a ppiB pDM4 suicide plasmid construct. 
1. The upstream (UP) and downstream (DN) flanking regions of ppiB (BPSL2246) were PCR 
amplified from B. pseudomallei genomic DNA using primers which introduced a XbaI restriction 
site (dark blue square) and a BglII restriction site (orange square) next to the ppiB gene. 2. The 
UP or DN fragment PCR product was blunt ligated into pCR_Blunt-II_TOPO and sequenced using 
Sanger sequencing (AGRF, Australia). 3. The UP and DN flanks were fused together using SOE-
PCR and the resultant PCR band was ligated into pCR_Blunt-II_TOPO. 4. UPDN fused flanking 
regions were excised and the suicide plasmid, pDM4, was linearised using the restriction enzyme 
XbaI. 5. UPDN insert was ligated into linearised pDM4 to create the ppiB_UPDN_pDM4 deletion 
plasmid.  
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Figure 4.2 Creation of the ppiB deletion strain using the pDM4 suicide plasmid. Figure is 
adapted from Logue et al. (Logue et al., 2009). The ppiB_UPDN_pDM4 deletion construct was 
conjugated into B. pseudomallei K96243 wild-type. The first cross-over event can occur at either 
the UP or DN flank resulting in the integration of the pDM4 backbone into the genome. Merodiploid 
strains are selected by growth on LB agar supplemented with chloramphenicol and ampicillin. 
Excision of the pDM4 plasmid backbone is achieved by growth of the merodiploid strain on LB 
agar without salt and with the addition of 10 % sucrose. Growth on sucrose initiates a second 
cross-over event at either the UP or DN flank and generates either a wild-type revertant strain or 
a deletion mutant strain respectively. Strains are selected for by sensitivity to chloramphenicol. 
CmR- chloramphenicol resistance cassette. SacBR- levansucrase, sucrose sensitivity marker.  
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4.2.1.2 Creation of a Bps∆ppiB mutant 

Construction of a mutant was adapted from Logue et al. (Logue et al., 2009) and 

is outlined in Figure 4.2. The pDM4 deletion construct from Section 4.2.1.1 

containing the upstream-downstream fusion was transformed into E. coli S17λpir. 

The pDM4 deletion construct plasmid was transferred into B. pseudomallei 

K96243 wild-type by conjugation. A cross-over event at either the upstream or 

downstream flank results in integration of the pDM4 plasmid into the genome 

through homologous recombination resulting in a merodiploid integrant which 

contained both the deletion construct (UP-DN) and intact gene (UP-ppiB-DN). 

Merodiploid integrants were plated onto chloramphenicol and ampicillin LB agar 

plates and screened by PCR for a dual banding pattern using the primer pair 

ppiB_UP_For and ppiB_DN_Rev. Following confirmation of the suicide plasmid 

integration into the B. pseudomallei genome, suicide plasmid excision was 

induced by plating the merodiploid strain onto LB agar containing 10% (w/v) 

sucrose. The pDM4 backbone encodes for levansucrase which is lethal to B. 

pseudomallei, thus initiating a second cross-over event. Colonies growing on 

10% (w/v) sucrose plates were screened for the loss of chloramphenicol 

resistance as this would signify the loss of the pDM4 plasmid backbone. The 

genomic DNA from potential mutant colonies was extracted and screened using 

the primer pair ppiB_UP_For/ppiB_DN_Rev to determine if the colony was a wild-

type revertant or a deletion mutant. The resultant mutant was named Bps∆ppiB.  

4.2.1.3 Confirmation of ppiB deletion by whole genome sequencing 

Whole genome sequencing was undertaken to confirm the deletion of ppiB, as 

well as no background mutations. This was conducted by Dr Geoffery Coombs 

and Dr Stanley Pang at Murdoch University, WA, Australia. Assembly and 

interpretation of whole genome sequencing data was conducted by Dr Derek 

Sarovich at the University of Sunshine Coast, QLD, Australia. WGS data was 

aligned to the K96243 reference genome (versions NC_006350.1 [chromosome 

1] and NC_006350.1 [chromosome 2]) and variants were identified using the 

SPANDx pipeline (Sarovich et al., 2014). Successful deletion of ppiB was 

confirmed and additionally, a single nucleotide polymorphism (SNP) resulting in 

a missense mutation in rpoZ (RpoZLeu10Pro) was identified. 
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4.2.1.4 Complementation of the Bps∆ppiB mutant strain 

4.2.1.4.1 Complementation using the constitutive plasmid, pBBR-1-MCS-1 

The coding region of ppiB was PCR amplified from B. pseudomallei K96243 

genomic DNA using the primer pair ppiB_pstI_For/ppiB_pstI_Rev (Table 2.9) and 

the purified amplicon was blunt ligated into pCR Blunt II TOPO (Figure 4.3). The 

gene was excised using the PstI restriction endonuclease and ligating it into the 

PstI site on ppiA_3XFLAG_pCR Blunt II TOPO, which was also treated with PstI 

to remove the ppiA gene and transformed into E.coli TOP10. E. coli colonies were 

screened to determine the orientation of the ppiB gene insert using the primers 

ppiB_pstI_For/BamHI_stop_Rev (Table 2.9) and a single colony in the correct 

orientation was selected. The ppiB gene now fused to a 3XFLAG-tag 

(ppiB_3XFLAG) was PCR amplified with the primer set 

ppiB_pET15b_For/BamHI_stop_Rev and cloned into pCR Blunt II TOPO and the 

sequence of ppiB_3XFLAG was confirmed using Sanger sequencing (AGRF, 

Australia). The ppiB_3XFLAG gene was excised using SmaI and BamHI-HF 

restriction endonucleases and ligated into the SmaI/BamHI site of linearised 

pBBR-1-MCS-1. Ligations were transformed into E. coli DH5α and selected on 

LB agar containing 30 µg/mL chloramphenicol. Colonies containing the correct 

complementation construct were confirmed by agarose gel electrophoresis 

following restriction digest. 

The ppiB_3XFLAG_pBBR-1-MCS-1 complementation construct was 

transformed into the auxotrophic E. coli ST18 (kindly donated by Dr Joshua 

Ramsay, Curtin University, WA, Australia) and selected by plating on LB agar 

plates containing 30 µg/mL chloramphenicol and 50 µg/mL 5-aminolevulinic acid 

(ALA). Conjugation into Bps∆ppiB was conducted and complemented Bps∆ppiB 

mutants (Bps∆ppiB/ppiB) were plated out onto LB agar containing 30 µg/mL 

chloramphenicol. The requirement of IPTG induction for complement expression 

was investigated by Western Blot as shown in Figure 4.4.  IPTG induction showed 

no demonstrable increase in PpiB_3XFLAG expression compared to uninduced, 

and thus IPTG was not used. This complemented mutant strain, Bps∆ppiB/ppiB 

was used henceforth in this study.  
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Figure 4.3 Cloning strategy for the construction of a ppiB_3XFLAG_pBBR-1-MCS-1 
complementation construct. 1. The ppiB gene was PCR amplified from B. pseudomallei 
K96243 genomic DNA with primers which introduced a PstI restriction enzyme site (red boxes) 
on either side of the gene. 2. The PCR amplicon was blunt ligated into pCR_Blunt-II_TOPO and 
the nucleotide sequence was confirmed using Sanger sequencing (AGRF, Australia). 3. The ppiB 
gene was excised and the plasmid ppiA_3XFLAG_pCR_Blunt-II_TOPO was linearised using the 
restriction enzyme PstI. 4. The excised ppiB gene was ligated into ppiA_3XFLAG_pCR_Blunt-
II_TOPO and resulting plasmids were screen for correct orientation. 5. The now ppiB_3XFLAG 
fusion was PCR amplified using primers which introduced a NdeI restriction enzyme site (dark 
green square) and a BamHI restriction enzyme site (yellow square). 6. In order to transfer the 
ppiB_3XFLAG into the complementation vector, a single restriction enzyme digest with NdeI was 
conducted before being blunted using T4 DNA polymerase, upon which it was digested again 
using the restriction digest BamHI. The complementation plasmid, pBBR-1-MCS-1 was double 
digested using the restriction enzymes SmaI (lavender square) and BamHI, upon which they were 
ligated together, creating the complementation plasmid, ppiB_3XFLAG_pBBR-1-MCS-1.  
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Figure 4.4 Western Blot revealing the expression of PpiB_3XFLAG. B. pseudomallei strains 
were grown overnight in LB broth supplemented with or without 1 mM IPTG. The following day, 1 
mL of bacterial broth was harvested, washed and subsequently boiled to produce whole cell lysate 
(WCL). WCL was run on a 10 % SDS-PAGE gel before being transferred to a PVDF membrane. 
PpiB_3XFLAG was probed by using an Anti-FLAG-HRP antibody before being detected by 
chemiluminescence. An approximately 21 kDa protein corresponds to PpiB_3XFLAG. This is only 
found in the complemented mutant strain, Bps∆ppiB/ppiB. There also appears to be no difference 
between uninduced and IPTG-induced samples. Lanes:  
1 - BpsWT uninduced  
2 - BpsWT IPTG-induced  
3 - Bps∆ppiB uninduced  
4 - Bps∆ppiB IPTG-induced  
5 - Bps∆ppiB/ppiB uninduced  
6 - Bps∆ppiB/ppiB IPTG-induced. 
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4.2.1.4.2 Complementation using the inducible plasmid, pMLBAD 

To test the efficacy of an alternative inducible complementation construct, 

ppiB_3XFLAG was moved into the inducible vector pMLBAD (kindly provided by 

Dr Nichollas Scott, University of Melbourne, VIC, Australia) with the cloning 

strategy outlined in Figure 4.5. This was done by excising ppiB_3XFLAG from 

ppiB_3XFLAG_pBBR-1-MCS-1 using the restriction enzymes NdeI and BamHI-

HF, followed by blunting the overhangs using T4 DNA Polymerase. The plasmid 

was linearised using the restriction enzyme SmaI, as well as treatment by Calf 

Intestinal Phosphatase (CIP) to prevent self-ligation. The resultant blunt 

ppiB_3XFLAG and linearised pMLBAD were ligated and transformed into E. coli 

DH5α and plated onto LB supplemented with 100 µg/mL trimethoprim. Colonies 

were screened for the correct orientation in pMLBAD by using the pair 

pMLBAD_For/BamHI_stop_Rev (Table 2.9) and visualised by gel 

electrophoresis.  

The ppiB_3XFLAG_pMLBAD construct was transformed into auxotrophic E. coli 

β2150 and plated onto LB agar containing DAP and 100 µg/mL trimethoprim. A 

triparental mating was performed with the pMLBAD complement construct, 

pRK2013 and Bps∆ppiB. Complemented mutants were screened by plating out 

onto selective LB agar (+100 µg/mL Trimethoprim). A complemented mutant 

strain (Bps∆ppiB/ppiB(pMLBAD)) was glycerol stocked for future use. Optimal 

expression levels were confirmed by Western Blot as shown in Figure 4.6, with a 

faint non-specific band in all B. pseudomallei lanes also seen. Expression levels 

were optimal when grown with 0.2% L-arabinose, and this concentration was 

used in future experiments.  



     

122 
 

 

Figure 4.5 Construction of a ppiB_3XFLAG_pMLBAD inducible complementation 
construct. 1. The ppiB_3XFLAG gene fusion was excised using the restriction enzymes NdeI 
(dark green square) and BamHI-HF (yellow square). 2. The sticky overhangs of ppiB_3XFLAG 
were blunted using T4 DNA Polymerase. 3. The inducible plasmid, pMLBAD, was linearised using 
the restriction enzyme SmaI (lavender square) and treated with CIP to stop self-ligation. 4. The 
insert, ppiB_3XFLAG, was ligated into linearised pMLBAD to create ppiB_3XFLAG_pMLBAD.  



     

123 
 

 

Figure 4.6 Optimisation of L-arabinose induction of PpiB_3XFLAG in B. pseudomallei. B. 
pseudomallei strains were grown overnight in LB broth supplemented with 100 µg/mL 
trimethoprim and without or with either 0.2, 0.5 or 1% L-arabinose. The following day, 500 µL of 
bacterial broth was harvested, washed and subsequently boiled to produce whole cell lysate 
(WCL). WCL was run on a 10% SDS-PAGE gel before being transferred to a PVDF membrane. 
PpiB_3XFLAG was probed by using an Anti-FLAG-HRP antibody before being detected by 
chemiluminescence. An approximately 21 kDa protein corresponds to PpiB_3XFLAG. There is 
no visible expression in the vector only B. pseudomallei control wells (Lane 2-5). A concentration 
of 0.2% L-arabinose appears to provide optimal expression of PpiB_3XFLAG (Lane 7) with some 
leaky expression is visible (Lane 6). Lanes:  

1 - Bps∆ppiB no L-arabinose  

2 - Bps∆ppiB/pMLBAD no L-arabinose  

3 - Bps∆ppiB/pMLBAD 0.2% L-arabinose  

4 - Bps∆ppiB/pMLBAD 0.5% L-arabinose  

5 - Bps∆ppiB/pMLBAD 1% L-arabinose  

6 - Bps∆ppiB/ppiB_3XFLAG_pMLBAD no L-arabinose  

7 - Bps∆ppiB/ppiB_3XFLAG_pMLBAD 0.2% La-arabinose  

8 - Bps∆ppiB/ppiB_3XFLAG_pMLBAD 0.5% L-arabinose  

9 - Bps∆ppiB/ppiB_3XFLAG_pMLBAD 1% L-arabinose   
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4.2.2 Axenic characterisation of the mutant strain Bps∆ppiB  

4.2.2.1 Growth in media 

BpsWT and Bps∆ppiB were grown in nutrient LB broth at 37°C to determine if 

ppiB played a role in the growth of B. pseudomallei. To do this, 1 mL of overnight 

bacterial growth was used to inoculate 50 mL of LB media and growth was 

monitored over 24 hours by optical density (OD) at 590 nm (Figure 4.7A) and 

colony forming units (CFU) as a measure of viable bacteria (Figure 4.7B). No 

difference in growth rate was seen by either of those measurements in nutrient 

LB broth at 37°C. 

In contrast, differences were seen in the growth rate in M9 Minimal Media 

supplemented with glucose (M9MM+G) when monitored over 48 hours by both 

optical density (Figure 4.7C) and CFU (Figure 4.7D). There was no significant 

difference in CFU counts between BpsWT and Bps∆ppiB growth except at 12 

hours when Bps∆ppiB counts were significantly higher (Figure 4.7D; 12 hr p-value 

0.046083, Student’s T-test). However there is a difference in the optical density 

values at 8 and 12 hours which demonstrate significantly higher growth (Figure 

4.7C; 8 hr p-value 0.019702; 12 hr p-value 0.021042, Student’s T-test) before 

plateauing at 24 hours followed by a significant decline in optical density at 28 

and 48 hours (Figure 4.7C; 28 hr p-value 0.064490 (not significant); 48 hr p-value 

0.0006708, Student’s T-test). In contrast, BpsWT optical density values steadily 

increased over 28 hours followed by a plateau at 48 hours. It was also observed 

that Bps∆ppiB did not appear to clump in M9MM+G like BpsWT, but retained a 

more cloudy appearance.  
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Figure 4.7 Growth of Bps∆ppiB in nutrient and minimal media at 37°C. The growth of the 
Bps∆ppiB mutant was assessed by diluting an overnight culture 1 in 50 and monitoring growth 
over 24 hours for nutrient LB media (A & B) and 48 hours for M9 minimal media supplemented 
with glucose (M9MM+G) (C & D) by either optical density at 590 nm (A & C) or by viable count (B 
& D). Graphs are the result of three biological replicates with error bars representing the standard 
error of the mean. The p-value calculated using the Student’s T-test, * p < 0.05, ** p < 0.01.
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4.2.2.2 Exposure to stress 

4.2.2.2.1 Susceptibility to environmental stress 

B. pseudomallei is a soil saprophyte and has thus developed a variety of defence 

mechanisms to resist environmental stresses that it may encounter. Cyclophilins 

in other Gram-negative bacteria have been shown to play a role in the response 

to stress (Roset et al., 2013), potentially as mediators of protein refolding as 

proteins commonly denature when exposed to stress (Martin et al., 1992). Thus 

Bps∆ppiB was tested alongside BpsWT to determine if it was more susceptible 

to a variety of stresses which a bacterium can encounter in the environment, such 

as salt (NaCl), acidity (HCl) and reactive oxygen species (hydrogen peroxide, 

H2O2). The minimum inhibitory concentration (MIC) was considered to be the 

lowest concentration which inhibited growth to under 20% of the unexposed 

control strain control. Bps∆ppiB did not exhibit any growth defect in the highest 

concentration of NaCl (256 µg/mL) (Table 4.1). Neither was there any increase 

in susceptibility to acidic stress with the MIC to HCl being 32 µL/mL for both 

BpsWT and Bps∆ppiB (Table 4.1). 

Despite not showing an increase in sensitivity to osmotic or acidic stress, 

Bps∆ppiB did show a three dilution increase in susceptibility to oxidative stress 

with the MIC tohydrogen peroxide of 0.04 µL/mL compared to BpsWT which had 

an MIC of 0.32 µL/mL (Figure 4.8). Upon complementation with 

ppiB_3XFLAG_pBBR-1-MCS-1, Bps∆ppiB/ppiB, the MIC shifts up to 0.16 µL/mL, 

which is one-fold away from to the MIC of BpsWT. These results suggests that 

ppiB plays a large role in the response to oxidative stress, but not acidic or 

osmotic stress.  
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Table 4.1 The Minimum Inhibitory Concentration (MIC) to environmental stresses. Growth 
of BpsWT and Bps∆ppiB was assessed when exposed to increasing concentrations of salt (NaCl) 
or acid (HCl). Salt and acid were diluted to achieve a concentration gradient of 256 – 0.025 µL/mL. 
Early log-phase bacteria were exposed to a gradient of concentrations of stresses and allowed to 
grow over a 24 hour period at 37°C upon which an optical density reading was taken at 590 nm 
on a BioRad Xmark spectrophotometer. A negative control with no bacteria and a positive growth 
control was included. Background values were subtracted and the MIC was called at the lowest 
concentration that could reduce growth to below 20% of the unexposed positive control. 
Experiments were carried out in technical and biological triplicates.  

Stress Minimum Inhibitory Concentration (MIC) (µL/mL) 

BpsWT  Bps∆ppiB  

Salt (NaCl) >256 >256 

Acid (HCl) 32 32 

 

 

Figure 4.8 Growth of Bps∆ppiB on exposure to oxidative stress. Growth of BpsWT, Bps∆ppiB 
and the complement, Bps∆ppiB/ppiB, was assessed when exposed to increasing concentrations 
of 33% H2O2. Hydrogen peroxide was diluted to achieve a concentration gradient of 256 – 0.025 
µL/mL. Early log-phase bacteria were exposed to the gradient and allowed to grow over a 24 hour 
period at 37°C upon which an optical density reading was taken at 590 nm on a BioRad Xmark 
spectrophotometer. A negative control with no bacteria and a positive growth control was 
included. Background values were subtracted and the MIC was called at the lowest concentration 
that could reduce growth to below 20% of the unexposed positive control. The BpsWT strain 
(green circles) had MIC of 0.32 µL/mL while upon deletion of ppiB an increase in sensitivity to 
oxidative stress saw a three-fold increase in MIC to 0.04 µL/mL for the mutant Bps∆ppiB (blue 
triangles). Complementing the mutant resulted in an increase in MIC to 0.16 µL/mL for 
Bps∆ppiB/ppiB (teal squares). Experiments were carried out in technical and biological triplicate. 
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4.2.2.2.2 Susceptibility of Bps∆ppiB to commonly used antimicrobials 

In addition to environmental stress, the ability of Bps∆ppiB to grow on exposure 

to a variety of antimicrobial classes was investigated by determining the MIC. 

Table 4.2 illustrates the MIC to antimicrobials tested against BpsWT and 

Bps∆ppiB. Antimicrobial compounds which demonstrated a change in resistance 

were additionally tested with the complemented strain, Bps∆ppiB/ppiB. Most 

strikingly, Bps∆ppiB displays a four-fold increase in susceptibility to the 3rd 

generation cephalosporin, ceftriaxone, from 128 µg/mL to 8 µg/mL, with 

complementation demonstrating a slight shift back towards BpsWT MIC with an 

MIC of 16 µg/mL. Additionally, Bps∆ppiB displayed a greater sensitivity to 

antibiotics that are commonly used to treat B. pseudomallei infections such as 

tetracycline (MIC 0.5 µg/mL, down from 2 µg/mL), doxycycline (MIC <0.25 µg/mL, 

down from 1 µg/mL) and meropenem (MIC of 0.5 µg/mL down from 2 µg/mL). 

Complementation of the mutant strain resulted in a two-fold increase in MIC. 

These results suggest that ppiB plays a role in maintaining resistance to some 

antimicrobial classes but further research would be required to determine the 

exact mechanism for this. 

  



     

129 
 

Table 4.2 The Minimum Inhibitory Concentration (MIC) to different antimicrobial classes. 
Growth of BpsWT and Bps∆ppiB was assessed when exposed to increasing concentrations of 
antimicrobials. Antimicrobial compounds were diluted to achieve a concentration gradient of 256 
– 0.025 µL/mL. Early log-phase bacteria were exposed to a gradient of concentrations of 
antimicrobials and allowed to grow over a 24 hour period at 37°C upon which an optical density 
reading was taken at 590 nm on a BioRad Xmark spectrophotometer. A negative control with no 
bacteria and a positive growth control was included. Background values were subtracted and the 
MIC was called at the lowest concentration that could reduce growth to below 20% of the 
unexposed positive control. Antimicrobials which displayed a decreased MIC, such as 
doxycycline, meropenem, tetracycline and ceftriaxone, were reassessed with the addition of the 
complemented strain, Bps∆ppiB/ppiB, to ascertain if there is shift in the MIC back to BpsWT levels 
of resistance. Experiments were carried out in technical and biological triplicates. 

Antibiotic Antibiotic Class MIC (µg/mL) 

 

BpsWT Bps∆ppiB Bps∆ppiB/ppiB 

Chloramphenicol Chloramphenicol 8 8 - 

Rifampicin Rifamycin 64 64 - 

Tetracycline Tetracycline 2 0.5 1 

Doxycycline Tetracycline 1 <0.25 0.5 

Gentamicin Aminoglycoside 32 64 - 

Sulfamethoxazole Sulfonamide >256 >256 - 

Trimethoprim Anti-folate 16 16 - 

Meropenem Carbapenem 2 0.5 1 

Kanamycin Aminoglycosides 32 16 - 

Polymyxin B Polymyxin >256 256 - 

Ceftriaxone Cephalosporin 128 8 16 

Ceftazidime Cephalosporin 4 4 - 

Ampicillin β-lactam >256 >256 - 

Erythromycin Macrolide 32 16 - 

Ciprofloxacin Fluoroquinolone 64 32 - 
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4.2.2.3 Swarming motility of Bps∆ppiB through semi-solid agar  

The ability of B. pseudomallei to move throughout its environment has been 

linked to virulence as well as survival outside of a host (Chua et al., 2003; 

Chuaygud et al., 2008). The swarming motility of BpsWT, Bps∆ppiB and a 

complemented strain Bps∆ppiB/ppiB was investigated. While BpsWT was able to 

spread by 48.5 mm, the mutant strain Bps∆ppiB had a ~50% reduction in motility 

with an average spread of 24.5 mm (p-value 0.0022, Mann-Whitney U Test, 

BpsWT vs Bps∆ppiB) (Figure 4.9). Unfortunately, complementation did not result 

in restoration of motility in this assay, with a mean spread of 26.3 mm (p-value 

0.2468, Mann-Whitney U Test, Bps∆ppiB vs Bps∆ppiB/ppiB). These results 

demonstrate that ppiB is playing a role in the ability of B. pseudomallei to swarm 

through its environment, although better complementation vectors are required 

and further experimentation is needed to determine the interplay between ppiB 

and motility-related machinery or signalling pathways.  
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Figure 4.9 Swarming motility of B. pseudomallei through semi-solid agar. To determine if 
ppiB plays a role in the motility of B. pseudomallei, the ability to swarm through 0.3% agarose 
was assessed. BpsWT (green circles), the mutant strain, Bps∆ppiB (blue triangles), and the 
complement, Bps∆ppiB/ppiB teal squares) were grown up overnight in LB broth after which a 1 
µL loopful of bacterial broth was used to inoculate the centre of a 0.3% agarose plate. Plates were 
incubated at 37°C upright overnight and the diameter of spread was read 24 hours post-
inoculation. Graphs are the result of six biological replicates, with individual readings plotted. The 
p-value was determined using a Mann-Whitney U test, ** p < 0.01  
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4.2.2.4 Biofilm forming-capacity of BpsΔppiB  

The capacity to form a biofilm has been implicated in environmental survival in 

many bacteria, particularly environmental bacteria as it allows for them to survive 

in particularly harsh conditions (Kamjumphol et al., 2013; Kunyanee et al., 2016; 

Moradali et al., 2017; Panomket et al., 2017). Biofilms have been shown to play 

a role in chronic infection of B. pseudomallei in C57BL/6 mouse infection models 

(Panomket et al., 2017). Initially, the ability of Bps∆ppiB to form a biofilm was 

assessed over a 4 day period. 

As seen in Figure 4.10A, BpsWT produces a confluent biofilm at 24 hours (density 

of 1.38) with a decrease and stabilisation at 48, 72 and 96 hours (optical density 

readings of 0.63, 0.68 and 0.71 respectively). Meanwhile, Bps∆ppiB displays a 

76% decrease in biofilm formation with an optical density reading of 0.32 (p-value 

<0.0001, Mann-Whitney U test, Figure 4.10A). This decrease in biofilm formation 

continues with time with a decrease of 56%, 68% and 61% at 48, 72 and 96 hours 

respectively (optical density readings of 0.28, 0.22 and 0.28) (p-value <0.0001, 

Mann-Whitney U test) (Figure 4.10A). 

To see if this biofilm deficiency could be restored upon complementation of ppiB, 

the ability to produce a biofilm after 24 hours was repeated with BpsWT, 

Bps∆ppiB and the complemented mutant Bps∆ppiB/ppiB (Figure 4.10B). BpsWT 

was able to produce a biofilm with an optical density reading of 0.59, while 

Bps∆ppiB showed a decrease in biofilm formation with a reading of 0.36 (39% 

decrease) (p-value 0.0022, Mann-Whitney U test). In this instance, 

complementation did not restore a wild-type biofilm with Bps∆ppiB/ppiB having 

an absorbance reading of 0.33 (Figure 4. 10B). These results indicate that ppiB 

may play a role in B. pseudomallei’s ability to form biofilms under nutrient 

conditions, however complementation using this particular method does not 

restore biofilm formation to wild type levels. Further optimisation of the 

complementation strain is needed to determine if a wild-type phenotype can be 

restored.  



     

133 
 

 

Figure 4.10 Biofilm-forming capacity of B. pseudomallei under nutrient conditions. Strains 
were serially passaged in LB broth every 24 hours for two days before biofilms were seeded into 
a 96-well plate and bacterial strains were allowed to adhere for 3 hours. Fresh LB broth was 
added and biofilms were allowed to mature. Biofilms were fixed with methanol and stained with 
crystal violet to determine bacterial biomass. Crystal violet stained biofilms were solubilized with 
33% glacial acetic acid, and optical density at 590 nm was read with a spectrophotometer (Bio-
Rad Xmark). (A) The ability of BpsWT and Bps∆ppiB to form a biofilm under nutrient conditions 
in LB broth was assessed over a four day period, with biofilms fixed every 24 hours. (B) To 
determine if complementation of the mutant could restore a wild-type biofilm phenotype, BpsWT 
(green circles), Bps∆ppiB (blue triangles) and Bps∆ppiB/ppiB (teal squares) were assayed to 
determine biofilm formation over a 24 hour period. Graphs are the result of six biological 
replicates, with error bars in (A) representing the standard error of the mean, and individual values 
are blotted in (B). The p-value was determined using a Mann-Whitney U test, ** p < 0.01, **** p < 
0.0001
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4.2.2.5 Lipopolysaccharide silver stain 

An important virulence factor for many bacteria is the lipopolysaccharide (LPS) 

as it can induce an immune response (Rallabhandi et al., 2008), and in B. 

pseudomallei it has been shown to have a role in infection (Arjcharoen et al., 

2007; Burtnick et al., 1999; DeShazer et al., 1999), but is less immune-stimulating 

than E. coli (Arjcharoen et al., 2007). To see if ppiB plays a role in LPS production 

and assembly, a LPS micro-extraction was conducted and separated on 15 % 

SDS-PAGE gels and subsequently silver stained. 

Figure 4.11 shows the silver stain of BpsWT (Lane 2-4) and Bps∆ppiB (Lane 6) 

LPS extractions. There is no apparent difference in the banding pattern between 

the ppiB mutant, Bps∆ppiB, and BpsWT. These results suggest that ppiB does 

not play a role in the pathways associated with LPS expression and assembly. 

4.2.2.6 Transmission Electron Microscopy of BpsWT and Bps∆ppiB 

To investigate the cellular morphology of BpsWT and Bps∆ppiB, Transmission 

Electron Microscopy (TEM) was conducted on overnight LB broth cultures. 

Samples were fixed and prepared as gelled pellets before being processed by 

the Electron Microscopy department, PathWest Laboratory Medicine WA (Perth, 

Australia). 

TEM images can be seen in Figure 4.12. No gross morphological changes can 

be identified between BpsWT (Figure 4.12 A and C) and Bps∆ppiB (Figure 4.12 

B and D). Multiple white globular polyhydroxybutyrate (PHB) granules can be 

seen (Figure 4.12, red arrows), which are associated with energy storage for 

nutrient limiting conditions (Chen et al., 2014; Moore et al., 2008). Interestingly, 

there are clusters of electron dense objects within the cytoplasm of Bps∆ppiB 

(Figure 4.12, yellow arrow), which may be aggregated protein, but requires further 

investigation. No flagella are seen in any of the images, possibly due to the 

centrifugation steps used during fixation which can shear off the flagella. Further 

microscopy with gold-labelled antibodies against the LPS and CPS would allow 

better discrimination to determine if there is a difference in the thickness of these 

cellular components.  
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Figure 4.11 Silver staining of B. pseudomallei lipopolysaccharide. Lipopolysaccharide (LPS) 
was micro-extracted from bacterial strains growing on blood agar plates. Following an overnight 
Proteinase K digestion, samples were loaded onto a 15% SDS-PAGE gel and was allowed to run 
the length of the gel. Separated LPS samples were then silver stained to visualise the LPS 
banding pattern. Lanes:  

1 – marker  

2 – BpsWT  

3 – BpsWT  

4 – BpsWT  

5 - Bps∆ppiA  

6 - Bps∆ppiB  

7 - Bps∆ppiAppiB  
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Figure 4.12 Transmission Electron Microscopy of BpsWT and Bps∆ppiB. Overnight cultures 
of BpsWT and Bps∆ppiB were centrifuged and then underwent 2.5% glutaraldehyde fixation 
before the bacterial pellet was gelled by using a mixture of BSA and glutaraldehyde. Samples 
were processed by the PathWest Diagnostic Laboratories Electron Microscopy department and 
imaged using a JOEL transmission electron microscope and imaged using a GATAN Orius 11Mp 
digital camera. Panel A & C - BpsWT, Panel B & D - Bps∆ppiB. Red arrows indicate intracellular 
polyhydroxybutyrate granules. Yellow arrow indicates electron dense accumulations within the 
cytoplasm of Bps∆ppiB. 
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4.2.3 In vitro characterisation of Bps∆ppiB 

4.2.3.1 Ability of Bps∆ppiB to survive in J774A.1 murine macrophages 

B. pseudomallei is capable of infecting many cell types (Jones et al., 1996), thus 

the ability of BpsWT and Bps∆ppiB to invade and replicate was investigated in 

the commonly used murine macrophage cell line, J774A.1. Murine macrophages 

were seeded at a density of 4 x 105 cells/mL and allowed to form a monolayer 

overnight. The following day either BpsWT or Bps∆ppiB was allowed to adhere 

and invade cells at a multiplicity of infection (MOI) of 10 for one hour. Following 

this incubation time all non-adherent bacteria were removed by washing cell 

monolayers three times with PBS after which non-invasive bacterial cells were 

killed by addition of 1 mg/mL kanamycin into the media. Intracellular bacteria 

were enumerated at 0, 3, 6, 9, 12 and 24 hours after the extracellular kill step 

which was designated 0 hrs post-infection. Figure 4.13 demonstrates the 

intracellular replication and survival curve of both of these strains.  

There were no significant differences in the levels of invasive capacity of BpsWT 

and Bps∆ppiB, as shown by comparable numbers at the 0 hour time point (Figure 

4.13A). Intracellular numbers of Bps∆ppiB remain static at 3 hours post-infection 

(blue triangle), while BpsWT begins to replicate intracellularly (green circles). 

Significantly decreased numbers of intracellular bacteria were seen at 6 hours 

(14-fold decrease, p-value 0.0159, Mann-Whitney U Test) and 9 hours (36.8-fold 

decrease, p-value 0.0159, Mann-Whitney U Test) post-infection with Bps∆ppiB 

demonstrating reduced survival and/or replicative ability. At 12 hours Bps∆ppiB 

was able to overcome the reduced growth phenotype showing similar levels of 

intracellular bacterial numbers to that of the BpsWT parental control. At 24 hours, 

although the levels of intracellular bacteria in both BpsWT and Bps∆ppiB 

appeared similar, there was a substantial reduction in cell cytotoxicity caused by 

Bps∆ppiB compared to BpsWT using lactose dehydrogenase (LDH) cytotoxicity 

screening (Figure 4.13B), but these results were not significant due to high 

variability of the BpsWT strain associated macrophage cytotoxicity (p-value 

0.3095, Mann-Whitney U Test). Together these results demonstrate that 

Bps∆ppiB has reduced growth and/or survival in murine macrophage cells at 6 

and 9 hours post-infection.  
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Figure 4.13 Intracellular survival of BpsWT and Bps∆ppiB in J774A.1 murine macrophages. 
(A) The intracellular survival of B. pseudomallei was assessed by infection of J77A.1 murine 
macrophages at a multiplicity of infection of 10. Following killing of extracellular bacteria, infected 
monolayers were incubated at 37°C and intracellular bacteria were enumerated at 0, 3, 6, 9, 12 
and 24 hours post-infection. (B) At 24 hours post-infection, levels of macrophage death were 
determined using the lactose dehydrogenase (LDH) cell cytotoxicity kit (Roche) where the 
supernatant was used to enumerate the levels of LDH release which is associated with death of 
eukaryotic cells. Graphs are the mean of five biological replicates, with each having two technical 
replicates. (A) The error bars display the standard error mean of each time point. (B) Each 
individual value is plotted on the bar graph. The p-value was determined using a Mann-Whitney 
U test, * p < 0.05  



     

139 
 

4.2.3.2 The in vitro formation of multinucleated giant cells 

An interesting phenotypic feature of B. pseudomallei infections both in vitro and 

in vivo is the ability of the bacterium to fuse host cell membranes and form 

multinucleated giant cells (MNGC) (Burtnick et al., 2011). This phenomenon has 

also been documented in human melioidosis (Wong et al., 1995). Murine 

macrophage cell infection studies show that deletion of ppiB resulted in a reduced 

growth phenotype for 9 hours post-infection (Figure 4.13A). To investigate this in 

more detail a complemented mutant strain was constructed, BpsΔppiB/ppiB, and 

was further characterised in macrophage cells. BpsWT, Bps∆ppiB and 

Bps∆ppiB/ppiB strains were allowed to infect J774.1A murine macrophage cells 

as described in Section 2.6.2-2.6.3. At 12 hours post-infection infected cell 

monolayers were fixed and immunofluorescence imaging was conducted to 

explore MNGC formation. 

Figure 4.14A shows BpsWT infected monolayers fused into MNGCs, with 

Hoechst33258-stained nuclei clustering together. Bacteria can be seen escaping 

from the cells following cellular fusion. In contrast, macrophages infected with 

Bps∆ppiB (Figure 4.14B) demonstrate no MNGC formation with FITC-labelled 

bacteria remaining within singular macrophage cells. In some instances there are 

also uninfected cells indicating that Bps∆ppiB is unable to spread cell-to-cell 

through the monolayer. Furthermore, complementation of Bps∆ppiB with PpiB 

results in an increase in cell monolayer fusion and destruction (Figure 4.14C). 

To quantify the observation that Bps∆ppiB was unable to fuse macrophage cells 

into MNGCs, the rate of nuclei within multinucleated cells relative to 

mononucleated cells was calculated (Figure 4.14D). BpsWT had a multinucleated 

nuclei rate of 55.8%, while Bps∆ppiB showed only 18.2% of nuclei were within 

MNGCs. This corresponds to a 67.4% reduction in nuclei associated with MNGCs 

(p-value 0.0022, Mann-Whitney U test; BpsWT vs Bps∆ppiB). The ability to fuse 

cells into MNGCs is significantly restored in the complemented strain, 

Bps∆ppiB/ppiB multinucleated nuclei rate of 38% cells (p-value 0.026, Mann-

Whitney U Test; Bps∆ppiB vs Bps∆ppiB/ppiB). These results indicate that PpiB 

is important for B. pseudomallei associated MNGC formation and for cell-to-cell 

spread of bacteria during infection.  
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Figure 4.14 Multinucleated giant cell formation in J774A.1 murine macrophages. Confluent 
J774A.1 murine macrophage monolayers were infected at a multiplicity of infection of 10 with 
either BpsWT, Bps∆ppiB or Bps∆ppiB/ppiB. Following killing of extracellular bacteria, infected 
monolayers were incubated at 37°C and left for 12 hours. Infected monolayers were fixed with 
methanol and fluorescently stained with Hoescht33258 (nuclei, blue) and anti-Bps-LPS-FITC (B. 
pseudomallei LPS (Mab4VIHXII), green). Images were taken using a Nikon Eclipse Ts2R 
microscope and images were acquired using NIS-Elements software. (A) BpsWT (B) Bps∆ppiB 
(C) Bps∆ppiB/ppiB (D) Following image acquisition, one thousand nuclei were counted from each 
coverslip from three biological replicates with two technical replicates. Nuclei were counted as 
either multinucleated or mononucleated then the percentage of multinucleated cells was 
calculated. The p-value was determined using a Mann-Whitney U test, * p < 0.05, ** p< 0.01  
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4.2.4 In vivo characterisation of Bps∆ppiB 

4.2.4.1 Virulence of Bps∆ppiB in BALB/c mice 

To determine if ppiB was involved in virulence in vivo, the mutant strain Bps∆ppiB 

was investigated in an acute BALB/c mouse infection model. BALB/c mice were 

challenged via the intraperitoneal route with either BpsWT or Bps∆ppiB and 

monitored over 35 days for signs of disease at the Defence Science Technology 

Laboratories (Porton Down, United Kingdom). The complement strain, 

BpsΔppiB/ppiB, was not tested in vivo due to the difficulty in selecting for the 

complementation plasmid, which would require dosing mice with antibiotics. 

Groups of six BALB/c mice were challenged with either 1.1 x 104 CFU of BpsWT 

or 1.86 X 104 CFU of Bps∆ppiB. Mice were weighed and monitored daily for 

clinical signs of infection. All six mice challenged with Bps∆ppiB survived until the 

end of the experiment, compared to 33% of mice challenged with BpsWT (p-value 

0.0183 by Log-rank (Mantel-Cox) test) (Figure 4.15A). The bacterial burden in the 

spleens of all mice at the end of the experiment was enumerated and showed 

that the group challenged with Bps∆ppiB had cleared the bacterium from their 

spleens (Dr Andrew Scott, personal communication). In contrast BpsWT infected 

mice had high bacterial numbers present in the spleens and exhibited a sharp 

drop in body weight post-challenge (Figure 4.15B) but then recovered, before 

body weight decreased prior to the humane end point. In contrast to this, mice 

challenged with Bps∆ppiB did not appear to lose any weight after challenge with 

Bps∆ppiB and there was no weight loss throughout the experiment as well as no 

clinical signs of disease (Figure 4.15C). This indicates that ppiB is essential for 

virulence in an animal model of infection.   
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Figure 4.15 Virulence of Bps∆ppiB in BALB/c mice. Six mice were challenged with either 1.1 
x 104 CFU of BpsWT or 1.86 x 105 CFU of Bps∆ppiB via the intraperitoneal route. The mice were 
monitored for signs of disease for five weeks after which all surviving animals were culled. (A) 
Survival curve of mice challenged with either BpsWT (green circles) or Bps∆ppiB (blue triangles). 
Weight loss of individual BALB/c mice, labelled 1 to 6, of BpsWT (B) and Bps∆ppiB (C). Infected 
mice was monitored daily following intraperitoneal injection as a measure of morbidity. The p-
value was determined by log-rank (Mantel-Cox) test, * p = 0.0183
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4.2.5 Proteomic characterisation of Bps∆ppiB 

4.2.5.1 Global proteomic analysis of Bps∆ppiB 

As ppiB is predicted to encode for a PPIase, loss of ppiB would result in a 

bacterial cell without one of its protein isomerases. Misfolded proteins are readily 

refolded within a cell or degraded as to not disrupt cellular homeostasis (Goff et 

al., 1985). To determine if there was a change within the proteome of Bps∆ppiB, 

global proteomics was conducted upon a bacterial lawn that had been grown to 

stationary phase on blood agar plates. Four biological replicates of BpsWT, 

Bps∆ppiB and the complement, Bps∆ppiB/ppiB, were lysed and protein purified 

by acetone precipitation upon which samples were sent to Dr Nichollas E. Scott 

(Doherty Institute, University of Melbourne, VIC, Australia) for label free based 

quantitative (LFQ) proteomic analysis.  

A high level of consistency was observed across all biological replicates for 2091 

proteins as determined by Pearson correlations (average: 0.95, Appendix Figure 

A3.1). The data set has been deposited in the Proteome-Xchange Consortium 

via the PRIDE (Perez-Riverol et al., 2019) partner repository with the data set 

identifier PXD012956. A total of 734 proteins were altered significantly in 

Bps∆ppiB, consistent with the role of PpiB being involved in multiple cellular 

pathways with a volcano plot highlighting the changes to the overall proteome in 

Figure 4.16. Appendix Table A3.1 comprises all significant protein changes in 

Bps∆ppiB. PpiB underwent the greatest fold-change (10.14-fold decrease) in the 

proteome of Bps∆ppiB which is consistent with deletion of this gene from the 

genome (Figure 4.16 highlighted in red). A compilation of the GO localisation 

terms of statistically altered proteins indicates that protein level changes are 

occurring within every subcellular compartment of the bacterium (Figure 4.17). 

Upon complementation, an increase in PpiB levels was observed by proteomic 

analysis (Figure 4.18A), but this only corresponds to a restoration of 

approximately 10% of PpiB levels relative to wild-type levels (Figure 4.18B). 

Despite only achieving 10% protein level restoration using the constitutive pBBR-

1-MCS-1 complementation plasmid, there is restoration of numerous proteins to 

wild-type levels (Figure 4.19). For example, proteins such as BPSS2098 (Hcp3) 

and BPSS2099 (TssC3), see an increase in abundance on deletion of ppiB, but 

levels decrease to similar to wild-type upon complementation (Figure 4.19A, blue 
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highlighted). These proteins are part of the Cluster 3 Type 6 Secretion System, 

thus this may explain the phenotype reversion on complementation in vitro. 

Conversely, the chaperone DnaK (BPSL2827) displays a decrease in abundance 

in Bps∆ppiB, but levels increase upon complementation (Figure 4.19B) which 

may account for partial restoration of phenotype when exposed to stress. In 

conclusion, global proteomic analysis indicates that deletion of ppiB results in 

proteome-wide changes that affect every subcellular compartment of the 

bacterial cell. 
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Figure 4.16 Volcano plot of proteomic changes in Bps∆ppiB compared to BpsWT. Relative 
fold change of proteins is indicated by individual dots. Highlighted in red is BPSL2246, or PpiB, 
displaying the highest fold decrease, indicating the absence of PpiB in the Bps∆ppiB proteome. 
Highlighted in blue are BPSS2098 and BPSL2099 (Hcp3 and TssC3 respectively) which are 
components of the Type 6 Secretion System Cluster 3.  



     

146 
 

 

Figure 4.17 Proteomic changes by subcellular localisation. GO term-asigned localisation of 
42 out of the 213 proteins that undergo statistically significant changes with localisation 
assignment. Only GO localisation terms for groups with greater than three entries are shown.  
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Figure 4.18 Proteomic analysis of PpiB protein levels. (A) Protein levels of PpiB using LFQ 
proteomics. The log2 value of four biological replicates is shown for BpsWT, Bps∆ppiB and 
Bps∆piB/ppiB. The limit of detection (L.o.D.) is represented by the dashed line. (B) The 
percentage of PpiB protein in each strain. Complementation with the constitutive plasmid, pBBR-
1-MCS-1, only restores PpiB levels to approximately 10% compared to the BpsWT proteome.  

 



     

 
 

148 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19 Restoration of proteins to BpsWT levels on complementation of PpiB. A heat map indicating a restoration of protein levels in Bps∆ppiB/ppiB to 
similar to BpsWT levels. (A) Proteins which exhibited an increase in Bps∆ppiB (B) Proteins which exhibited a decrease in Bps∆ppiB. 
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4.2.5.2 KEGG pathway analysis of proteomic changes in Bps∆ppiB 

In order to determine which cellular pathways were affected by deletion of ppiB, 

each protein that was differentially present by global proteomics was manually 

curated using the Kyoto Encyclopaedia of Genes and Genomes (KEGG) 

database against the B. pseudomallei K96243 genome (entry number T00203) 

and assigned a KEGG Orthology (KO). Only the highest KO was used for KEGG 

pathways analysis. The overall changes in Bps∆ppiB can be seen in Figure 4.20 

with proteins increased in Bps∆ppiB relative to BpsWT shown in red, while 

proteins in blue have been decreased in Bps∆ppiB.  

Many pathways within Bps∆ppiB have been affected upon deletion of the PpiB 

protein. Metabolic pathways were the most affected by loss of PpiB which 

accounted for 268 differentially present proteins, of which 170 were increased 

while 98 were decreased. Pathways involved in Genetic Information Processing 

were the second most affected pathway with this accounting for 75 differentially 

increased proteins and 67 differentially decreased proteins. Environmental 

Information Processing, Signalling and Cellular Processes pathways were also 

disrupted. Although many B. pseudomallei proteins have no clear functions, and 

as such could not be assigned a KO number or to a specific pathway, deletion of 

ppiB clearly results in stark changes across a wide array of cellular pathways. 
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Figure 4.20 KEGG pathway analysis of proteins differentially present in Bps∆ppiB versus 
BpsWT. Proteins that were differentially present by label-free quantitative proteomics were 
manually curated using the Kyoto Encyclopaedia of Genes and Genomes (KEGG) database 
against the B. pseudomallei K96243 genome (entry number T00203) and assigned a KEGG 
Orthology (KO). Proteins in red were increased in Bps∆ppiB relative to the BpsWT strain, while 
proteins in blue were deceased. Numerous proteins were predicted to be in other functional 
groups, but only the highest KO was taken.  
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4.3 Discussion 

Previous work has demonstrated that cyclophilin B plays a role in modulating 

virulence in a number of bacterial species resulting in attenuation in vivo (Dimou 

et al., 2017; Rasch et al., 2019; Roset et al., 2013; Schmidt et al., 1996). 

Consistent with these studies but for the first time in B. pseudomallei, we have 

demonstrated that ppiB, or Cyclophilin B, influences multiple virulence-

associated pathways. On deletion of the ppiB gene in B. pseudomallei, multiple 

virulence determinants have been adversely effected, culminating in the mutant 

strain being avirulent in an animal model of infection. A global proteomic analysis 

of this mutant strain illustrates that proteome homeostasis has been disrupted 

with protein differences in each cellular compartment observed. Multiple 

virulence-associated proteins are affected on deletion of ppiB correlating with the 

phenotypes seen by this mutant. 

No growth deficiency was detected in nutrient LB broth media, it was observed 

that BpsΔppiB did not appear to clump like BpsWT in M9 Minimal Media 

supplemented with glucose. This has been previously observed in B. 

thailandensis mutant strains that lack a functional quorum sensing (QS) system 

(Chandler et al., 2009). None of the characterised B. pseudomallei quorum 

sensing AHL synthase or LuxR transcriptional regulator proteins (Ulrich et al., 

2004; Valade et al., 2004) appear to be differentially present in proteomic analysis 

of Bps∆ppiB, but this does not rule out the possibility that PpiB interacts with 

these proteins under different conditions as proteomic analysis was conducted 

on stationary phase bacteria grown on blood agar plates. Future work could be 

conducted to determine if correct levels of secreted AHLs are being produced as 

well as conducting proteomics on actively growing cultures in minimal media 

rather than just on stationary phase bacteria on nutrient agar. 

Intracellular pathogens are exposed to reactive oxygen species in phagocytes; a 

natural defence mechanism for eukaryotic cells (Babior, 2000), with loss of ppiB 

in B. pseudomallei resulting in increased susceptibility to oxidative stress (Figure 

4.8). B. pseudomallei uses a variety of mechanisms to respond to and tolerate 

oxidative stress, with QS proteins important for regulating genes that protect the 

cell against DNA damage as well as polyphosphate kinases playing a role 

(Loprasert et al., 2004; Lumjiaktase et al., 2006; Tunpiboonsak et al., 2010). 
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Although none of the genes studied appear in the Bps∆ppiB proteomics screen, 

proteins involved in stress such as universal stress protein A (UspA) (BPSS0837, 

-1.3 log2, -log10(p-value): 3.63; BPSS1140 (-0.57 log2, -log10(p-value): 2.03) and 

OmpR, an oxidative stress two-component system transcriptional regulator 

(BPSL2094, -0.53 log2, -log10(p-value): 2.69), are decreased and may play an as 

of yet unknown role in oxidative stress response in B. pseudomallei. Deletion of 

ppiB in B. abortus and L. pneumophila resulted in increased susceptibility to 

environmental stress conditions such as oxidative, acidic and cold tolerance 

stress (Rasch et al., 2019; Roset et al., 2013) indicating that PpiB plays an 

important role in environmental stress response in a variety of Gram-negative 

pathogens. 

In addition to environmental stress, the ability of Bps∆ppiB to grow in the 

presence of antibiotics was assessed. B. pseudomallei chromosomally encodes 

numerous genes associated with antimicrobial resistance and hence is 

intrinsically resistant to most antibiotics used to treat serious infections 

(Schweizer, 2012). BpsΔppiB demonstrated increased susceptibility to 

ceftriaxone, tetracycline and doxycycline as shown in Table 4.2, with these 

antibiotics currently used for treatment of melioidosis (Pitman et al., 2015; 

Wiersinga et al., 2012). Resistance to these antibiotics is shown to be moderated 

by RND efflux pumps (Viktorov et al., 2008), of which B. pseudomallei K96243 

strain has ten annotated within its genome, as well as by beta-lactamases 

(Holden et al., 2004; Schweizer, 2012). Differences in the protein levels of the 

efflux pump components, AmrA (BPSL1804, -1.66 log2, -log10(p-value): 2.98), 

BpeB (BPSL0815, 0.2 log2, -log10(p-value): 1.97) and OprB (BPSL2094, -0.53 

log2, -log10(p-value): 2.69), indicate that loss of PpiB may result in malfunctioning 

or misregulation of efflux pumps. Deletion of cyclophilins in other species, such 

as ppiB in C. difficile, has been shown to increase the susceptibility to antibiotics 

including amoxicillin  (Ünal et al., 2019). These results indicate that deletion of 

ppiB results in a reduction of efflux pump components, possibly making 

ineffective pumps and restoring susceptibility to certain antibiotics. 

Motility and biofilm formation have been shown to be important for establishing 

B. pseudomallei infections (Chua et al., 2003; Kunyanee et al., 2016). Deletion of 

the flagellum, ΔfliC, resulted in decreased virulence in a BALB/c mouse infection 

model (Chua et al., 2003; Inglis et al., 2000). Bps∆ppiB showed a decrease in 
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motility and a decrease in FliC protein levels (BPSL3319, -3.38 log2, -log10(p-

value): 5.81). Recent studies, using a bacterial two-hybrid system, have 

demonstrated that PpiB from C. difficle interacts with FliC (Ünal et al., 2019), 

while deletion of ppiB in E. coli results in hypermotility (Skagia et al., 2016). 

Furthermore, reduced levels of CheB1 (BPSL3301, -2.48 log2, -log10(p-value): 

6.02) and CheW (BPSL3305, -2.78 log2, -log10(p-value): 4.38), proteins which are 

important for chemotactic directed motility, (Parkinson et al., 1983; Ravid et al., 

1986; Stock et al., 1988) are decreased, which may also contribute to the 

observed reduction in motility by Bps∆ppiB. As BpsΔppiB only displayed a 

decrease in motility, not a complete loss, there is potentially a dysregulation of 

the signal transduction pathways leading to a delay or absence of appropriate 

signalling to begin movement, rather than elimination of the flagellum in 

BpsΔppiB. Additional studies are required to validate this, such as using a 

bacterial two-hybrid system approach to identify the proteins interacting with 

PpiB. Motility has also been implicated as an important factor for biofilm 

production in B. pseudomallei with ΔfliC mutants showing a decrease in biofilm 

production (Tunpiboonsak et al., 2010). Transcriptomic studies have identified 

563 B. pseudomallei genes important in biofilm formation (Chin et al., 2015). Of 

the genes flagged as differentially regulated, twelve were present at opposing 

protein abundance in BpsΔppiB. This possibly explains the decrease in biofilm 

formation by BpsΔppiB (Figure 4.10). Genes such as universal stress proteins 

(BPSS0837, -1.16 log2, -log10(p-value): 4.66; BPSS1140, -0.57 log2, -log10(p-

value): 2.03), receptors (BPSS1742, -1.22 log2, -log10(p-value): 4.10) and efflux 

pumps (BPSL0816, fold: 0.35 log2, -log10(p-value): 2.13) being differentially 

expressed. This decrease in biofilm formation is in stark contrast to what has 

been reported in E. coli where PpiB is a negative regulator of both biofilm and 

motility with deletion of ppiB resulting in hypermotility and increased biofilm 

production (Skagia et al., 2016). This disparity may indicate different roles for 

PpiB in E. coli and B. pseudomallei, or it may be the result of different lifestyles 

of the bacterium. Additionally, E. coli studies were conducted on K12 derivatives 

and not pathogenic strains, therefore it may be possible that the effect of PpiB 

may be different in pathogenic E. coli strains.  

The capsular polysaccharide has been shown to be an important virulence factor 

of B. pseudomallei (Cuccui et al., 2012; Sarkar-Tyson et al., 2007). Proteomic 
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analysis shows changes in genes involved in the biosynthesis of capsule 

polysaccharide. This includes proteins BSPL2799 (WcbI, -1.32 log2, -log10(p-

value): 4.30), BSPL2800 (WcbH, -0.47 log2, -log10(p-value): 1.36), BPSL2807 

(WcbC, -0.36 log2, -log10(p-value): 1.61) and BPSL2810 (ManC, 0.80 log2, -

log10(p-value): 2.33). A micro-extraction of the LPS did not indicate a difference 

in the LPS banding in Bps∆ppiB (Figure 4.11), and no gross morphological 

changes can be observed by TEM (Figure 4.12). Despite this, further work using 

gold-labelled antibodies against the LPS and the CPS and Transmission Electron 

Microscopy could be used to determine differences in LPS and CPS levels and 

deposition in Bps∆ppiB. In addition, polyhydroxybutyrate quantification could be 

used to investigate if there is a change in the ability of Bps∆ppiB to synthesise 

and degrade PBH for use as an energy source, as genes involved in these 

pathways have been altered such as BPSL1424 (0.57 log2, -log10(p-value): 3.40), 

BPSS1954 (-0.73 log2, log10(p-value): 2.65), BPSL1106 (-1.59 log2, -log10(p-

value): 1.84, BPSL2716 (-2.25 log2, -log10(p-value): 6.78), BPSS0017 (3.61 log2, 

-log10(p-value): 5.41) and BPSS0354 (0.31 log2, -log10-(p-value): 2.54). These 

findings indicate that PpiB plays a role in maintaining homeostasis of virulence 

and metabolic pathways within B. pseudomallei. 

B. pseudomallei is able to infect a wide range of cells in order to survive and 

cause disease (Jones et al., 1996). Infection of murine macrophages 

demonstrated that BpsΔppiB retained its ability to adhere to, and invade, 

macrophage cells with reduced survival 6 and 9 hours post infection (Figure 

4.13), with intracellular counts similar to the wild-type control by 12 hours post-

infection. A similar delayed growth phenotype has been observedfor Type 6 and 

Type 3 Secretion System mutantsas these are important for cell-to-cell spread of 

B. pseudomallei (Burtnick et al., 2011; Burtnick et al., 2008; Burtnick et al., 2010). 

BpsΔppiB is unable to effectively spread intracellularly as determined by 

immunofluorescence staining of infected monolayers and thus cannot cause cell 

fusion into MNGC, with complementation studies showing restoration of the 

BpsWT phenotype (Figure 4.14). As seen 12 hours post-infection BpsWT and the 

complemented strain BpsΔppiB/ppiB display marked bacterial movement 

throughout the monolayer and cellular fusion into MNGC. Enumeration of nuclei 

indicates a significant reduction in the formation of MNGC in BpsΔppiB, which is 

restored to BpsWT levels in the complement BpsΔppiB/ppiB. Complementation 
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is observed despite only a 10% restoration of PpiB protein levels, demonstrating 

that even low levels of PpiB is sufficient to overcome this virulence deficiency, 

something which has been previously noted in Saccharomyces cerevisiae 

(Gemmill et al., 2005), where only low levels of Ess1 were required for phenotype 

restoration. This lack of cell-to-cell spread is characteristic of mutants of the T6SS 

Cluster-1 (Burtnick et al., 2011; Schwarz et al., 2014; Toesca et al., 2014), in 

particular T6SS Cluster 1 mutants ∆hcp1 and ∆vgr5 (Burtnick et al., 2011; 

Schwarz et al., 2014). We hypothesized that PpiB plays a role in either folding or 

regulating the expression of Type 6 Secretion Systems in B. pseudomallei.  

It has been reported that T6SSs in B. pseudomallei are kept under strict 

transcriptional control and are only induced upon invasion of macrophages 

(Shalom et al., 2007), yet despite this, our proteomic data showed an increase in 

BPSS2098 (Hcp-3, 1.10 log2, -log10(p-value): 3.05) and BPSS2099 (TssC-3, 4.06 

log2, -log10(p-value): 1.8), two proteins belonging to T6SS-3, a cluster which is 

usually not expressed in nutrient media (Bernard et al., 2010; Burtnick et al., 

2011). Interestingly BPSL3097 (-1.28 log2, -log10(p-value): 6.12), BPSL3099 (-

0.87 log2, -log10(p-value): 2.89), BPSL3105 (-0.75 log2, -log10(p-value): 3.31), 

BPSL3106 (-0.51 log2, -log10(p-value): 2.45) and BPSl3108 (-0.82 log2, -log10(p-

value): 4.37) were all decreased in BpsΔppiB. These belong to T6SS Cluster 6 

which has been shown to be the only T6SS expressed in nutrient media (Burtnick 

et al., 2011). This again points to a dysregulation of transcriptional or translational 

control of these Type 6 Secretion Systems. Additionally, a MarR-family regulator 

(BPSL3431), which has been shown to be involved in regulation of T6SS 

transcription, was downregulated (-0.67 log2, -log10(p-value): 3.40) in Bps∆ppiB 

(Losada et al., 2018). This points to T6SS proteins escaping their tight 

transcriptional control in nutrient media upon deletion of PpiB, and it is 

hypothesized the same is occurring upon infection in cells resulting in a 

malfunctional Type 6 Secretion Systems and hence the loss of MNGC formation 

upon infection of eukaryotic cells. Further assessment of the transcriptome and 

proteome of BpsΔppiB upon invasion of macrophages would be useful to verify if 

PpiB is playing a role at the transcriptional or translational level of T6SS 

regulators or machinery. Interaction studies using bacterial two-hybrid systems 

and surface plasmon resonance (SPR) with putative interacting partners could 

be conducted in the future to confirm a direct interaction of PpiB with T6SS-
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associated proteins. An inability to spread cell-to-cell would also explain the 

clearance of infection in the BALB/c mice that were challenged with almost 2-fold 

more Bps∆ppiB than BpsWT-challenged mice and all mice were able to clear 

infection at the experimental endpoint. An inability of Bps∆ppiB to spread cell-to-

cell throughout the mouse could result in clearance of bacterial burden as well as 

100 % mice survival, as T6SS B. pseudomallei mutants are unable to cause 

disease (Burtnick et al., 2011), demonstrating the essential role of PpiB in 

controlling B. pseudomallei virulence.  

The pleiotropic effects of cyclophilin deletion on the bacterial cell have been 

discussed previously (Rasch et al., 2019; Roset et al., 2013; Skagia et al., 2016; 

Ünal et al., 2019) and this can be seen in the Bps∆ppiB proteomics studies 

conducted here with virtually every compartment within the cell displaying gross 

proteomic changes. A KEGG pathway analysis shows multiple pathway 

disruptions which results in these pleiotropic effects. Bacterial genomes encode 

for multiple PPIases and recently Rasch et al. demonstrated the ability of the 

macrophage infectivity potentiator (Mip) protein, belonging to the FK506-binding 

protein family, to partially compensate for the loss of PpiB in L. pneumophila 

(Rasch et al., 2019). This compensatory effect has always been theorised as 

some immunophilin mutants display no loss of virulence (Kleerebezem et al., 

1995; Rasch et al., 2019; Reffuveille et al., 2012; Söderberg et al., 2008) and 

upon deletion of PpiB in B. pseudomallei we see an increase in three other 

PPIases seen with Mip (BPSS1823, 0.98 log2, -log10(p-value): 2.42), PpiA 

(BPSL2245, 1.1 log2, -log10(p-value): 3.05) and SurA (BPSL0659, 0.53 log2, -

log10(p-value): 2.53) all increasing in Bps∆ppiB. These three PPIases are 

periplasmic in location, thus their compensation may be limited to proteins which 

are being altered within the periplasm. Such a prominent virulence attenuation 

upon PpiB loss indicates that there are folding or chaperone functions of PpiB 

which cannot be compensated for by other PPIases, and further mutagenesis 

and interaction studies would need to be conducted to elucidate this.  

A minor complication of this study was that despite expression of tagged PpiB by 

Western Blot (Figure 4.4), complementation of ppiB proved to be inconsistent 

across various phenotypic assays. Proteomically it was shown that PpiB is 

present in high levels in BpsWT, and upon complementation we only see a 10% 

restoration of PpiB protein levels (Figure 4.18) and as such there is only partial 
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restoration of the proteome using the pBBR-1-MCS-1 constitutive 

complementation vector (Figure 4.19). One such reason for only partial protein 

level complementation is that cyclophilins account for 0.1-0.4% of total protein 

content (Harding et al., 1986). This suggests that high levels of expression are 

necessary to achieve enough protein for complementation. Secondly, the 

constitutive vector, pBBR-1-MCS-1 and its derivatives, have been widely used in 

B. pseudomallei mutant studies and a number of publications demonstrate only 

a partial restoration of wild-type phenotype or an overcompensation of phenotype 

(Adler et al., 2015; Burtnick et al., 2014; Norris et al., 2017; Norville et al., 2011; 

Norville et al., 2011), indicating that partial complementation is common when 

using this vector. Complementation of such an abundant protein may prove to be 

difficult and alternative vectors such as the inducible vector, pMLBAD, could be 

tested to determine if better expression levels of PpiB can be achieved and 

hence, better levels of phenotypic restoration. Expression of PpiB using the 

pMLBAD vector has already been demonstrated (Figure 4.6), but due to time 

constraints use of this vector is limited in phenotypic studies. Alternatively, 

chromosomal complementation with the natural promotor of ppiB may prove to 

be the best option for producing the correct amount of PpiB using a system such 

as mini-Tn7 insertion (Choi et al., 2006). Despite only achieving10 % levels of 

PpiB protein in this study, there is a restoration of various protein levels back to 

BpsWT levels demonstrated proteomically, such as BPSS2098 and BPSL2099 

(T6SS components) and we do see a phenotypic restoration back to wild-type 

levels of this phenotype (Figure 4.14). These results indicate that proteins which 

have been proteomically restored will likely also demonstrate phenotypic 

restoration. 

Multiple pathways have been affected on deletion of ppiB from B. pseudomallei, 

with Figure 4.21 depicting some of the pathways and biological structures that 

PpiB interacts with based on phenotypic characterisation of the Bps∆ppiB mutant 

and proteomic analysis of this mutant strain. Capsule biosynthesis, stress 

response, Type 6 Secretion Systems, signalling pathways and the flagellum are 

just some biological functions which are being disrupted upon deletion of PpiB, 

indicating that PpiB plays a role in controlling the homeostasis of biological 

functions within the bacterial cell. Future studies would need to be conducted to 

determine if protein levels change because misfolded proteins are being 
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degraded or if their regulation is being affected. A proteomic versus 

transcriptomic analysis, using qPCR or RNAseq, of the same samples may 

provide some insight into this. Alternatively, there has been published success 

identifying binding partners of bacterial cyclophilins (Dimou, Venieraki, et al., 

2012; Klein et al., 2020; Ünal et al., 2019). Bacterial two-hybrid systems have 

been employed to show interactions of PpiB with FliC and Lpr, a transcriptional 

regulator, in C. difficile (Ünal et al., 2019). Two-hybrid interaction studies could 

be employed with B. pseudomallei PpiB protein to determine if there is a physical 

interaction with some of the proteins identified by proteomics which are 

differentially present in Bps∆ppiB. Additionally, PPIase proteins have been shown 

to exhibit significant PPIase-independent activity, thought to be chaperoning 

ability (Keogh et al., 2019; Keogh et al., 2018), thus site-directed mutagenesis of 

key enzymatic residues could be conducted to determine if interactions are of a 

folding or chaperoning nature. 

In conclusion, PpiB in B. pseudomallei is essential for virulence with the deletion 

mutant BpsΔppiB displaying pleiotropic effects on virulence determinants such 

as the flagella, biofilm production and antimicrobial susceptibility. Infection of 

macrophages with BpsΔppiB displayed a delayed growth phenotype and an 

inability to cause fulminant disease in BALB/c mice. On closer investigation it was 

shown that this was due to BpsΔppiB being unable to spread cell-to-cell and form 

MNGCs, indicating that clearance of infection occurs in vivo. Whole cell proteomic 

analysis reveals marked changes in the proteome including proteins previously 

shown to be important for cell to cell spread and virulence of B. pseudomallei and 

has also identified a plethora of new proteins potentially playing an important role 

in infection. Although further work still needs to be conducted to demonstrate the 

direct interactions of PpiB with its folding partners, it is clear that PpiB is essential 

for the correct protein folding of virulence determinants in B. pseudomallei, thus 

making it indispensable for virulence.  
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Figure 4.21 The cellular machinery and pathways that rely of PpiB for homeostasis in B. 
pseudomallei. PpiB interacts either by protein folding or chaperoning with cellular machinery or 
pathways involved in virulence of B. pseudomallei. PpiB is essential in maintaining correct protein 
levels of proteins involved in flagella machinery, efflux pumps, stress response, capsule 
biosynthesis, two-component systems and Type 6 Secretion Systems.  
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Chapter 5 - Determining the role of the periplasmic cyclophilin 
homolog, ppiA, in Burkholderia pseudomallei 

5.1 Introduction 

Periplasmic cyclophilins in Gram-negative bacteria have been poorly 

characterised, with only a few published studies. Deletion of the ppiA-homolog 

lpg1962 in L. pneumophila and rotA in A. baylyi show no virulence phenotypes 

under the tested conditions (Kok et al., 1994; Rasch et al., 2019; Söderberg et 

al., 2008), although it may be possible that under different conditions there would 

be a discernible phenotype. Meanwhile in B. abortus, CypA was deleted in 

conjunction with CypB, thereby confounding the determination of a single CypA-

null mutant phenotype, but complementation of the double mutant with either 

CypA or CypB did restore a wild-type phenotype. This indicates that at least in B. 

abortus the two cyclophilins either play the same role or are able to compensate 

for the loss of the other (Roset et al., 2013). Lastly, in E. coli deletion of ppiA 

results in increased swimming motility and biofilm formation, the latter phenotype 

being attributed to PPIase-independent chaperone activity of PpiA (Skagia et al., 

2017).  

Despite Gram-positive bacteria having no periplasm, there are homologues of 

ppiA which are exposed on the outer membrane. These homologs are 

lipoproteins anchored in the outer membrane and play an important role in the 

virulence of Gram-negative bacteria. In S. mutans, deletion of ppiA resulted in 

greater uptake by differentiated human THP-1 monocytes, with PpiA interacting 

with the MARCO and SrA receptors on human cells to block phagocytosis 

(Mukouhara et al., 2011). An increased bacterial uptake of a ppiA-null mutant of 

S. gordonii was also observed (Cho et al., 2013). Further evidence to indicate 

that ppiA-homologs are important in the virulence of Streptococcus spp. is that 

deletion of slrA in S. pneumoniae resulted in decreased adherence to epithelial 

cells. This was also demonstrated in a mouse model with the slrA mutant strain 

unable to colonise the nasopharynx or airways of CD-1 mice (Hermans et al., 

2006). Meanwhile, in E. faecalis deletion of ef1534 results in attenuation in a G. 

mallonella model as well as a 2-log decrease in colonisation of the kidneys in 

BALB/c mice (Reffuveille et al., 2012). These studies indicate that surface-
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exposed cyclophilins play an important role in modulating interactions with the 

host during infection. 

A periplasmic cyclophilin homolog, ppiA, was identified in B. pseudomallei as 

previously reported (Chapter 3). Using the pSortB algorithm ppiA is predicted to 

localise to the periplasm thus making it most similar to other ppiA or Cyclophilin 

A’s from Gram-negative bacteria. The work described in this chapter aims to 

construct an unmarked deletion strain of ppiA termed Bps∆ppiA, and characterise 

the role of ppiA in B. pseudomallei virulence. The ppiA-null strain was 

characterised for virulence in a variety of axenic conditions such as motility and 

biofilm formation, in vitro cell infection models and finally in vivo virulence was 

assessed in a BALB/c acute model of infection. To gain insight into the role of 

ppiA within the bacterium, global proteomic analysis was conducted and 

analysed, allowing for the identification of potential proteins that interact with PpiA 

within B. pseudomallei.  

5.2 Results 

5.2.1 Construction of Bps∆ppiA mutant strain 

5.2.1.1 Construction of a ppiA_UPDN_pDM4 deletion construct 

The cloning strategy used for the construction of a ppiA deletion mutant follows 

the same strategy as for deletion of ppiB and is outlined in Figure 4.1. Briefly, the 

flanking regions both upstream and downstream of ppiA were amplified by PCR 

using the following primer pairs; ppiA_UP_For/ppiA_UP_Rev and 

ppiA_DN_For/ppiA_DN_Rev respectively (Table 2.9). The PCR products were 

blunt ligated into pCR_Blunt-II_TOPO® and the nucleotide sequence confirmed 

using Sanger sequencing (AGRF, Australia). The flanking regions were digested 

using the restriction enzyme, BglII before SOE-PCR amplification using the 

primer pair ppiA_UP_For/ppiA_DN_Rev. The UPDN amplicon was ligated into 

pCR_Blunt-II_TOPO® and the nucleotide sequence was once again confirmed by 

Sanger sequencing. The UPDN fragment was digested using the restriction 

enzyme XbaI and ligated into the XbaI site of the suicide plasmid pDM4. Ligations 

were transformed into E. coli DH5αλpir and plated onto LB agar containing 

chloramphenicol. Colonies containing ppiA_UPDN_pDM4 suicide plasmid 

constructs were confirmed by agarose gel electrophoresis of restriction digests. 
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5.2.1.2 Construction of a Bps∆ppiA mutant 

The mutant-making strategy was adapted from Logue et al. (Logue et al., 2009) 

and is outlined in Figure 4.2. Firstly, ppiA_UPDN_pDM4 was transformed into the 

conjugative strain E. coli S17λpir.The deletion construct was conjugated into B. 

pseudomallei K96243 wild-type and a cross-over event occurred at either the 

upstream or downstream flank resulting in integration of ppiA_UPDN_pDM4 into 

the genome through homologous recombination. This merodiploid integrant 

containing both the deletion construct (UPDN) and intact gene (UP-ppiA-DN) was 

selected for by plating onto chloramphenicol and ampicillin LB agar plates and 

screened by PCR for a dual banding pattern using the primer set 

ppiA_UP_For/ppiA_DN_Rev. Following confirmation of the pDM4 integration, the 

suicide plasmid excision was induced by plating the merodiploid strain onto LB 

agar containing 10 % (w/v) sucrose, thus initiating a second cross-over event. 

Colonies growing on 10 % (w/v) sucrose plates were screened for the loss of 

chloramphenicol resistance and potential mutant colonies were screened using 

the primer pair ppiA_UP_For/ppiA_DN_Rev to determine if the colony was a wild-

type revertant or a deletion mutant. The mutant strain was named Bps∆ppiA. 

5.2.1.3 Confirmation of Bps∆ppiA by whole genome sequencing 

Whole genome sequencing to confirm the deletion of ppiA, as well as no 

background mutations. WGS was conducted by Dr Geoffery Coombs and Dr 

Stanley Pang (Murdoch University, Australia). Assembly and interpretation of 

whole genome sequencing data was conducted by Dr Derek Sarovich (University 

of Sunshine Coast, Australia). WGS data was aligned to the K96243 reference 

genome (versions NC_006350.1 [chromosome 1] and NC_006350.1 

[chromosome 2]) and variants were identified using the SPANDx pipeline 

(Sarovich et al., 2014). Successful deletion of ppiA was confirmed and 

additionally, a SNP resulting in a missense mutation in BPSS1755 

(BPSS1755Ser670Leu) was identified. 

5.2.1.4 Complementation of the Bps∆ppiA mutant 

5.2.1.4.1 Complementation using the constitutive plasmid, pBBR-1-MCS-1 

The coding region of ppiA was PCR amplified from B. pseudomallei K96243 

genomic DNA using the primer set ppiA_pstI_For/ppiA_pstI_Rev (Table 2.9) and 
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the purified amplicon was blunt ligated into pCR_Blunt-II_TOPO® (Figure 5.1). 

The gene was excised using the PstI restriction endonuclease and ligated into 

the PstI site on pJR3XFLAG (kindly donated by Dr Joshua Ramsay, Curtin 

University, Australia). Clones were screened for orientation of ppiA relative to the 

3XFLAG tag and a clone in the correct orientation was stored for later use. The 

multiple cloning site (MCS), ppiA gene and 3XFLAG tag were excised using the 

restriction endonucleases EcoRI and HindIII and ligated into linearised 

pCR_Blunt-II_TOPO® (MCS_ppiA_3XFLAG_pCR_Blunt-II_TOPO).  

The ppiA gene now fused to a 3XFLAG-tag (ppiA_3XFLAG) was PCR amplified 

with the primer set ppiA_pET15b_For/BamHI_stop_Rev and cloned into 

pCR_Blunt-II_TOPO® and the sequence of ppiB_3XFLAG was confirmed using 

Sanger sequencing (AGRF, Australia). The ppiA_3XFLAG gene was excised 

using NdeI, blunted using T4 DNA Polymerase and then re-digested using the 

BamHI-HF restriction endonucleases and ligated into the SmaI/BamHI site of 

linearised pBBR-1-MCS-1. Ligations were transformed into E. coli DH5α and 

selected on LB agar containing 30 µg/mL chloramphenicol. Colonies containing 

the correct complementation construct were confirmed by agarose gel 

electrophoresis following restriction digest. 

The ppiA_3XFLAG_pBBR-1-MCS-1 complementation construct was 

transformed into the auxotrophic E. coli ST18 (kindly donated by Dr Joshua 

Ramsay, Curtin University, WA, Australia) and selected by plating on LB agar 

plates containing 30 µg/mL chloramphenicol and 50 µg/mL 5-aminolevulinic acid 

(ALA). Conjugation into Bps∆ppiA was conducted as described earlier and 

complemented Bps∆ppiA mutants (Bps∆ppiA/ppiA) were plated onto LB agar 

containing 30 µg/mL chloramphenicol. Expression of PpiA_3XFLAG could not be 

detected by Western Blot (data not shown) or by proteomic analysis (Figure 5.2), 

thus alternative complementation methods were pursued. 
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Figure 5.1 Cloning approach for the construction of a ppiA_3XFLAG_pBBR-1-MCS-1. 1. 
The ppiA gene was PCR amplified from B. pseudomallei K96243 genomic DNA with primers 
which introduced a PstI restriction enzyme site (red square) on either side of the gene. 2. The 
PCR amplicon was blunt ligated into pCR_Blunt-II_TOPO® and the nucleotide sequence was 
confirmed using Sanger sequencing (AGRF, Australia). 3. The ppiA gene fragment was excised 
using the restriction enzyme PstI and ligated into PstI-linearised pJR3XFLAG vector. The inserted 
ppiA was screened for correct orientation to allow for the fusion of the 3XFLAG tag 4. The multiple 
cloning site (MCS; grey), ppiA gene and 3XFLAG-tag was excised using the restriction 
endonucleases EcoRI (pale blue square) and HindIII (lavender square) and ligated into linearised 
pCR_Blunt-II_TOPO®. 6. The now ppiA_3XFLAG fusion was PCR amplified using primers which 
introduced a NdeI restriction enzyme site (dark green square) and a BamHI restriction enzyme 
site (yellow square). 6. In order to transfer the ppiA_3XFLAG into the complementation vector, a 
single restriction enzyme digest with NdeI was conducted before being blunted using T4 DNA 
polymerase, upon which it was digested against using the restriction digest BamHI. The 
complementation plasmid, pBBR-1-MCS-1 was double digested using the restriction enzymes 
SmaI (pale pink square) and BamHI, upon which they were ligated together, creating the 
complementation plasmid, ppiA_3XFLAG_pBBR-1-MCS-1.   
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Figure 5.2 Proteomic analysis of PpiA protein levels. Label free quantitative proteomic 
analysis was conducted on BpsWT, Bps∆ppiA and the pBBR-1-MCS-1 complement strain, 
Bps∆ppiA/ppiA, to determine the levels of PpiA expression. Protein levels (%) of PpiA show that 
in both the mutant and complement strain there is an absence of PpiA protein indicating that the 
constituative plasmid pBBR-1-MCS-1 is not an appropriate complementation vector for the 
restoration of PpiA protein levels. 
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5.2.1.4.2 Complementation using the inducible plasmid pMLBAD 

An alternative inducible complementation vector, pMLBAD, was sourced (kindly 

provided by Dr Nichollas Scott, University of Melbourne, VIC, Australia) to explore 

a different method of complementation and a cloning strategy is outlined in Figure 

5.3. The ppiA_3XFLAG fusion construct was excised using the NdeI and BamHI 

restriction endonuclease sites followed by blunting of the sticky overhangs by T4 

DNA Polymerase treatment. The plasmid, pMLBAD, was linearised using the 

restriction endonuclease SmaI, as well as treatment with Calf Intestinal 

Phosphatase (CIP) to prevent vector self-ligation. The blunted ppiA_3XFLAG and 

linearised pMLBAD were ligated together and transformed into E. coli DH5α and 

plated onto LB supplemented with 100 µg/mL Trimethoprim. Colonies were 

screened for the correct orientation of the ppiA_3XFLAG insert using the primer 

pair pMLBAD_For/BamHI_stop_Rev (Table 2.9) and visualised by gel 

electrophoresis. 

The ppiA_3XFLAG_pMLBAD construct was transformed into auxotrophic E. coli 

β2150 and plated onto LB agar containing 2,6-diaminopimelic acid (DAP) and 

100 µg/mL Trimethoprim. A triparental mating was performed with the pMLBAD 

complement construct, pRK2013 both in separate E. coli β2150 and Bps∆ppiA. 

Complemented mutants were screened by plating out onto selective LB agar 

(+100 µg/mL Trimethoprim). A complemented mutant strain (Bps∆ppiA/ppiA) was 

stocked for future use. Empty vector control strains for BpsWT and Bps∆ppiA 

were also conjugated, screened and stocked. 

Optimal expression levels were determined by Western Blot as shown in Figure 

5.4. Induction using 0.2% L-arabinose was chosen as the optimal concentration 

and was used from now on. Label-free quantitative proteomic analysis was 

conducted on these strains to determine the levels of PpiA present within the 

complemented strain. An absence of PpiA protein is seen within the mutant strain, 

confirming that there is in fact a loss of PpiA protein within this strain (Figure 5.5). 

Induction of the complementation vector results in restoration of PpiA protein 

levels to 534% of that seen in the wild-type strain, indicating that this vector is 

capable of over-expressing PpiA protein in B. pseudomallei.  
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Figure 5.3 Construction of a ppiB_3XFLAG_pMLBAD inducible complementation 
construct. 1. The ppiA_3XFLAG gene fusion was excised using the restriction enzymes NdeI 
(dark green square) and BamHI-HF (yellow square). 2. The sticky overhangs of ppiA_3XFLAG 
were blunted using T4 DNA Polymerase. 3. The inducible plasmid, pMLBAD, was linearised using 
the restriction enzyme SmaI (lavender square) and treated with CIP to stop self-ligation. 4. The 
insert, ppiA_3XFLAG, was ligated into linearised pMLBAD to create ppiA_3XFLAG_pMLBAD.
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Figure 5.4 Optimisation of L-arabinose induction of PpiA_3XFLAG in B. pseudomallei. B. 
pseudomallei strains were grown overnight in LB broth supplemented 100 µg/mL trimethoprim 
and without or with either 0.2%, 0.5% or 1% L-arabinose. The following day, 500 µL of bacterial 
broth was harvested, washed and subsequently boiled to produce a whole cell lysate (WCL). 
WCL was run on a 10% SDS-PAGE gel before being transferred to a PVDF membrane. 
PpiA_3XFLAG was probed by using an Anti-FLAG-HRP antibody before being detected by 
chemiluminescence. An approximately 23 kDa protein corresponds to PpiA_3XFLAG. There is 
no visible expression in the vector-only B. pseudomallei control wells (Lane 1-4). A concentration 
of 0.2% L-arabinose appears to provide optimal expression of PpiA_3XFLAG (Lane 6) while some 
leaky expression is visible (Lane 5). Lanes:  

1 - Bps∆ppiA/pMLBAD no L-arabinose  

2 - Bps∆ppiA/pMLBAD 0.2 % L-arabinose  

3 - Bps∆ppiA/pMLBAD 0.5 % L-arabinose  

4 - Bps∆ppiA/pMLBAD 1 % L-arabinose  

5 - Bps∆ppiA/ppiA_3XFLAG_pMLBAD no L-arabinose  

6 - Bps∆ppiA/ppiA_3XFLAG_pMLBAD 0.2 % L-arabinose  

7 - Bps∆ppiA/ppiA_3XFLAG_pMLBAD 0.5 % L-arabinose  

8 - Bps∆ppiA/ppiA_3XFLAG_pMLBAD 1 % L-arabinose   
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Figure 5.5 Proteomic analysis of PpiA protein levels in the inducible vector, pMLBAD. 
Label-free quantitative proteomic analysis was conducted on BpsWT, Bps∆ppiA and the pMLBAD 
complement strain, Bps∆ppiA/ppiA, to determine the levels of PpiA expression. Protein levels (%) 
of PpiA show that the mutant has an absence of PpiA expression and that upon complementation 
and induction of the pMLBAD vector with 0.2% L-arabinose there is overexpression of PpiA to 
levels that are 5-fold greater than in the BpsWT strain. 
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5.2.2 Characterisation of the mutant Bps∆ppiA 

5.2.2.1 Growth in liquid media 

To determine if deletion of ppiA resulted in any change in the growth of B. 

pseudomallei, BpsWT and Bps∆ppiA were grown in nutrient LB broth at 37°C. 

Both optical density (OD) (Figure 5.6A) and colony forming units (CFU) were 

measured (Figure 5.6B). No difference in growth rates was observed using either 

methods in nutrient media. 

Differences in Bps∆ppiA growth rate were observed in M9 Minimal Media 

supplemented with glucose (M9MM+G) at 37°C. Growth was monitored over 48 

hours by both OD (Figure 5.6C) and CFU (Figure 5.6D). In contrast to growth in 

nutrient LB broth, there was a significant difference in the growth of Bps∆ppiA 

compared to BpsWT at 12 hours (p-value 0.007, Student’s T-test), where CFU of 

Bps∆ppiA was decreased, and at 24 hours (p-value 0.031, Student’s T-test), 

where CFU was increased (Figure 5.6D). Interestingly, OD values at 8 and 12 

hours were significantly higher for Bps∆ppiA (8 hr p-value 0.013; 12 hr p-value 

0.002, Student’s T-test) before plateauing at 24 hours, followed by a significant 

decline in optical density at 28 and 48 hours (28 hr p-value 0.044832; 48 hr p-

value 0.008683, Student’s T-test) (Figure 5.6C). Bps∆ppiA did not appear to 

clump in M9MM+G like BpsWT, but rather retained a cloudy appearance 

overtime.  
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Figure 5.6 Growth of Bps∆ppiA in nutrient and minimal media at 37°C. The growth of the 
Bps∆ppiA mutant was assessed by diluting an overnight culture 1 in 50 and monitoring growth 
over 24 hours for nutrient LB media (A & B) and 48 hours for M9 minimal media supplemented 
with glucose (C & D) by either optical density at 590 nm (A & C) or by viable count (B & D). Graphs 
are the result of three biological replicates with error bars representing the standard error of the 
mean. The p-value calculated using the Student’s T-test, * p < 0.05, ** p < 0.01.  
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5.2.2.2 Proteomic analysis of Bps∆ppiA 

5.2.2.2.1 Label-free quantitative global proteomics 

Label-free quantitative (LFQ) proteomics was conducted by Dr Nichollas E. Scott 

as described in Section 4.2.5.1. For this BpsWT and Bps∆ppiA with empty 

pMLBAD vector and a complemented strain, Bps∆ppiA/ppiA were sent as four 

biological replicates following growth on blood agar plates containing 100 µg/mL 

trimethoprim and 0.2% L-arabinose to induce complement PpiA production. Over 

3000 proteins were quantified across the biological replicates and a Pearson 

correlations can be seen in Appendix Figure A4.1. A total of 811 proteins were 

significantly altered in Bps∆ppiA compared to BpsWT, indicating that ppiA plays 

a key role in multiple cellular pathways within the bacterium with a volcano plot 

highlighting the vast changes to the proteome of Bps∆ppiA (Figure 5.7). 

Proteomic results can be seen in Appendix Table A4.1 which comprises of all 

significant protein changes in Bps∆ppiA. Highlighted in red in the volcano plot is 

PpiA which underwent one of the highest fold changes in the proteome (Figure 

5.4, highlighted in red, PpiA 10.38 fold decrease).  

Complementation of PpiA was achieved using the pMLBAD inducible vector with 

a 534% increase in PpiA protein levels relative to BpsWT (Figure 5.5), but 

unfortunately, despite the presence of PpiA, the proteome of Bps∆ppiA/ppiA was 

still distinctly different to that of the BpsWT strain (Appendix Table A4.3) and 

highly similar to that of the mutant Bps∆ppiA (Appendix Table A4.3). These 

results indicate that further optimisation of complementation systems and their 

conditions is needed for successful complementation of Bps∆ppiA.  
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Figure 5.7 Volcano plot of proteomic changes in Bps∆ppiA compared to BpsWT. Relative 
fold change of proteins is indicated by individual dots. Highlighted in red is BPSL2245, or PpiA, 
displaying one of the highest fold decreases, indicating the absence of PpiA in the Bps∆ppiA 
proteome.  
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5.2.2.2.2 KEGG pathway analysis of proteomic changes in Bps∆ppiA 

An analysis of cellular pathways that were affected with deletion of PpiA, was 

conducted by manually curating each differentially present protein identified by 

global proteomics using the Kyoto Encyclopaedia of Genes and Genomes 

(KEGG) database against the B. pseudomallei K96243 genome (entry number 

T00203) and assigned a KEGG Orthology (KO). Only the highest KO was used 

for KEGG pathways analysis. The overall changes in Bps∆ppiA can be seen in 

Figure 5.8 with proteins increased in Bps∆ppiA relative to BpsWT shown in red, 

while proteins in blue have been decreased in Bps∆ppiA.  

A greater proportion of proteins were decreased, with 477 proteins undergoing a 

statistically significant decrease compared to 333 proteins which were 

differentially increased. Deletion of PpiA resulted in many metabolic pathways 

being affected with 268 proteins associated with metabolic functions differentially 

present. This accounts for 33% of all changed proteins within the proteome of 

BpsΔppiA. A total of 137 metabolism-associated proteins were increased while 

131 proteins were decreased. Proteins involved in Environmental Information 

Processing and Genetic Information Processing were also disrupted, with a 

majority of these proteins being increased. Due to the presence of many 

hypothetical genes in the B. pseudomallei genome, numerous proteins were not 

included in a pathway, unassigned or hypothetical and as such could not be 

assigned a KO number and this accounted for 336 of total proteins which were 

perturbed in BpsΔppiA. These results demonstrate that deletion of the PpiA 

protein results in significant proteome-wide changes which affects many cellular 

pathways within the bacterial cell.   
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Figure 5.8. KEGG pathway analysis of proteins differentially present in Bps∆ppiA versus 
BpsWT. Proteins that were differentially present by label-free quantitative proteomics were 
manually curated using the Kyoto Encyclopaedia of Genes and Genomes (KEGG) database 
against the B. pseudomallei K96243 genome (entry number T00203) and assigned a KEGG 
Orthology (KO). Proteins in red were increased in Bps∆ppiA relative to the BpsWT strain, while 
proteins in blue were deceased. Numerous proteins were predicted to be in other functional 
groups, but only the highest KO was taken.  
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5.2.2.3 Growth of Bps∆ppiA in the presence of stress 

5.2.2.3.1 Environmental stress 

Cyclophilins in bacteria have been shown to play a role in the response to stress 

(Rasch et al., 2019; Roset et al., 2013), potentially as mediators of protein folding 

and refolding as proteins commonly denature when exposed to stress (Martin et 

al., 1992), or perhaps due to their role as chaperones within the cell (Reffuveille 

et al., 2012; Roset et al., 2013; Ünal et al., 2019). Proteomic analysis indicates 

that various proteins associated with stress response were being differentially 

expressed. Thus Bps∆ppiA was tested alongside BpsWT to determine if it was 

more susceptible to a variety of stresses which a bacterium can encounter, such 

as salt (NaCl), acidity (HCl) and reactive oxygen species (hydrogen peroxide, 

H2O2). The minimum inhibitory concentration (MIC) was determined as described 

in Chapter 4, with growth inhibition considered as less than 20% growth 

compared to the unexposed control and the lowest concentration with under 20% 

growth was deemed the MIC. Bps∆ppiA did not exhibit any growth defect in the 

highest concentration of NaCl (256 µg/mL) (Table 5.1). Neither was there any 

increase in susceptibility to acidic stress with the MIC to HCl being 32 µL/mL for 

both BpsWT and Bps∆ppiA (Table 5.1). Interestingly there was a slight increase 

in susceptibility to oxidative stress with Bps∆ppiA having an MIC showing a two-

fold decrease to 0.16 µL/mL in 33% H2O2 compared to BpsWT which was 0.32 

µL/mL (Figure 5.8). This suggests that ppiA plays only a small role in the 

response to oxidative stress, but does not play a role in acidic or osmotic stress 

tolerance. 
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Table 5.1 The Minimum Inhibitory Concentration (MIC) to environmental stresses. Growth 
of BpsWT and Bps∆ppiA was assessed when exposed to increasing concentrations ofnsalt 
(NaCl) or acid (HCl). Salt and acid were diluted to achieve a concentration gradient of 256 – 0.025 
µL/mL. Early log-phase bacteria were exposed to a gradient of concentrations of stresses and 
allowed to grow over a 24 hour period at 37°C upon which an optical density reading was taken 
at 590 nm on a BioRad Xmark spectrophotometer. A negative control with no bacteria and a 
positive growth control were included. Background values were subtracted and the MIC was 
called at the lowest concentration that could reduce growth to below 20% of the unexposed 
positive control. Experiments were carried out in technical and biological triplicates. 

Stress Minimum Inhibitory Concentration (MIC) (µL/mL) 

BpsWT Bps∆ppiA 

Salt (NaCl) >256 >256 

Acid (HCl) 32 32 

 

 

Figure 5.8 Growth of Bps∆ppiA upon exposure to oxidative stress. Growth of BpsWT and 
Bps∆ppiA was assessed when exposed to increasing concentrations of 33% H2O2. Hydrogen 
peroxide was diluted to achieve a concentration gradient of 256 – 0.025 µL/mL. Early log-phase 
bacteria were exposed to the gradient and allowed to grow over a 24 hour period at 37°C upon 
which an optical density reading was taken at 590 nm on a BioRad Xmark spectrophotometer. A 
negative control with no bacteria and a positive growth control was included. Background values 
were subtracted and the MIC was called at the lowest concentration that could reduce growth to 
below 20% of the unexposed positive control. The BpsWT strain (green circles) had MIC of 0.32 
µL/mL while upon deletion of ppiA an increase in sensitivity to oxidative stress saw a two-fold 
increase in MIC to 0.16 µL/mL for the mutant Bps∆ppiA (pink squares). Experiments were carried 
out in technical and biological triplicate. 
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5.2.2.3.2 Susceptibility of Bps∆ppiA to commonly used antimicrobials 

Transporters, porins and efflux pumps were found to be decreased under 

proteomic analysis. These are common mediators of antimicrobial resistance in 

B. pseudomallei (Schweizer, 2012). The response of Bps∆ppiA to a variety of 

antimicrobial classes was investigated by microbroth dilution to determine the 

MIC. Table 5.2 illustrates the antibiotics tested as well as the MIC for both BpsWT 

and Bps∆ppiA. Bps∆ppiA displays a two-fold increase in susceptibility to the 

antimicrobials rifampicin, tetracycline and doxycycline, indicating that ppiA does 

not play a major role in antibiotic stress response. Interestingly, Bps∆ppiA did 

show a two-fold increase in resistance to gentamicin and kanamycin. It could be 

possible that ppiA is involved in the resistance mechanisms to these 

antimicrobials, but further investigation into this would be required. 
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Table 5.2 The Minimum Inhibitory Concentration (MIC) to different antimicrobial classes. 
Growth of BpsWT and Bps∆ppiA was assessed when exposed to increasing concentrations of 
antimicrobials. Antimicrobial compounds were diluted to achieve a concentration gradient of 256 
– 0.025 µL/mL. Early log-phase bacteria were exposed to a gradient of concentrations of 
antimicrobials and allowed to grow over a 24 hour period at 37°C upon which an optical density 
reading was taken at 590 nm on a BioRad Xmark spectrophotometer. A negative control with no 
bacteria and a positive growth control was included. Background values were subtracted and the 
MIC was called at the lowest concentration that could reduce growth to below 20% of the 
unexposed positive control. Experiments were carried out in technical and biological triplicate. 

Antibiotic Antibiotic Class MIC (µg/mL) 

BpsWT  Bps∆ppiA  

Chloramphenicol Chloramphenicol 8 8 

Rifampicin Rifamycin 64 32 

Tetracycline Tetracycline 2 1 

Doxycycline Tetracycline 1 0.5 

Gentamicin Aminoglycoside 32 64 

Sulfamethoxazole Sulfonamide >256 >256 

Trimethoprim Anti-folate 8 8 

Meropenem Carbapenem 2 2 

Kanamycin Aminoglycosides 16 32 

Polymyxin B Polymyxin >256 >256 

Ceftriaxone Cephalosporin 256 256 

Ceftazidime Cephalosporin 4 4 

Ampicillin β-lactam >256 >256 

Erythromycin Macrolide 32 32 

Ciprofloxacin Fluoroquinolone 32 32 
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5.2.2.3 Swarming motility 

The ability of B. pseudomallei to move throughout its environment has been 

linked to virulence as well as survival outside of a host (Chua et al., 2003; 

Chuaygud et al., 2008). To determine if PpiA plays a role in the ability of B. 

pseudomallei to move, the swarming motility of BpsWT, Bps∆ppiA and a 

complemented strain Bps∆ppiA/ppiA was investigated. BpsWT had an average 

bacterial spread of 57mm, Bps∆ppiA had impaired swarming motility with a 25% 

reduction in motility with an average bacterial spread of 42.7mm (p-value 0.0028, 

Student’s T-test), while the complemented strain Bps∆ppiA/ppiA spread 44.7mm 

(p-value 0.0049, Student’s T-test (Figure 5.9). Complementation of ppiA in the 

mutant strain did not restore the deficiency to BpsWT levels (p-value 0.4885, 

Student’s T-test, Bps∆ppiA vs Bps∆ppiA/ppiA). These results indicate that PpiA 

does not play a large role in motility of B. pseudomallei.  
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Figure 5.9 Swarming motility of B. pseudomallei through semi solid agar. To determine if 
ppiA plays a role in the motility of B. pseudomallei, the ability to swarm through 0.3% agarose 
was assessed. BpsWT, the mutant strain, Bps∆ppiA, and the complement, Bps∆ppiA/ppiA were 
grown up overnight in LB broth after which a 1 µL loopful of bacterial broth was used to inoculate 
the centre of a 0.3 % agarose plate. Plates were incubated at 37°C upright overnight and the 
diameter of spread was read 24 hours post-inoculation. Graphs are the result of three biological 
replicates, with individual readings plotted. The p-value was determined using a Student’s t-test, 
** p < 0.01 
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5.2.2.4 Biofilm forming-capacity of Bps∆ppiA  

The ability of the Bps∆ppiA mutant strain to form a biofilm was assessed as 

described in Chapter 4. BpsWT produces a confluent biofilm at 24 hours 

(absorbance of 1.38) with a decrease and stabilisation at 48, 72 and 96 hours 

(absorbance readings 0.63, 0.68 and 0.71 respectively Figure 5.10A). Bps∆ppiA 

displays a 65% decrease in biofilm formation with an absorbance reading of 0.48 

(p-value <0.0001, Mann-Whitney U test). This decrease in biofilm formation 

continues with time with a decrease of 62%, 62% and 76% at 48, 72 and 96 hours 

respectively (absorbance of 0.24, 0.26 and 0.17) (p-value <0.0001, Mann-

Whitney U test) (Figure 5.11A). 

To investigate if this biofilm deficiency could be restored, the ability to produce a 

biofilm after 24 hours was conducted with BpsWT, Bps∆ppiA and the 

complemented mutant Bps∆ppiA/ppiA. BpsWT was able to produce a biofilm with 

an absorbance reading of 0.49, while Bps∆ppiA showed a decrease in biofilm 

formation with a reading of 0.30 (39% decrease) (p-value 0.0087, Mann-Whitney 

U test). Complementation did result in an increase in biofilm formation with 

Bps∆ppiA/ppiA having an absorbance reading of 0.44 (10% decrease compared 

to BpsWT), but due to variability with the complementation strain, this difference 

was not statistically significant (p-value 0.0649, Mann-Whitney U test, Bps∆ppiA 

vs Bps∆ppiA/ppiA) (Figure 5.10B). These results indicate that ppiA is playing a 

role in the ability of B. pseudomallei to form biofilms under nutrient conditions.  

  



     

184 
 

 

Figure 5.10 Biofilm-forming capacity of B. pseudomallei under nutrient conditions. Strains 
were serially passaged in LB broth every 24 hours for two days before biofilms were seeded into 
a 96-well plate and bacterial strains were allowed to adhere for 3 hours. Fresh LB broth was 
added and biofilms were allowed to mature. Biofilms were fixed with methanol and stained with 
crystal violet to determine bacterial biomass. Crystal violet stained biofilms were solubilized with 
33% glacial acetic acid, and optical density at 590 nm was read with a spectrophotometer (Bio-
Rad Xmark). (A) The ability of BpsWT and Bps∆ppiA to form a biofilm under nutrient conditions 
in LB broth was assessed over a four day period, with biofilms fixed every 24 hours. (B) To 
determine if complementation of the mutant could restore a wild-type biofilm phenotype, BpsWT, 
Bps∆ppiA and Bps∆ppiA/ppiA were assayed to determine biofilm formation over a 24 hours 
period. Graphs are the result of six biological replicates, with error bars in (A) representing the 
standard error of the mean mean, and individual values are plotted in (B). The p-value was 
determined using a Mann-Whitney U test, ** p < 0.01, **** p < 0.0001. 
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5.2.2.5 Transmission Electron Microscopy  

The cellular morphology of BpsWT and Bps∆ppiA was investigated using 

Transmission Electron Microscopy (TEM) on prepared strains from overnight LB 

broth cultures. BpsWT can be seen to contain multiple polyhydroxybutyrate 

(PHB) granules, which are associated with energy storage for use in nutrient 

limiting conditions (Figure 5.11). The inner membrane is clearly visible and the 

LPS is a thin layer surrounding the bacterium. In contrast, Bps∆ppiA contains 

significantly reduced numbers of PHB granules within its cytoplasm. Interestingly, 

there are clusters of electron dense objects within the cytoplasm, which could be 

aggregated protein, but requires further investigation. Furthermore, differences in 

the membrane of Bps∆ppiA compared to BpsWT can be observed, such as 

membrane ruffling which requires further investigation (Figure 5.11B&D, blue 

arrows). The gross morphology of Bps∆ppiA points to ppiA playing a large role in 

maintaining normal cellular morphology. Further investigation is warranted. 

5.2.2.6 Lipopolysaccharide silver stain 

Although the LPS of B. pseudomallei is less immune-stimulating than that of E. 

coli (Arjcharoen et al., 2007), it is still a pivotal part of B. pseudomallei’s arsenal 

of virulence factors (Burtnick et al., 1999; DeShazer et al., 1999). To investigate 

if ppiA plays a role in LPS production and to determine if the ruffled membrane 

layers on TEM were LPS, a LPS extraction was conducted and silver stained. 

Figure 4.11 (Chapter 4) shows the silver stain of BpsWT (Lane 2-4) and Bps∆ppiA 

(Lane 5) LPS extractions. There is no distinguishable difference in banding 

pattern between these strains, even though Bps∆ppiA (Lane 5) appears to have 

a darker silver stain, but this may be due to unequal loading onto the gel. It is 

inconclusive whether the ruffled membranes on TEM are due to a greater amount 

of LPS, hence future investigations should load equal concentration of LPS and 

use both a silver stain and a Western Blot with an Anti-BpsLPS antibody to better 

quantitate how much LPS is in these strains.
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Figure 5.11 Transmission Electron Microscopy of BpsWT and Bps∆ppiA. Overnight cultures 
of BpsWT and Bps∆ppiA were centrifuged and then underwent 2.5% glutaraldehyde fixation 
before the bacterial pellet was gelled by using a mixture of BSA and glutaraldehyde. Samples 
were processed by the PathWest Diagnostic Laboratories Electron Microscopy department, 
imaged using a JOEL transmission electron microscope and using a GATAN Orius 11Mp digital 
camera. Panel A & C - BpsWT, Panel B & D - Bps∆ppiA. Red arrows indicate intracellular 
polyhydroxybutyrate granules. Yellow arrow indicates electron dense accumulations within the 
cytoplasm of Bps∆ppiA. Blue arrows indicate ruffling of the bacterial membrane  
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5.2.3 In vitro characterisation of Bps∆ppiA 

5.2.3.1 J774A.1 murine macrophage infection 

B. pseudomallei is capable of invading many cell types upon infection (Jones et 

al., 1996), thus the ability of BpsWT and Bps∆ppiA to invade and replicate was 

investigated in a variety of murine and human cell lines. Figure 5.12A 

demonstrates the intracellular replication and survival curve in J774A.1 murine 

macrophages. There was no significant difference between BpsWT and 

Bps∆ppiA intracellular counts at any time point post-infection, although average 

colony forming units of Bps∆ppiA at 24 hours post-infection trended lower it was 

not statistically significant. These results indicate that ppiA does not play a role in 

B. pseudomallei intracellular infection of murine macrophages.  

To further investigate if the lowered intracellular counts by Bps∆ppiA seen at 24 

hours, although not significant, was due to greater death of macrophage or 

enhanced clearance of Bps∆ppiA by the macrophages, macrophage death was 

enumerated by measurement of the levels of lactose dehydrogenase using the 

Roche LDH cytotoxicity. Figure 5.12B demonstrates that there is no significant 

increase or decrease in the levels of macrophage death upon infection with 

Bps∆ppiA. This indicates that ppiA does not play a role in intracellular infection in 

murine macrophages. 
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Figure 5.12 Intracellular survival of BpsWT and Bps∆ppiA in J774A.1 murine macrophages. 
(A) The intracellular survival of B. pseudomallei was assessed by infection of J77A.1 murine 
macrophages at a multiplicity of infection of 10. Following killing of extracellular bacteria, infected 
monolayers were incubated at 37°C and intracellular bacteria were enumerated at 0, 3, 6, 9, 12 
and 24 hours post-infection. (B) At 24 hours post-infection, levels of macrophage death were 
determined using the lactose dehydrogenase (LDH) cell cytotoxicity kit (Roche) where the 
supernatant was used to enumerate the levels of LDH release which is associated with death of 
eukaryotic cells. Graphs are the mean of five biological replicates, with each having two technical 
replicates. (A) The error bars display the standard error of the mean of each time point. (B) Each 
individual value is plotted on the bar graph. 
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5.2.3.2 A549 human lung epithelial infection 

As melioidosis is commonly acquired through inhalation of B. pseudomallei, the 

ability of Bps∆ppiA to infect and replicate inside A549 human lung epithelial cells 

was also investigated. Bps∆ppiA demonstrates a slightly increased ability to 

invade A549 cells, although this is not statistically significant due to assay 

variability (Figure 5.13). Following this, intracellular counts of both BpsWT and 

Bps∆ppiA increase at 2 and 6 hours post-infection. At 24 hours post infection 

BpsWT counts continue to rise while Bps∆ppiA intracellular counts decrease, but 

this decrease is not statistically significant, as seen with the J774A.1 murine 

macrophages. These results point to ppiA potentially playing a role in the ability 

of B. pseudomallei to invade and survive inside human lung epithelial cells.  

 

 

Figure 5.13 Intracellular survival of BpsWT and Bps∆ppiA in A549 human lung epithelial 
cells. The intracellular survival of B. pseudomallei was assessed by infection of A549 human lung 
epithelial cells at a multiplicity of infection of 10 for one hour. Following killing of extracellular 
bacteria, infected monolayers were incubated at 37°C and intracellular bacteria were enumerated 
at 0, 2, 6 and 24 hours post-infection. Graphs are the mean of three biological replicates, with 
each having two technical replicates. The error bars display the standard error of the mean of 
each time point.  
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5.2.3.3 THP-1 human differentiated macrophage infection 

Cyclophilin A null mutants have been shown to demonstrate increased uptake 

into human-derived macrophage cell lines (Cho et al., 2013; Mukouhara et al., 

2011). The invasion and replication in differentiated human-derived monocytes 

was investigated with the Bps∆ppiA mutant to see if that was also the case in B. 

pseudomallei on deletion of ppiA. Bps∆ppiA infected differentiated THP-1 

monocytes at a higher level than BpsWT (Figure 5.14A), although this difference 

is not significant when analysed using colony forming units. Intracellular numbers 

of bacteria equalised at 2 hours post-infection with a slight increase in number at 

6 hours, followed by a decrease at 24 hours.  

Further investigation demonstrated that the percentage of the initial Bps∆ppiA 

inoculum invading THP-1 monocytes is 3-fold higher than that of BpsWT (Figure 

5.14B). These results indicated that ppiA is playing a role in the ability of B. 

pseudomallei to infect human-derived cell lines as this is not seen with murine 

macrophages.  

 

 

Figure 5.14 Intracellular survival of BpsWT and Bps∆ppiA in differentiated human THP-1 
monocytes. (A) The intracellular survival of B. pseudomallei was assessed by infection of 
differentiated human THP-1 monocytes at a multiplicity of infection of 10. Following killing of 
extracellular bacteria, infected monolayers were incubated at 37°C and intracellular bacteria were 
enumerated at 0, 2, 6 and 24 hours post-infection. (B) The percentage of inoculum which had 
been internalised at the 0 hr post-infection time point of (A). Bps∆ppiA is consistently internalised 
at a higher percentage than the BpsWT strain across all four biological replicates. Graphs are the 
mean of four biological replicates, with each having two technical replicates. (A) The error bars 
display the standard error of the mean of each time point. (B) Each individual value is plotted on 
the bar graph. The p-value was determined using a Student’s t-test, ** p < 0.01.   
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5.2.4 In vivo characterisation of Bps∆ppiA 

5.2.4.1 Virulence of Bps∆ppiA in BALB/c mice 

To assess if ppiA plays a role in in vivo BALB/c mice, six mice per group were 

infected with either 1.10 x 104  CFU BpsWT or 1.44 x 104 CFU Bps∆ppiA via the 

intraperitoneal route. Mice were monitored for 5 weeks for any signs of infection 

and humanely euthanised. All mice were culled at the end of the experiment and 

bacterial load within the spleen was determined. Figure 5.15A displays the 

survival curve of the two strains. At the end of the experiment two mice from each 

group remained and had cleared the infection from their spleens (personal 

communication, Dr Andrew Scott). There was no significant difference in the 

survival of mice infected with either strain. The weight of infected mice was also 

monitored with individual traces shown in Figure 5.15B&C. There appeared to be 

no difference in the weight loss patterns of mice during the course of infection. 

The complemented strain was not tested due to the need for antibiotics to 

maintain the complementation plasmid within the strain. These results indicate 

that the deletion of ppiA does not result in any attenuation in the peritoneal 

BALB/c mouse infection model. 

 
Figure 5.15 Virulence of Bps∆ppiA in BALB/c mice. Six mice were challenged with either 1.1 
x 104 CFU of BpsWT or 1.44 x 104 CFU of Bps∆ppiA via the intraperitoneal route. The mice were 
monitored for signs of disease for five weeks after which all surviving animals were culled. (A) 
Survival curve of mice challenged with either BpsWT (green circles) or Bps∆ppiA (pink squares). 
Weight loss of individual BALB/c mice, labelled 1 to 6, of BpsWT (B) and Bps∆ppiA (C) infected 
mice were monitored daily following intraperitoneal injection as a measure of morbidity.   
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5.3 Discussion 

B. pseudomallei is a highly adapted environmental pathogen that encodes for a 

plethora of virulence determinants that allow it to both effectively survive in the 

harsh tropical environments as well as infect a large array of hosts in which 

virtually every tissue type is infected (Holden et al., 2004; Jones et al., 1996). Two 

immunophilins belonging to the FKBP family have been shown to be important in 

B. pseudomallei virulence, with both deletion mutants demonstrating a decrease 

in in vitro macrophage survival as well as a decrease in in vivo virulence (Norville 

et al., 2011; Norville et al., 2011). A cyclophilin, ppiB, deletion mutant in B. 

pseudomallei is avirulent and exhibits proteome wide disruptions which leads to 

attenuation of multiple virulence determinants (Bzdyl et al., 2019). This study 

aimed to determine if another encoded cyclophilin, ppiA, was involved in the 

virulence or if it played a role in environmental survival of B. pseudomallei by 

characterising the phenotypes of the mutant Bps∆ppiA. 

No growth deficiency was observed in nutrient LB broth, but growth in minimal 

media supplemented only with glucose demonstrated that Bps∆ppiA was unable 

to reach the same optical density levels as BpsWT. Bps∆ppiA was also unable to 

form clumps characteristic of growth in MM9M+G. This has been noted in the 

literature in B. thailandensis strains which are deficient in quorum sensing 

(Chandler et al., 2009). Proteomic analysis did show that the LuxIR proteins, 

BpmR3 (BPSS1569, -4.48 log2, -log10(p-value): 4.93) and BpmI3 (BPSS1570, -

5.11 log2, -log10(p-value): 2.85) were significantly decreased which suggests that 

Bps∆ppiA may have a quorum sensing defect (Ulrich et al., 2004). Other genes 

that do not have a primary KEGG annotation as being involved in quorum 

sensing, but also play a role in maintaining QS have also undergone changes 

within the proteome, further pointing to a miscommunication between cells while 

the bacteria is growing. Further work to explore this would be to conduct MS/MS 

analysis of culture supernatants from minimal media to determine which AHLs 

were present and in what quantities to obtain a better understanding if the change 

in these quorum sensing proteins was influencing the bacterial signalling. 

Cyclophilins have been implicated in the response to stress in numerous 

organisms (Bzdyl et al., 2019; Duina et al., 1998; Roset et al., 2013) as it is 

thought that immunophilins interact with misfolded proteins to participate with 
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other molecular chaperones to restore them back into their correct functional 

state (Dougan et al., 2002). Bps∆ppiA did not have increased susceptibility to 

osmotic or acidic stress, but was slightly more susceptible to oxidative stress. 

This unchanged susceptibility to stresses could be due to the fact that B. 

pseudomallei encodes for numerous other immunophilins and may be able to 

compensate for the loss of another, thus deletion of a single immunophilin does 

not change the overall susceptibility. Another possibility may be that ppiA plays a 

minor role in stress response to these environmental stresses. Antimicrobial 

induced bacterial stress was also determined and there was no significant change 

in antibiotic MIC to a large variety of antimicrobials. This indicates that the 

changes induced by the deletion of ppiA are enough to change susceptibility to 

antimicrobial exposure. Despite not showing any significant phenotypes under 

the tested stress conditions, proteomic analysis did show that many proteins 

involved in stress response such as hsp20 (BPSL1323, -1.50 log2, -log10(p-

value): 2.00; BPSL2917, -2.74 log2, -log10(p-value): 1.87; BPSL2918, -2.18 log2, 

-log10(p-value): 1.87), stress induced proteins (BPSS1361, 1.39 log2, -log10(p-

value): 2.44) and universal stress proteins (uspA) (BPSS0837 -1.73 log2, -log10(p-

value): 2.77; BPSS0838, -1.73 log2, -log10(p-value): 2.84; BPSS0839, -1.94 log2, 

-log10(p-value): 2.88; BPSS1140, -2.63 log2, -log10(p-value): 3.88) were changed 

in comparison to BpsWT. With this in mind, it would be important to consider other 

stress responses such as to high and low temperature, which could be reflective 

of the environmental stress B. pseudomallei may encounter when in the soil. 

Important factors for survival within the environment and establishment of 

infection within a host are the ability of a bacterium to move through its 

environment and form a biofilm. Bps∆ppiA showed deficiencies in both motility 

and biofilm formation, with decrease in motility being shown to be important in the 

formation of biofilm (Kamjumphol et al., 2013; Kunyanee et al., 2016; Panomket 

et al., 2017). Bacterial cyclophilins have been shown to interact with components 

of the flagellum (Rasch et al., 2019; Skagia et al., 2016) and proteomics has 

shown that deletion of PpiB in B. pseudomallei leads to a decrease in the B. 

pseudomallei flagellum, FliC (Bzdyl et al., 2019). Global proteomics of Bps∆ppiA 

has shown that proteins involved in the motor switch of the flagellum FliM 

(BPSL0027, 3.62 log2, -log10(p-value): 2.19) and FliN (BPSL0028, 2.19 log2, -

log10(p-value): 2.42) are increased in abundance as well as an increase in 
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BPSL0026 (1.94 log2, -log10(p-value): 2.81) and BPSL3291 (2.43 log2, -log10(p-

value): 3.20) which are annotated as being involved in the flagellum. Although 

these proteins are increased, this points to a disruption of the machinery and 

indeed, when looking at the protein levels of chemotaxis response regulators 

such as BPSS2231 (-4.87 log2, -log10(p-value): 5.08), BPSL3338 (1.26 log2, -

log10(p-value): 3.59) and BPSS1218 (4.60 log2, -log10(p-value): 2.84) there is a 

decrease in their abundance, pointing to a misregulation of the 

chemotaxis/motility pathway. While deletion of the PpiB protein resulted in a 

decrease of the FliC protein and a significant decrease in motility (Chapter 4), 

deletion of PpiA results in a different subset of flagellar proteins being 

differentially expressed. This is reflected in the mutant phenotypes with differing 

levels of motility reduction, 50% upon deletion of PpiB and 25% upon deletion of 

PpiA. These results point to these two cyclophilins being involved in different 

parts of the flagellum and/or function, or in signalling pathways that determine 

when and where the bacterium moves.  Interestingly, this decrease seen with B. 

pseudomallei is in direct contrast to what has been shown with E. coli where ppiA 

deletion results in an over-expression of phenotype in both motility and biofilm 

production. This led Skagia et al. (Skagia et al., 2017) to conclude that ppiA is a 

negative regulator of both biofilm and motility and that overexpression of another 

immunophilin, ppiD, is capable of overcoming this E. coli mutant phenotype. Our 

results suggest a different function of PpiA in B. pseudomallei, potentially playing 

more of a role in the signalling cascade which turns the flagellum on, or perhaps 

it is unable to initiate movement in the direction the bacterium would prefer to 

move in.  

Bps∆ppiA displayed gross morphological changes under transmission electron 

microscopy, including a decreased number of polyhydroxybutyrate (PHB) 

granules. These granules are accumulated under carbon-excess conditions to 

store as an energy source for when the bacterium is in carbon-limiting conditions. 

Global proteomics showed that a subset of proteins that are differentially present 

which are involved in the pathways of PHB synthesis and utilisation, such as 

PhbC, (BPSL1534, -1.23 log2, -log10(p-value): 4.96), BPSL1954 (scoB, -2.51 log2, 

-log10(p-value): 6.15), BPSL1955 (scoA, -2.53 log2, -log10(p-value): 5.89), 

BPSS0414 (-3.12 log2, -log10(p-value): 2.18) and BPSL2716 (-2.80 log2, -log10(p-

value): 3.06) have all decreased upon deletion of ppiA. These proteins are 
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involved in the synthesis and degradation of PHB granules, and points to the 

deletion of PpiA disrupting the ability of B. pseudomallei to sequester carbon for 

use during limiting conditions. A crude extraction of PHB has been recently 

published using the highly related organism, B. thailandensis (Martinez et al., 

2020; Oshiki et al., 2011), and this experimental protocol could be used in the 

future to determine if Bps∆ppiA has fewer PHB granules intracellularly over time, 

which would corroborate the proteomics data and TEM images. Furthermore, 

TEM images of the bacterium over time would show whether there is 

sequestration of PHB over time, such as was shown by Martinez et al. in B. 

thailandensis (Martinez et al., 2020).  

In addition, Bps∆ppiA showed morphological changes to the exterior of the 

bacteria which can be seen by the ruffling of the exterior membranes. Proteomic 

results show an imbalance of proteins associated with the biosynthetic pathways 

of both the capsule and lipopolysaccharide such as BPSL0605 (manC, -7.81 log2, 

-log10(p-value): 6.71), BPSS2251 (-4.40 log2, -log10(p-value): 2.53), BPSL0791 

(waaF, 0.96 log2, -log10(p-value): 2.13), BPSL2788 (wcbS, -1.05 log2, -log10(p-

value): 2.14), BPSS0417 (-7.02 log2, -log10(p-value): 7.14), BPSL2799 (-1.38 

log2, -log10(p-value): 2.85) and BPSS0419 (-6.67 log2, -log10(p-value): 2.81) just 

to list a few. This inconsistency in increases and decreases of protein levels 

points to both LPS and capsular synthesis pathways being disrupted, hence the 

ruffling of the membranes in Bps∆ppiA. Despite this misregulation of production, 

there was no apparent effect on the in vivo virulence of BpsΔppiA, which is 

corroborated in the literature agreeing that the LPS of B. pseudomallei is not a 

major determinant of virulence (Anuntagool et al., 1998; Wiersinga et al., 2006). 

The loss of the capsule however results in attenuation in BALB/c mice (Cuccui et 

al., 2012), something which is not seen with BpsΔppiA, indicating that even 

though protein levels of biosynthesis proteins have changed, there is no gross 

change in capsule presence upon deletion of ppiA. Further investigation should 

be conducted using gold-labelled antibodies and electron microscopy to visually 

determine if this ruffling is the result of an increase in the amount of CPS or LPS 

using B. pseudomallei-specific antibodies. Using a micro-extraction of LPS and 

subsequent silver staining and western blotting, there appears to be a greater 

amount of LPS present in Bps∆ppiA (Figure 4.11). Furthermore, an alternative 

strategy would be to purify both the lipo- and capsule-polysaccharide and conduct 
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ELISAs to determine exactly how different the levels of CPS and LPS are 

between the wild-type strain and BpsΔppiA.  

Deletion of ppiA did not appear to effect the virulence of the bacteria in infection 

of murine macrophages with no differences in vitro, and no change in 

Burkholderia-associated cell death. This is also reflected in the BALB/c model of 

infection as Bps∆ppiA was not reduced in virulence using an intraperitoneal route 

of infection. Interestingly, there is an increase in intracellular counts in human-

derived lines, something that is not seen in the murine cell lines in vitro. This 

increase in uptake is shown upon deletion of ppiA in S. mutans which showed 

that ppiA was important in the interaction with human-derived cells and blocked 

the phagocytosis of S. mutans via a MARCO and SrA-dependent manner 

(Mukouhara et al., 2011). It could be possible that ppiA in B. pseudomallei is 

important solely in human infection and not in an animal model of disease, but 

testing this would be near impossible. Cyclophilins A, ppiA, in M. tuberculosis is 

shown to be secreted and interact with human proteins to subvert the immune 

response to allow for bacteria survival (Bhaduri et al., 2014), and it has been 

noted in the literature that PpiA is part of the core secretome of B. pseudomallei 

(Vander Broek et al., 2015), thus PpiA may play some kind of modulatory role 

upon infection in humans. Alternatively, the route of infection tested, intra-

peritoneal injection, may not be the most representative route, and perhaps 

infection via the intranasal route may show a different virulence phenotype. It may 

be possible that ppiA is important during pulmonary disease, as deletion of PpiA 

from S. pneumoniae, a respiratory pathogen, decreased bacterial colonisation in 

a pulmonary mouse model (Hermans et al., 2006) as well as PpiA from M. 

tuberculosis playing an immunomodulatory role (Bhaduri et al., 2014). The results 

of these pulmonary pathogens indicates that PpiA proteins are important for 

human infection, thus a pulmonary model of melioidosis infection may be a more 

appropriate route of infection to test the virulence of the Bps∆ppiA mutant. 

Biofilm and motility have been linked to in vivo virulence (Chua et al., 2003; 

Chuaygud et al., 2008; Kunyanee et al., 2016; Panomket et al., 2017) in B. 

pseudomallei and despite Bps∆ppiA being defective in both of these, there was 

no translation of this into the animal model. This is likely due to Bps∆ppiA 

retaining some measure of motility and biofilm formation, which is enough for B. 

pseudomallei to cause disease in the highly susceptible BALB/c mice. An 
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alternative mouse model could also be attempted using C57BL/6 mice which 

tests a chronic model of infection, as in Brucella abortus where deletion of both 

cyclophilins resulted in a significant reduction of virulence in a chronic model of 

infection (Roset et al., 2013), thus an acute model of infection may not be the 

most representative in vivo model. Lastly, it may be possible that ppiA is not 

involved in virulence at all, and rather plays a role in maintaining homeostasis 

within the cell by folding receptors and other proteins to carry out essential cellular 

processes rather than proteins which are critical for virulence. There is evidence 

of other ppiA proteins not playing a role in virulence such as in L. pneumophila 

(Rasch et al., 2019; Söderberg et al., 2008) and Acinetobacter baylyi (Kok et al., 

1994). 

Another complication in determining the effect of the loss of ppiA is that B. 

pseudomallei encodes a further ten immunophilins (see Chapter 3). The literature 

shows that there are varying levels of compensation between immunophilins as 

is demonstrated in a study between PpiB and Mip in L. pneumophila (Bzdyl et al., 

2019; Rasch et al., 2019), thus only gross changes in phenotypes are observable, 

possibly representing phenotypes which cannot be compensated for by other 

immunophilins.  If that is the case, it demonstrates that B. pseudomallei may be 

capable of compensating for the loss of PpiA, but a true representation of the 

repertoire of folding partners and phenotypes could only be seen using a strain 

which did not contain any other immunophilin proteins. Based on this work 

(Chapter 4) and other publications (Norville et al., 2011; Norville et al., 2011), to 

construct this type of mutant would result in an already highly attenuated B. 

pseudomallei strain, making phenotypic screening problematic, but proteomic 

analysis and binding partner determination could be conducted.  

To conclude, PpiA in B. pseudomallei does not play a role in an acute BALB/c 

mouse model of melioidosis, despite displaying pleiotropic effects on virulence 

determinants such as the flagella and biofilm production. Proteomic analysis of 

this strain showed widespread proteomic perturbations, particularly in proteins 

which have metabolic functions. TEM imaging showed that BpsΔppiA had fewer 

PHB granules and that proteins associated with their synthesis had been 

affected, further strengthening the association that PpiA is important in 

maintaining metabolic balance. Further work needs to be conducted to 
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demonstrate the direct interactions of PpiA with its folding partners or whether it 

plays a key role in the signalling pathways which regulate homeostasis. 
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Chapter 6 - Phenotypic characterisation of a cyclophilin-null 
mutant in Burkholderia pseudomallei 

6.1 Introduction 

Investigation into the phenotype of cyclophilin-null strains has been limited in 

prokaryotes. Only deletion of both ppiA and ppiB from Brucella abortus (Roset et 

al., 2013) and Legionella pneumophila (Rasch et al., 2019), and deletion of 

ef1534 and ef2898 from Enterococcus faecalis (Reffuveille et al., 2012) has been 

published. Interestingly, in B. abortus a double knockout of ppiA and ppiB results 

in an increased susceptibility to acidic, oxidative and zwitterionic stress, a 

decrease in low temperature growth and a reduced burden in animal models. 

Complementation with a single cyclophilin, or both in trans resulted in reversion 

to a wild-type phenotype, indicating that only a single cyclophilin was needed to 

restore virulence (Roset et al., 2013). Interestingly, the L. pneumophila double 

mutant displayed the same phenotype as a single ΔppiB mutant under the tested 

conditions (Rasch et al., 2019). Meanwhile, in E. faecalis a double knock out of 

ef1534 and ef2898 was less lethal in a Galleria mellonella model of infection. 

However, deletion of only ef1534, an outer-membrane cyclophilin, displayed the 

same phenotype indicating that this decrease in virulence was only attributed to 

the deletion of the outer-membrane cyclophilin (Reffuveille et al., 2012). These 

studies show that construction of a double cyclophilin-mutant was possible and 

that there was no additive effect on phenotype when both cyclophilins are on 

deleted. 

This chapter describes the construction of an unmarked double ppiA and ppiB 

deletion strain, BpsΔppiAppiB, and characterisation of the combined role of 

cyclophilins in B. pseudomallei virulence. A cyclophilin-null strain was tested 

against a variety of stress conditions and assays relating to virulence such as 

biofilm and motility, in vitro cell infection models and in a BALB/c mouse infection 

model to determine if deletion of both cyclophilin genes resulted in an attenuation 

of virulence. Proteomic analysis was undertaken to understand protein changes 

occurring during deletion of both cyclophilin genes when grown at 37°C. Lastly, 

growth of BpsΔppiAppiB strain at a various temperatures was undertaken. 
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6.2 Results 

6.2.1 Construction of Bps∆ppiAppiB mutant strain 

6.2.1.1 Construction of a flanking region deletion construct 

The cloning strategy used to create the deletion construct for ppiA and ppiB is 

similar to that used for the deletion of ppiA and ppiB and is shown in Figure 4.1 

with the following modifications. The flanking regions upstream of ppiA and 

downstream of ppiB were amplified by PCR using the following primer pairs; 

ppiA_UP_For/ppiA_UP_Rev and ppiB_DN_For/ppiB_DN_Rev, respectively 

(Table 2.9). The PCR products were blunt ligated into pCR_Blunt-II_TOPO® and 

the nucleotide sequence was confirmed by using Sanger sequencing (AGRF, 

Australia). The flanking regions were digested using the restriction enzyme, BglII 

before SOE-PCR amplification using the primer pair 

ppiA_UP_For/ppiB_DN_Rev. The UPDN amplicon was ligated into pCR_Blunt-

II_TOPO® and the nucleotide sequence was once again confirmed by Sanger 

sequencing. The UPDN fragment was digested using the restriction enzyme XbaI 

and ligated into the XbaI site of the suicide plasmid pDM4. Ligations were 

transformed into E. coli DH5αλpir and plated onto LB agar containing 

chloramphenicol. Colonies containing ppiA_UP_ppiB_DN_pDM4 suicide plasmid 

constructs were confirmed by agarose gel electrophoresis of restriction digests.  

6.2.1.2 Creation of a Bps∆ppiAppiB mutant 

The mutant-making approach used for the deletion of both ppiA and ppiB was 

adapted from Logue et al. (Logue et al., 2009) and is similar to the approach used 

with the sinlg cyclophilin mutants and is outlined in Figure 4.2. Firstly, 

ppiA_UP_ppiB_DN_pDM4 was transformed into the conjugative strain E. coli 

S17λpir.The deletion construct was conjugated into B. pseudomallei K96243 

wild-type. A cross-over event occurred at either the upstream or downstream 

flank resulting in integration of ppiA_UP_ppiB_DN_pDM4 into the genome 

through homologous recombination. This merodiploid integrant which contained 

both the deletion construct (UPDN) and intact genes (UP-ppiAppiB-DN) was 

selected by plating onto chloramphenicol and ampicillin LB agar plates and 

screened by PCR for a dual banding pattern using the primer set 

ppiA_UP_For/ppiB_DN_Rev. Following confirmation of the pDM4 integration, the 

suicide plasmid excision was induced by plating the merodiploid strain onto LB 



     

201 
 

agar containing 10% (w/v) sucrose, thus initiating a second cross-over event. 

Colonies growing on 10% (w/v) sucrose plates were screened for the loss of 

chloramphenicol resistance and potential mutant colonies were screened using 

the primer pair ppiA_UP_For/ppiB_DN_Rev to determine if the colony was a wild-

type revertant or a deletion mutant. The mutant strain was named Bps∆ppiAppiB. 

6.2.1.3 Confirmation of Bps∆ppiAppiB by whole genome sequencing 

Whole genome sequencing to confirm the deletion of ppiA and ppiB, as well as 

no background mutations. WGS was conducted by Dr Geoffery Coombs and Dr 

Stanley Pang (Murdoch University, Australia). Assembly and interpretation of 

whole genome sequencing data was conducted by Dr Derek Sarovich (University 

of Sunshine Coast, Australia). WGS data was aligned to the K96243 reference 

genome (versions NC_006350.1 [chromosome 1] and NC_006350.1 

[chromosome 2]) and variants were identified using the SPANDx pipeline 

(Sarovich et al., 2014). Successful deletion of ppiA and ppiB was confirmed and 

no additional SNPs were identified. 

 

6.2.1.4 Complementation of the cyclophilin-null strain, BpsΔppiAppiB 

6.2.1.4.1 Complementation with the constitutive plasmid, pBBR-1-MCS-1 

Complementation plasmids constructed for the single mutant strains, BpsΔppiA 

and BpsΔppiB, in Chapter 4 and Chapter 5 were used to complement the double 

mutant strain with a single cyclophilin gene. Conjugation into Bps∆ppiAppiB was 

conducted as previously described (Section 2.4.2.1) and complemented mutants 

(Bps∆ppiAppiB/ppiA and Bps∆ppiAppiB/ppiB) were plated out onto LB agar 

containing 30 µg/mL chloramphenicol. As seen with BpsΔppiA, expression of 

PpiA_3XFLAG and PpiB_3XFLAG could not be detected by Western Blot (data 

not shown) or by proteomic analysis (Figure 6.1A&B), thus an inducible vector 

system was explored. 

6.2.1.4.2 Complementation using the arabinose inducible plasmid, pMLBAD 

Inducible plasmids constructed for complementation of the single cyclophilin 

mutant strains were utilised to complement the double-deletion strain. Triparental 

mating was conducted as previously described (Section 2.4.2.2) and plated onto 

LB supplemented with 100 µg/mL Trimethoprim. Induction with 0.2% L-arabinose 
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was chosen as the optimal concentration for induction as shown by Western Blot 

analysis of induced strains (Figure 6.2). Label-free quantitative proteomic 

analysis was conducted on these strains to determine the levels of PpiA and PpiB 

present within the complemented strains. Induction of the complementation 

vector results in restoration of PpiA protein levels to 384% of that seen in the wild-

type strain (Figure 6.1C), indicating that this vector is capable of over-expressing 

PpiA protein in B. pseudomallei. Expression of PpiB was only able to restore 

levels to 33% of that in the wild-type strain (Figure 6.1D), indicating that even 

though expression is present, full restoration of protein levels was not occurring.  
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Figure 6.1 Proteomic analysis of PpiA and PpiB protein levels using different 
complementation plasmids. Label free quantitative proteomic analysis was conducted on 
BpsWT, Bps∆ppiAppiB, Bps∆ppiAppiB/ppiA and Bps∆ppiAppiB/ppiB strains to determine the 
protein levels of PpiA and PpiB. Complementation using the constitutive vector, pBBR-1-MCS-1, 
results in no protein levels (%) of either PpiA (A) or PpiB (B) indicating that this vector system is 
unable to complement the double cyclophilin- mutant strain. Meanwhile, induction with 0.2% L-
arabinose using the inducible vector, pMLBAD, was able to restore protein levels of PpiA to 384% 
(C) and PpiB to 33% (D) of that seen in the wild-type strain. Values are the average of four 
biological replicates. 
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Figure 6.2 Optimisation of L-arabinose induction of PpiA_3XFLAG and PpiB_3XFLAG in B. 
pseudomallei. B. pseudomallei strains were grown overnight in LB broth supplemented 100 
µg/mL trimethoprim and without or with either 0.2, 0.5 or 1% L-arabinose. The following day, 500 
µL of bacterial broth was harvested, washed and subsequently boiled to produce whole cell lysate 
(WCL). WCL was run on a 10% SDS-PAGE gel before being transferred to a PVDF membrane. 
PpiA_3XFLAG and PpiB_3XFLAG were probed by using an Anti-FLAG-HRP antibody before 
being detected by chemiluminescence. An approximately 23 kDa protein corresponds to 
PpiA_3XFLAG and 21kDa protein corresponds to PpiB_3XFLAG. There is no visible expression 
in the vector only B. pseudomallei control wells (Lane 1-4, 6). A concentration of 0.2% L-
_arabinose appears to provide optimal expression of PpiA_3XFLAG (Lane 8) and PpiB_3XFLAG 
(Lane 12) with some leaky expression is visible (Lane 7 and 11). Lanes: 
1 - Bps∆ppiAppiB/pMLBAD no L-arabinose;  
2 - Bps∆ppiAppiB/pMLBAD 0.2% L-arabinose;  
3 - Bps∆ppiAppiB/pMLBAD 0.5% L-arabinose;  
4 - Bps∆ppiAppiB/pMLBAD 1% L-arabinose;  
5 - blank  
6 - BpsΔppiAppiB  
7 - Bps∆ppiAppiB/ppiA_3XFLAG_pMLBAD no L-arabinose;  
8 - Bps∆ppiAppiB/ppiA_3XFLAG_pMLBAD 0.2% L-arabinose;  
9 - Bps∆ppiAppiB/ppiA_3XFLAG_pMLBAD 0.5% L-arabinose;  
10 - Bps∆ppiAppiB/ppiA_3XFLAG_pMLBAD 1% L-arabinose;  
11 - Bps∆ppiAppiB/ppiB_3XFLAG_pMLBAD no L-arabinose;  
12 - Bps∆ppiAppiB/ppiB_3XFLAG_pMLBAD 0.2% L-arabinose;  
13 - Bps∆ppiAppiB/ppiB_3XFLAG_pMLBAD 0.5% L-arabinose;  
14 - Bps∆ppiAppiB/ppiB_3XFLAG_pMLBAD 1% L-arabinose.  
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6.2.2 Characterisation of the double cyclophilin mutant, Bps∆ppiAppiB  

6.2.2.1 Growth in liquid media 

To determine if deletion of both cyclophilin genes affected the growth rate of B. 

pseudomallei, the wild-type and double mutant strain were grown in nutrient LB 

broth and observed over 24 hours to assess if there was any difference in growth 

rate. There was no observed difference in either the optical density (OD) (Figure 

6.3A) or colony forming units (CFU) (Figure 6.3B) between the strains.  

The importance of both cyclophilins on growth rate in M9 Minimal Media 

supplemented with glucose (M9MM+G) was also determined for BpsWT and 

Bps∆ppiAppiB at 37°C. As with nutrient media, there was no difference in optical 

density (Figure 6.3C) or in colony forming units (Figure 6.3D). These results are 

consistent with the loss of both cyclophilin genes not affecting the growth rate of 

B. pseudomallei at 37 °C. 
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Figure 6.3 Growth of Bps∆ppiAppiB in nutrient and minimal media at 37°C. The growth of 
the Bps∆ppiAppiB mutant was assessed by diluting an overnight culture 1/50 and monitoring 
growth over 24 hours for nutrient LB media (A & B) and 48 hours for M9 minimal media 
supplemented with glucose (C & D) by either optical density at 590 nm (A & C) or by viable count 
(B & D). Graphs are the result of three biological replicates with error bars representing the 
standard error of the mean mean. 
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6.2.2.2 Growth of BpsΔppiAppiB up on exposure to stress 

6.2.2.2.1 Environmental stress 

Cyclophilins in other Gram-negative bacteria have been shown to play a role in 

the response to stress (Rasch et al., 2019; Roset et al., 2013) and in Chapter 4 

and Chapter 5 it was shown that deletion of a single cyclophilin gene results in 

an increased sensitivity to oxidative stress. Thus Bps∆ppiAppiB was tested 

alongside the wild-type strain, BpsWT, to determine if it was more susceptible to 

a variety of stresses which a bacterium can encounter, such as salt (NaCl), acidity 

(HCl) and reactive oxygen species (hydrogen peroxide, H2O2) similar to 

Bps∆ppiA and Bps∆ppiB, Bps∆ppiAppiB did not exhibit any growth defect in the 

highest concentration of NaCl (256 µg/mL) (Table 6.1) with an MIC to NaCl 

undetermined (>256 µg/mL) and to HCl of 32 µg/mL. 

The single cyclophilin mutants displayed an increase in sensitivity to oxidative 

stress with Bps∆ppiA showing a reduced MIC of 0.16 µg/mL and Bps∆ppiB of 

0.04 µg/mL. Interestingly, the double mutant, Bps∆ppiAppiB, also showed slightly 

reduced MIC of 0.08 µL/mL compared to BpsWT which was 0.32 µL/mL (Figure 

6.4). This places the MIC for the double mutant in between the single mutants, 

and although this is not considered a significant difference, this suggests that 

there may be an interplay between cyclophilins when responding to oxidative 

stress in B. pseudomallei. 
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Table 6.1 The Minimum Inhibitory Concentration (MIC) to environmental stresses. Growth 
of BpsWT and Bps∆ppiAppiB was assessed when exposed to increasing concentrations of salt 
(NaCl) or acid (HCl). Salt and acid were diluted to achieve a concentration gradient of 256 – 0.025 
µL/mL. Early log-phase bacteria were exposed to a gradient of concentrations of stresses and 
allowed to grow over a 24 hour period at 37°C upon which an optical density reading was taken 
at 590 nm on a BioRad Xmark spectrophotometer. A negative control with no bacteria and a 
positive growth control was included. Background values were subtracted and the MIC was called 
at the lowest concentration that could reduce growth to below 20% of the unexposed positive 
control. Experiments were carried out in technical and biological triplicates. 

Stress Minimum Inhibitory Concentration (MIC) (µL/mL) 

BpsWT Bps∆ppiAppiB 

Salt (NaCl) >256 >256 

Acid (HCl) 32 32 

 

 

Figure 6.4 Growth of Bps∆ppiAppiB upon exposure to oxidative stress. Growth of BpsWT 
and Bps∆ppiAppiB was assessed when exposed to increasing concentrations of 33% H2O2. 
Hydrogen peroxide was diluted to achieve a concentration gradient of 256 – 0.025 µL/mL. Early 
log-phase bacteria were exposed to the gradient and allowed to grow over a 24 hour period at 
37°C upon which an optical density reading was taken at 590 nm on a BioRad Xmark 
spectrophotometer. A negative control with no bacteria and a positive growth control was 
included. Background values were subtracted and the MIC was called at the lowest concentration 
that could reduce growth to below 20% of the unexposed positive control. The BpsWT strain 
(green circles) had MIC of 0.32 µL/mL while upon deletion of ppiA and ppiB an increase in 
sensitivity to oxidative stress saw a two-fold increase in MIC to 0.08 µL/mL for the mutant 
Bps∆ppiAppiB (purple triangles). Experiments were carried out in technical and biological 
triplicates. 
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6.2.2.2.2 Susceptibility of BpsΔppiAppiB to antimicrobials 

Deletion of the cytoplasmic cyclophilin, ppiB, resulted in the increased 

susceptibility to ceftriaxone, doxycycline, tetracycline and meropenem (Bzdyl et 

al., 2019), antimicrobials whose resistance is mediated predominantly by efflux 

from the bacterial cell (Schweizer, 2012). Conversely, on deletion of the 

periplasmic cyclophilin, ppiA, there was an increase in resistance to gentamicin 

and kanamycin (Table 5.2). These results which were discussed in earlier 

chapters indicate that cyclophilins play a role in the response to antimicrobials. 

The cyclophilin-null mutant, Bps∆ppiAppiB, was compared against the BpsWT 

parental strain by microbroth dilution against a panel of antimicrobial compounds. 

There was no change in susceptibility to any antimicrobial compounds tested by 

the double cyclophilin mutant strain. A summary of these results can be found in 

Table 6.2. These results indicate that although, individual cyclophilins play a role 

in the response to antimicrobial resistance, removal of both cyclophilin proteins 

results in a phenotype the same as the wild-type parental strain. 
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Table 6.2 The Minimum Inhibitory Concentration (MIC) to different antimicrobial classes. 
Growth of BpsWT and Bps∆ppiAppiB was assessed when exposed to increasing concentrations 
of antimicrobials. Antimicrobial compounds were diluted to achieve a concentration gradient of 
256 – 0.025 µL/mL. Early log-phase bacteria were exposed to a gradient of concentrations of 
antimicrobials and allowed to grow over a 24 hour period at 37°C upon which an optical density 
reading was taken at 590 nm on a BioRad Xmark spectrophotometer. A negative control with no 
bacteria and a positive growth control was included. Background values were subtracted and the 
MIC was called at the lowest concentration that could reduce growth to below 20% of the 
unexposed positive control. Experiments were carried out in technical and biological triplicates. 

Antibiotic Antibiotic Class MIC (µg/mL) 

  BpsWT Bps∆ppiAppiB  

Chloramphenicol Chloramphenicol 8 8 

Rifampicin Rifamycin 64 64 

Tetracycline Tetracycline 2 2 

Doxycycline Tetracycline 1 1 

Gentamicin Aminoglycoside 32 32 

Sulfamethoxazole Sulfonamide >256 >256 

Trimethoprim Anti-folate 8 8 

Meropenem Carbapenem 2 2 

Kanamycin Aminoglycosides 16 16 

Polymyxin B Polymyxin >256 >256 

Ceftriaxone Cephalosporin 256 256 

Ceftazidime Cephalosporin 4 4 

Ampicillin β-lactam >256 >256 

Erythromycin Macrolide 32 32 

Ciprofloxacin Fluoroquinolone 32 32 
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6.2.2.3 Swarming motility 

Cyclophilins have been shown to play a role in motility in a number of organisms 

such as C. difficile and E. coli (Skagia et al., 2017; Skagia et al., 2016; Ünal et 

al., 2019), and in earlier chapters, both the loss of ppiB and ppiA results in a 

decrease in swarming motility (Figure 4.9 and Figure 5.10). To determine if there 

is a synergistic role in motility between the two cyclophilin proteins, the double 

mutant strain, Bps∆ppiAppiB, was assessed for its ability to swarm through semi-

solid agar. BpsWT was able to spread by 22.67 mm, while Bps∆ppiAppiB 

demonstrated no reduction in motility with an average spread of 26 mm (Figure 

6.5) following 24 hours of incubation. Plates were incubated for another day and 

the distance travelled was measured at 48 hours post-inoculation. Both strains 

tested continued to swarm over the semi-solid agar with BpsWT and 

Bps∆ppiAppiB swarming 55.67 mm and 60 mm, respectively. These interesting 

findings indicate that there is no synergistic effect upon deletion of both 

cyclophilin proteins, but rather there is no change to the wild-type phenotype. 

6.2.2.4 Biofilm forming-capacity of the double knockout, BpsΔppiAppiB  

Biofilm formation has also been attributed to cyclophilins, with single deletion of 

ppiA and ppiB in E. coli resulting in an increase in biofilm production (Skagia et 

al., 2017; Skagia et al., 2016). In previous chapters it was observed that single 

deletion mutations in either ppiA or ppiB in B. pseudomallei resulted in a large 

decrease in biofilm production (Figure 4.10 and Figure 5.11). In order to 

determine if there is a synergistic effect upon deletion of both cyclophilins in B. 

pseudomallei the biofilm forming capacity of the double deletion strain was 

examined over a 24 hour time period. As previously shown, BpsWT produces a 

confluent biofilm at 24 hours with an OD590 reading of 0.38 while interestingly the 

double mutant, Bps∆ppiAppiB, displays only a 4% decrease in biofilm formation 

with an absorbance reading of 0.34 (Figure 6.6). This is not a statistically 

significant decrease and shows that deletion of both cyclophilin genes does not 

result in a difference in biofilm formation to that of the wild-type, in contrast to the 

single cyclophilin-deletion mutants a greater than 65% decrease in biofilm 

formation.  
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Figure 6.5 Swarming motility of B. pseudomallei through semi solid agar. To determine if 
deletion of ppiA and ppiB played a role in the motility of B. pseudomallei, the ability to swarm 
through 0.3% agarose was assessed. BpsWT, and the mutant strain, Bps∆ppiAppiB, were grown 
up overnight in LB broth after which a 1 µL loopful of bacterial broth was used to inoculate the 
centre of a 0.3% agarose plate. Plates were incubated at 37°C upright overnight and the diameter 
of spread was read 24 and 48 hours post-inoculation. Graphs are the result of three biological 
replicates, with individual readings plotted. The p-value was determined using a Student’s t-test. 
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Figure 6.6 Biofilm-forming capacity of B. pseudomallei in Luria Bertani broth. Strains were 
serially passaged in LB broth every 24 hours for two days before biofilms were seeded into a 96-
well plate and bacterial strains were allowed to adhere for 3 hours. Fresh LB broth was added 
and biofilms were allowed to mature. Biofilms were fixed with methanol and stained with crystal 
violet to determine bacterial biomass. Crystal violet stained biofilms were solubilized with 33% 
glacial acetic acid, and optical density at 590 nm was read with a spectrophotometer (Bio-Rad 
Xmark). (A) The ability of BpsWT and Bps∆ppiAppiB to form a biofilm under nutrient conditions in 
LB broth was assessed over 24 hours. Graphs are the result of three biological replicates, with 
individual values are plotted. The p-value was determined using a Student’s t-test. 
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6.2.2.5 Lipopolysaccharide silver stain 

Deletion of either cyclophilin genes, ppiA or ppiB, in B. pseudomallei has been 

shown to proteomically change the presence of proteins associated with 

biosynthesis and assembly of LPS. An LPS microextraction was conducted and 

subsequent silver staining was done to determine if the double mutant expressed 

changes in the presence or staining of the LPS. Figure 4.11 (Chapter 4) shows 

the silver stain of BpsWT (Lane 2-4) and Bps∆ppiAppiB (Lane 7) LPS extractions. 

There is no distinguishable difference in banding pattern between these strains, 

indicating that deletion of both cyclophilin genes had no observable effect on the 

mass of LPS of B. pseudomallei.  

 

6.2.3 In vitro characterisation of Bps∆ppiAppiB using cell infection models 

6.2.3.1 J774A.1 murine macrophage infection 

Many of the virulence factors encoded in the genome of B. pseudomallei are only 

upregulated up on infection in cells or animals (Chieng et al., 2012; Shalom et al., 

2007), thus in vitro infection models are the most accurate way prior to animal 

studies to test whether virulence has been affected after the deletion of putative 

virulence-associated genes. The ability of the double cyclophilin mutant, 

Bps∆ppiAppiB, to invade, replicate and kill murine macrophages was 

investigated. No significant defect in the ability to infect and replicate in murine 

macrophages was observed with Bps∆ppiAppiB (Figure 6.7A). 

Bacterial-associated macrophage death was measured using the release of 

lactose dehydrogenase as a proxy for cell lysis. Figure 6.7B shows that the levels 

of macrophage death were very similar between the wild-type and mutant strain 

with 39.5% and 40.6% macrophage death, respectively. These results indicate 

that deletion of both cyclophilin genes does not affect the virulence of B. 

pseudomallei in J774A.1 murine macrophages. 
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Figure 6.7 Intracellular survival of BpsWT and Bps∆ppiAppiB in J774A.1 murine 
macrophages. (A) The intracellular survival of B. pseudomallei was assessed by infection of 
J77A.1 murine macrophages at a multiplicity of infection of 10. Following killing of extracellular 
bacteria, infected monolayers were incubated at 37°C and intracellular bacteria were enumerated 
at 0, 3, 6, 9, 12 and 24 hours post-infection. The error bars display the standard error mean of 
each time point. (B) At 24 hours post-infection, levels of macrophage death were determined 
using the lactose dehydrogenase (LDH) cell cytotoxicity kit (Roche) where the supernatant was 
used to enumerate the levels of LDH release which is associated with death of eukaryotic cells. 
Each individual value is plotted on the bar graph. Both graphs are the mean of five biological 
replicates, with each having two technical replicates.  

  



     

216 
 

6.2.4 In vivo characterisation of Bps∆ppiAppiB 

6.2.4.1 Virulence of Bps∆ppiAppiB in BALB/c mice 

Groups of six BALB/c mice were infected with either 1.10 x 104  CFU BpsWT or 

1.88 x 104 CFU Bps∆ppiAppiB via the intraperitoneal route to assess if deletion 

of both cyclophilin genes influenced virulence. Over five weeks of monitoring, five 

of six mice infected with Bps∆ppiAppiB succumbed to disease, compared to four 

mice infected with BpsWT (Figure 6.8A). Body weight of infected mice were also 

monitored with individual traces shown in Figure 6.8B for BpsWT infected mice 

and Figure 6.8C for Bps∆ppiAppiB infected mice. Weight curves for mice infected 

with Bps∆ppiAppiB show that animals that succumbed to disease rapidly lost 

weight in the days leading to euthanasia, while surviving mice maintained their 

weight over the course of the study. These results suggests that deletion of both 

cyclophilins from B. pseudomallei does not affect the pathogenicity in an animal 

model of infection. 

 

Figure 6.8 Virulence of Bps∆ppiAppiB in BALB/c mice. Six mice were challenged with either 
1.1 x 104 CFU of BpsWT or 1.88 x 104 CFU of Bps∆ppiAppiB via the intraperitoneal route. The 
mice were monitored for signs of disease for five weeks after which all surviving animals were 
culled. (A) Survival curve of mice challenged with either BpsWT (green circles) or Bps∆ppiAppiB 
(purple triangles). Weight loss of individual BALB/c mice, labelled 1 to 6, of BpsWT (B) and 
Bps∆ppiAppiB (C) infected mice were monitored daily following intraperitoneal injection as a 
measure of morbidity. 

  



     

217 
 

6.2.5 Proteomic characterisation of Bps∆ppiAppiB 

6.2.5.1 Label-free quantitative global proteomics 

Label-free quantitative (LFQ) proteomics was conducted as previously described 

(Section 4.2.5.1). Over 3000 proteins were quantified in BpsWT and 

BpsΔppiAppiB across four biological repeats, and their Pearson correlations can 

be found in Appendix Figure A4.1. As opposed to the changes seen on deletion 

of a single cyclophilin gene, deletion of both ppiA and ppiB resulted in statistically 

significant changes in only 239 proteins. A volcano plot of these changes is 

shown in Figure 6.9 with PpiA highlighted in red displaying a 10.4 fold decrease, 

and PpiB highlighted blue with a 10.2 fold decrease. This indicates that there was 

a complete loss of these proteins in the mutant strain. Full proteomics results are 

available in Appendix Table A5.1, which comprises all proteins statistically 

changed in BpsΔppiAppiB.  

Complementation of a single cyclophilin protein, PpiA or PpiB, was achieved 

using the inducible pMLBAD plasmid as shown in Figure 6.1, but unfortunately 

there was no restoration of the proteome with a volcano plot of 

Bps∆ppiAppiB/ppiA shown in Appendix Figure A5.1. This indicates that although 

protein levels of PpiA in this complement strain were restored, there was no shift 

in other protein levels which means further optimisation of complementation 

systems is needed to enable complete complementation. 

6.2.5.2 KEGG pathway analysis of proteomic changes in Bps∆ppiAppiB 

A KEGG pathways analysis was conducted on the 239 proteins that were 

statistically changed in Bps∆ppiAppiB with a full annotation of KEGG orthologies 

(KO) available in Appendix 6.4.1. Overall, only 10 proteins were present in 

increased amounts shown in red, while 229 proteins were decreased shown in 

blue (Figure 6.10). Of the handful of proteins increased in the mutant strain, eight 

had no KO while one belonged to both metabolic, and signalling and cellular 

pathways. In contrast, 48 metabolism-associated proteins underwent a decrease 

in protein levels as well as 145 proteins with no assigned KO. These results 

demonstrate that the deletion of both ppiA and ppiB does not result in a huge 

number of proteome changes that are seen with the deletion of a single 

cyclophilin gene, and this correlates with the observations that no phenotypic 

differences are seen in the many virulence-associated assays tested.    
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Figure 6.9 Volcano plot of proteomic changes in Bps∆ppiAppiB compared to 
BpsWT. Relative fold change of proteins is indicated by individual dots. Highlighted in 
red is BPSL2245, or PpiA, and highlighted in blue is BPSL2246, or PpiB, both of which 
display some of the highest fold decreases, indicating the absence of PpiA and PpiB in 
the Bps∆ppiAppiB proteome.  
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Figure 6.10 KEGG pathway analysis of proteins differentially present in Bps∆ppiAppiB 
versus BpsWT. Proteins that were differentially present by label-free quantitative proteomics 
were manually curated using the Kyoto Encyclopaedia of Genes and Genomes (KEGG) database 
against the B. pseudomallei K96243 genome (entry number T00203) and assigned a KEGG 
Orthology (KO). Proteins in red were increased in Bps∆ppiAppiB relative to the BpsWT strain, 
while proteins in blue were deceased. Numerous proteins were predicted to be in other functional 
groups, but only the highest KO was taken. 
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6.2.6 Growth at suboptimal temperatures 

6.2.6.1 Growth at low temperatures 

A rate limiting step in protein folding is the isomerisation of xaa-proline bonds due 

to the high energy barrier of ~20kcal/mol (Brandts et al., 1977; Brandts et al., 

1975; Wedemeyer et al., 2002), thus making this reaction slow in nature. 

Immunophilins have evolved to catalyse this slow rate-limiting reaction, thus 

allowing time efficient protein folding to occur (Fischer et al., 1985; Fischer et al., 

1984; Lang et al., 1987). Enzymatic assays have been developed to measure the 

rate of protein folding (Fischer et al., 1984; Janowski et al., 1997), with both 

assays needing to be conducted at low temperature to allow for the measurement 

of the reaction, with the reaction rate occurring too rapidly to measure above a 

temperature of 6ºC. All previously described phenotypic assays have been 

carried out at a temperature of 37ºC, making it possible that no phenotype was 

seen due to the fact that a high rate of spontaneous proline isomerisation was 

occurring. To test this hypothesis, the wild-type strain and the double cyclophilin 

mutant, Bps∆ppiAppiB, were grown at suboptimal temperatures to determine if 

there was an effect on proline isomerisation, and hence growth rate when grown 

at lower temperatures, when reliance on PPIase enzymatic activity would be 

more pronounced. 

Growth at room temperature (25ºC) was first attempted and the results of both 

nutrient LB media (Figure 6.11A) and M9 minimal media (Figure 6.11B) show that 

the growth rate of both strains remains identical over a 72 hour period. The 

cyclophilin, lcy, of L. pneumophila is important for bacterial growth at a low 

temperature of 17ºC (Söderberg et al., 2008), thus growth at 16ºC was assessed 

next. Figure 6.11C displays the optical density curves of the parent and mutant 

strain over seven days in nutrient LB broth. Growth at this temperature is slow, 

with the wild-type strain only beginning to grow after 48 hours (green circles). The 

wild-type strain increases in optical density over the next five days, while the 

double-cyclophilin mutant, Bps∆ppiAppiB, taking 72 hours before the optical 

density begins to rise (purple triangles). All time points display a statistically 

significant decrease in optical density indicating that growth at low temperatures 

is slower when both ppiA and ppiB genes are deleted. A similar effect is observed 

when the strains are grown in M9 minimal media (Figure 6.11D) with 
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Bps∆ppiAppiB displaying a decreased growth rate in comparison to the wild-type 

strain.  

To assess if there was a build-up of misfolded proteins in the bacterium after 

being grown at 16ºC, samples of cultures were fixed onto glass slides and 

visualised under a fluorescent microscope. Aggregated proteins can be 

visualised using unlabelled fluorescent microscopy (Lu et al., 2020), thus the 

auto-fluorescence of aggregated proteins was visualised using the FITC LED 

cube of a fluorescent microscope. The parental strain, BpsWT displays no auto-

fluorescence (Figure 6.12A) which is consistent with it being able to fold proteins 

into their correct conformation. Interestingly, the double mutant, which is 

struggling to grow at the same rate as the parental strain is highly auto-

fluorescent in the green channel (Figure 6.12B). This indicates that there are 

large clusters of aggregated protein within Bps∆ppiAppiB which indicates 

proteins are not folded into their correct state due to the absence of both ppiA 

and ppiB. 
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Figure 6.11 Growth of Bps∆ppiAppiB in nutrient and minimal media at suboptimal 
temperatures. The growth of the Bps∆ppiAppiB mutant was assessed by diluting an overnight 
culture 1/50 in LB media or 1/15 in M9 minimal media supplemented with sodium succinate and 
the optical density was measured over time. (A) Growth in nutrient LB broth at 25ºC over a period 
of 72 hours. (B) Growth in M9 minimal media at 25ºC over a period of 72 hours. (C) Growth in 
nutrient LB broth at 16ºC over a period of 168 hours. (D) Growth in M9 minimal media at 16ºC 
over a period of 168 hours. Graphs are the result of three biological replicates with error bars 
representing the standard error of the mean. The p-value was determined using a Student’s t-
test, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 6.12 Fluorescent microscopy following growth at suboptimal temperatures. BpsWT 
and BpsΔppiAppiB were grown in M9 minimal media supplemented with sodium succinate at 
16ºC for 168 hours. 20 µL of bacterial growth was spotted onto a glass slide and allowed to air 
dry. Bacterial spots were fixed with methanol and once again allowed to air dry. Slides were 
visualised using the FITC LED cube on a Nikon Ts2R Eclipse microscope and images captured 
using NIS Elements. (A) BpsWT (B) BpsΔppiAppiB.  
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6.3 Discussion 

Currently there are three published studies where both encoded cyclophilin 

genes have been deleted in combination in prokaryotes (Rasch et al., 2019; 

Reffuveille et al., 2012; Roset et al., 2013). Phenotypic characterisation in all 

three bacteria tested, L. pneumophila, B. abortus and E. faecalis, showed that 

deletion of both cyclophilin genes resulted in a mutant strain whose phenotype 

was similar to that of a single cyclophilin mutant. For example, the double mutant, 

ΔppiAΔppiB, in L. pneumophila demonstrated the same phenotype as ΔppiB 

(Rasch et al., 2019). Meanwhile, in B. abortus, where only a double knockout 

mutant was created, complementation with either cyclophilin individually restored 

a wild-type phenotype, indicating that in this pathogen, only a single cyclophilin 

is needed for full virulence (Roset et al., 2013). Therefore, this study is the first 

reported instance where deletion of both cyclophilin genes in a prokaryote results 

in a wild-type phenotype, rather than a phenotype similar to that of a single 

cyclophilin mutant, for example, a decrease in biofilm or motility, as is seen upon 

deletion of either ppiA or ppiB in B. pseudomallei. 

Interestingly, a similar phenomenon has been reported in B. pseudomallei with 

deletion of two two-component systems (TCS) bprRS and bbeRS resulting in a 

wild-type-like phenotype, but deletion of the single component of the TCS results 

in significant motility and biofilm defects (Adler et al., 2016; Alwis et al., 2020). 

Both studies hypothesise that there is cross-talk between the 60 TCS that are 

encoded by B. pseudomallei, thus, deletion of the whole system is compensated 

for by other response regulators and sensor kinases. A cyclophilin-like domain is 

the only domain within ppiA and ppiB gene, thus it is unlikely that PpiA and PpiB 

act as a TCS themselves as they do not contain the necessary histidine kinase 

and response regulator domains. It is possible that both proteins are required to 

fold both components of TCSs within the bacterium to allow for their full function, 

as PpiA and PpiB are found in the cellular compartments of sensor and response 

proteins respectively. If this is the case, deletion of both cyclophilins would result 

in an inactive TCS and thus could account for the wild-type phenotype, as an 

alternative, active TCSs would compensate for this loss. Alternatively, the 

proteomic perturbations seen upon deletion of a single cyclophilin gene highlights 

disequilibrium in many cellular processes that are stringently maintained by the 

bacterial cell, resulting in the marked phenotypes seen by these mutants. 
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Therefore deletion of both ppiA and ppiB removes this imbalance between the 

cytoplasmic and periplasmic compartments and brings about a new ‘equilibrium’ 

of these cellular processes, resulting in no phenotype. Molecular chaperones, 

such as cyclophilins, have been attributed to maintaining homeostasis in 

eukaryotes (Rutkowski et al., 2004), and the lack of phenotype observed in 

BpsΔppiAppiB alludes to cyclophilins playing a similar role in B. pseudomallei. 

A breakthrough in elucidating a phenotype from Bps∆ppiAppiB was to grow the 

wild-type and mutant strains at a suboptimal temperature of 16ºC. We 

hypothesised that slowing down the rate of spontaneous proline isomerisation by 

decreasing the temperature would increase the reliance of B. pseudomallei on its 

two cyclophilin proteins, PpiA and PpiB. In E. coli it has been determined that 

PpiB is the main facilitator of PPIase activity, with deletion of ppiB only results in 

significantly less overall PPIase activity compared to strains which have deletions 

in other cytoplasmic immunophilin proteins (Klein et al., 2020). This is precisely 

what was observed, as temperature decreased, the reliance on protein folding 

enzymes increased. At a lowered temperature of 16°C, deletion of both 

cyclophilin proteins from B. pseudomallei resulted in a decreased growth rate in 

both nutrient and minimal media. A decrease in growth at low temperature was 

shown on deletion of lcy or ppiB from L. pneumophila, with lowered bacterial 

counts following incubation at 17°C (Rasch et al., 2019; Söderberg et al., 2008). 

No observable growth difference was seen at warmer temperatures, such as 

25°C, thus alluding to why no phenotypic changes are observed when testing the 

double deletion mutant as these assays are all conducted at 37ºC. In comparison, 

there were fewer proteomic changes on deletion of both cyclophilin genes 

compared to deletion of a single cyclophilin protein, although this is largely 

unsurprising a proteomic analysis was conducted on bacteria that had been 

grown at 37°C. A protein of interest from the proteomics at 37°C was a cold 

shock-like protein (BPSL3079, CspD, -3.36 log2, -log10(p-value): 1.32), which in 

B. subtilis is important in RNA chaperoning and facilitating transcription at 

suboptimal temperature growth (Graumann et al., 1997). Future work is needed 

to conduct quantitative proteomic analysis during growth at 16ºC to gain insight 

into what proteins are being changed, and if further cold-shock proteins have 

been affected. Enrichment techniques for the isolation of protein aggregates have 

been developed (Batth et al., 2019) which would allow a secondary layer of 
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information to global proteomics which would give insight into which proteins are 

aggregating within Bps∆ppiAppiB. With this information, an interactome map 

could begin to be constructed and validated by using techniques such as 

isothermal titration calorimetry and bacterial two-hybrid systems. 

Increasing our understanding of what proteins interact with PpiA and PpiB, either 

with their peptidyl-prolyl isomerase activity or their chaperone activity would 

provide insight into the precise role of cyclophilins within a bacterial cell. Very little 

is known about which proteins are being folded/chaperoned by prokaryotic 

immunophilins, however recent studies are being published which are identifying 

the binding partners of immunophilin proteins. Techniques currently being 

employed to identify binding partners include co-immunoprecipation, bacterial 

two-hybrid systems, isothermal titration calorimetry (ITC) and proteomics (Bzdyl 

et al., 2019; Klein et al., 2020; Ünal et al., 2019; Wojtkiewicz et al., 2020). Ideally, 

a combination of all of these techniques would provide robust evidence to the 

strength of interaction between target proteins and immunophilins, and would 

allow the formation of an interactome map. These studies need to be conducted 

in multiple bacterial species as there are a multitude of phenotypes that do not 

correlate between various pathogens. Additionally, many putative interacting 

partners conduct enzymatic reactions of their own, and this could be exploited to 

use purified proteins to see if this rate of reaction can be slowed or sped up, as 

was done with PpiA and PpiB from A. vinelandii (Dimou et al., 2011; Dimou, 

Venieraki, et al., 2012; Dimou, Zografou, et al., 2012). Dimou et al. demonstrated 

that the addition of purified PpiB resulted in an increased rate of phosphate 

acetyltransferase activity (Dimou, Venieraki, et al., 2012) as well as interacting 

with biotin carboxylase (Dimou, Zografou, et al., 2012), DnaK and IpxH (Dimou 

et al., 2011). 

In conclusion, deletion of both cyclophilin proteins ppiA and ppiB is possible in B. 

pseudomallei. Interestingly, there is no significant phenotype exhibited by 

Bps∆ppiAppiB when testing at a temperature of 37ºC. Proteomic analysis showed 

that there was only a minor change to the proteome on deletion of these two 

proteins, corroborating our observations. Assessing the ability of Bps∆ppiAppiB 

to grow at low temperatures, when spontaneous protein folding is slowed, 

showed that Bps∆ppiAppiB is unable to grow at the same rate as BpsWT and 

that large aggregation of misfolded proteins was occurring within the cell. Further 



     

227 
 

work needs to be conducted to determine what these protein aggregates are and 

allow the assembly of a cyclophilin interactome map for B. pseudomallei.  
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Chapter 7 - Functional characterisation of recombinant PpiA 
and PpiB proteins from Burkholderia pseudomallei and 
screening of novel cyclophilin inhibitors to determine inhibitor 
efficacy 

7.1 Introduction 

Functional characterisation of recombinant cyclophilin proteins is the most 

studied aspect of prokaryotic cyclophilins, perhaps due to greater interest 

determining their functionality and interaction with biological processes within a 

bacterial cell. Many cyclophilins from both pathogenic and environmental 

prokaryotes have been purified and their enzymatic activity determined (Dimou 

et al., 2011; Herrler et al., 1992; Herrler et al., 1994; Liu et al., 1991; Liu et al., 

1990; Schmidt et al., 1996; Skagia et al., 2017; Skagia et al., 2016). Differences 

between eukaryotic and prokaryotic cyclophilins have also been studied using 

site-directed mutagenesis (SDM) to determine how prokaryotic cyclophilins have 

evolved to be resistant to Cyclosporin A (Liu et al., 1991). Cyclosporin A (CsA) is 

produced by the fungus Trichoderma polysporum (Dreyfuss et al., 1976) and as 

it is present in the environment, prokaryotes were exposed to selective pressure 

to gain resistance to it, hence bacterial cyclophilins are naturally more resistant 

to Cyclosporin A inhibition than eukaryotic cyclophilins (Liu et al., 1991). 

Recombinant RotA protein from E. coli was the first studied Gram-negative 

bacterial cyclophilin in 1990 (Liu et al., 1990). Despite RotA having a similar 

catalytic activity (Kcat/Km ) to human Cyclophilin A (hCypA), 1.32 x 10-7 M-1s-1 and 

1.37 x 10-7 M-1s-1 respectively, RotA is 500-fold less sensitive to Cyclosporin A 

inhibition with an IC50 of 3000 nM compared to hCypA which has an IC50 of 6 nM 

(Liu et al., 1991; Liu et al., 1990). This increased resistance to Cyclosporin A was 

attributed to a singular amino acid change in the active site pocket (tryptophan to 

phenylalanine) (Liu et al., 1991). Functional characterisation of other Gram-

negative cyclophilins have been studied such as PpiB (Lcy) from L. pneumophila, 

PpiB from E. coli, and PpiA and PpiB from A. vinelandii (Dimou et al., 2011; 

Schmidt et al., 1996; Schönbrunner et al., 1991). Currently cyclophilins from B. 

pseudomallei have not been functionally characterised.  
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In this chapter, the two putative cyclophilins (PpiA and PpiB) from B. 

pseudomallei were recombinantly expressed and purified in E.coli. The functions 

of both proteins have been characterised and the catalytic enzyme activity was 

determined to confirm they are active peptidyl-prolyl cis-trans isomerases. 

Furthermore, the rate of Cyclosporin A inhibition of both PpiA and PpiB PPIase 

activity was determined. Finally, novel cyclophilin inhibitors from Cypralis Ltd 

were screened to determine if Cyclosporin A derivatives could be used to inhibit 

B. pseudomallei cyclophilins enzymatically and in vitro using cell infection 

models.  

 

7.2 Results 

7.2.1 Recombinant protein production 

7.2.1.1 Construction of expression plasmids 

The coding region of two putative cyclophilin genes, ppiA and ppiB from B. 

pseudomallei strain K96243 were amplified by PCR using appropriate primers 

(Table 2.9). The cloning strategy can be found in Figure 7.1. Briefly, PCR 

products were blunt ligated into pCR_Blunt-II_TOPO® and the nucleotide 

sequence was confirmed using Sanger Sequencing (AGRF, Australia). The first 

21 amino acids of PpiA, which form part of a signal sequence, were removed to 

enable the accumulation of PpiA within the cytoplasm. This construct with no 

signal sequence was termed PpiA_NoSS and this nomenclature will be used from 

here. Putative cyclophilin genes, PpiA_NoSS and full-length PpiB, were excised 

from pCR_Blunt-II_TOPO® using the restriction enzymes NdeI and BamHI-HF, 

with the expression vector pET15b also linearised with these restriction enzymes. 

The vector, pET15b, was used to incorporate an N-terminal Hisx6 tag which can 

be used for downstream purification using a nickel column. The excised putative 

cyclophilin gene and linearised plasmid were ligated together using T4 DNA 

Ligase. The ligation was transformed into E. coli strain DH5α and plated out on 

LB agar with ampicillin selection. Colonies with the correct expression construct 

were confirmed by restriction enzyme digests and agarose gel electrophoresis.  
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Figure 7.1 Cloning strategy for construction of ppiA_NoSS expression plasmid. 1. ppiA 
gene (pink) was amplified from B. pseudomallei genomic DNA using a forward primer which 
started at amino acid 22 which allowed for the removal of a periplasmic signal sequence, as well 
as introducing a 5’ NdeI restriction site (green), and a reverse primer which introduced a 3’ BamHI 
restriction site (red). 2. The PCR product, ppiA_NoSS, was blunt ligated into pCR_Blunt-
II_TOPO®. 3. The ppiA_NoSS gene fragment was cleaved from pCR_Blunt-II_TOPO® by 
digesting with the restriction endonucleases NdeI and BamHI-HF. The expression plasmid, 
pET15b, was linearised using the same restriction endonucleases NdeI and BamHI-HF. 4. 
ppiA_NoSS was ligated into pET15b.  
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7.2.1.2 Optimisation of expression of recombinant B. pseudomallei 
PpiA_NoSS and PpiB 

Expression studies of PpiA_NoSS and PpiB were carried out to determine the 

optimal conditions for protein purification. Bacterial cell lysates were separated 

by using SDS-PAGE and transferred onto a PVDF membrane. His-tagged 

recombinant PpiA_NoSS and PpiB was detected by probing with an anti-Hisx6 

antibody. Both recombinant PpiA_NoSS and PpiB were successfully expressed 

in E.coli strain BL21 DE3 pLysS (Figure 7.2A) with bands detected at the 

expected sizes of approximately 20 kDa and 18 kDa, respectively. PpiB 

expressed to a higher degree than PpiA_NoSS as indicated by the intensity of 

the bands. PpiA_NoSS also appears to degrade over time with a decrease in the 

band intensity over time, with optimal expression of PpiA_NoSS being 2 hours 

post-IPTG induction. 

Solubility of PpiA_NoSS and PpiB was determined by fractionation of bacterial 

lysates into the soluble and insoluble fractions post-sonication. Soluble and 

insoluble fractions at 0, 2, 4 and 24 hours post-IPTG induction were separated 

by SDS-PAGE and recombinant protein was detected using an anti-Hisx6 

antibody. Recombinant PpiA_NoSS was detected predominantly in the soluble 

fraction but is also present in the insoluble fraction at 2 and 4 hours post induction 

(Figure 7.2B). Expression at 2 hours post-IPTG induction showed optimal protein 

levels in both the insoluble and soluble fractions. Further large scale protein 

purifications were performed by harvesting after 2 hours of IPTG induction. 

Unlike PpiA_NoSS, recombinant PpiB expression continued to increase in both 

the soluble and insoluble fraction over the 24 hour time period (Figure 7.2C). 

Leaky expression of PpiB was evident by presence of an 18kDa protein at 0 hr 

despite no IPTG induction. Increasing band intensity in the insoluble fraction over 

time could be an indication that overproduction of PpiB results in aggregation or 

production of inclusion bodies. The optimal condition of soluble PpiB expression 

is 4 hours post-IPTG induction.   
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Figure 7.2 Western Blots showing the expression of both PpiA_NoSS and PpiB over time. 
An overnight broth was diluted 1 in 50 and allowed to reach an OD600 of between 0.35 and 0.4. 
Expression was then induced with 1 mM IPTG final concentration. Samples were collected at 0, 
2, 4 and 24 hours post-induction. Bacterial cells were sonicated and clarified by centrifugation to 
separate the soluble and insoluble fractions. Proteins were separated on a 4–12% Bis-Tris Nu-
PAGE® gels before being transferred onto a PVDF membrane. His-tagged proteins were 
detected using an anti-Hisx6 antibody. (A) Expression of PpiA_NoSS and PpiB in whole cell lysate 
over time post IPTG-induction. (B) Expression of PpiA_NoSS in the insoluble (I) and soluble (S) 
fractions over time post IPTG-induction. (C) Expression of PpiB in the insoluble (I) and soluble 
(S) fractions over time post IPTG induction.  
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7.2.1.3 Purification of recombinant PpiA_NoSS and PpiB  

Large scale protein purification of rPpiA_NoSS and rPpiB were performed using 

2 L of bacterial culture under the optimal conditions described in section 7.2.1.2. 

Bacterial cells were disrupted by either sonication or high pressure 

homogenisation and then clarified by centrifugation to separate the soluble and 

insoluble fractions. The supernatant was then applied to a 5 mL HisTrap column 

to allow for His-tagged protein to bind to the nickel beads. Following washing of 

the column, an increasing gradient of imidazole was applied to elute His-tagged 

proteins and fractions were collected for analysis. Figure 7.3A is a representative 

chromatogram for rPpiA_NoSS which illustrates an increase in UV between 

Fractions 11 and 16, which when run on a SDS-PAGE gel and stained with 

Coomassie Brilliant Blue, shows an approximately 20 kDa protein (Figure 7.3B). 

These fractions were pooled, concentrated and further purified by Size Exclusion 

Chromatography (SEC) on a S200 16/60 column. The representative 

chromatogram for rPpiA_NoSS is shown in Figure 7.4A and shows a high 

intensity peak in fractions 24 to 30 which corresponds to purified rPpiA_NoSS on 

an SDS-PAGE gel (Figure 7.4B). All fractions containing purified rPpiA_NoSS 

were collected and concentrated. Approximately 40 mg of rPpiA_NoSS was 

obtained for downstream functional characterisation studies. 

PpiB purification was conducted in a similar manner to the purificationof 

rPpiA_NoSS with supernatant applied through a 5 mL HisTrap column to bind 

and elute His-tagged protein. Figure 7.5A displays a representative 

chromatogram for PpiB purification with a UV peak at fractions 6 to 17, which 

corresponds to an approximately 18 kDa protein being eluted off the column 

which corresponds to recombinant PpiB (Figure 7.5B). Fractions 10 to 17 were 

pooled and concentrated before being run on a SEC S200 16/60 column to further 

purify rPpiB. The chromatogram in Figure 7.6A shows a large peak between 

fractions 9 and 21, of which fractions 14 to 21 corresponds to purified rPpiB 

protein upon running on a SDS-PAGE gel (Figure 7.6B). These fractions were 

pooled and concentrated, with approximately 9.5 mg of rPpiB obtained for further 

studies.   
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Figure 7.3 Nickel affinity chromatography of rPpiA_NoSS. (A) FPLC chromatogram showing 
the elution of PpiA_NoSS from a 5mL HisTrap column. The black line indicates an increasing 
concentration of imidazole and the green curve indicates the 280 nm (UV) absorbance, 
corresponding to protein elution off the column. Fractions were collected as shown along the top 
of the figure. (B) Coomassie Brilliant Blue stained 4-12% SDS-PAGE gel of purified fractions. L - 
ladder, S - supernatant, FT – flowthrough, fractions 5 and 7 of the corresponding peak in (A) 
followed by fractions 11-14, 16 containing the large peak corresponding to the elution of 
rPpiA_NoSS in (A).   

A 

B 
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Figure 7.4 Size exclusion chromatography of rPpiA_NoSS. (A) FPLC chromatogram showing 
the elution of PpiA_NoSS from a S200/60 column. The green curve indicating the 280 nm (UV) 
absorbance, corresponding to protein elution off the column. Fractions were collected as shown 
along the top of the figure. (B) Coomassie Brilliant Blue stained 4-12% SDS-PAGE gel of purified 
fractions of rPpiA_NoSS. PC - pre-column, L – ladder, fraction 16 corresponding to the small peak 
in (A) followed by fractions 24-30 corresponding to the large peak of recombinant PpiA_NoSS.  

A 

B 



     

237 
 

 

Figure 7.5 Nickel affinity chromatography of rPpiB. (A) FPLC chromatogram showing the 
elution of PpiB from a 5mL HisTrap column. The pink line indicates an increasing amount of 
imidazole and the blue curve indicates the 280 nm (UV) absorbance, corresponding to protein 
elution off the column. Fractions were collected as shown along the bottom of the figure. (B) 
Coomassie Brilliant Blue stained 4-12% SDS-PAGE gel of purified fractions. PC – pre-column, L 
- ladder, FT – flowthrough, fractions 6-17 of the corresponding peak in (A) which is the elution of 
rPpiB off the HisTrap column.  

B 

A 
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Figure 7.6 Size exclusion chromatography of rPpiB. (A) FPLC chromatogram showing the 
elution of PpiB from a S200 16/60 column. The blue curve indicating the 280 nm (UV) absorbance, 
corresponding to protein elution off the column. Fractions were collected as shown along the 
bottom of the figure. (B) Coomassie Brilliant Blue stained 4-12% SDS-PAGE gel of purified 
fractions of rPpiB. PC - pre-column, L – ladder, fractions 9-21 corresponding to the large peak in 
(A) of which fractions 14 to 21 were pooled as purified recombinant PpiB.  

B 

A 
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7.2.2 Determination of PPIase activity of purified recombinant PpiA_NoSS 
and PpiB from B. pseudomallei 

7.2.2.1 Protease-coupled PPIase activity 

To determine if purified rPpiA_NoSS and rPpiB were active peptidyl-prolyl cis-

trans isomerases (PPIases), both recombinant proteins were tested using the 

protease-coupled PPIase assay developed by Fischer et al. (Fischer et al., 1984). 

This assay involves using a synthetic tetrapeptide with a protease-cleavable p-

nitroalinide tag on the end, which is cleaved only when the bond preceding the 

proline (xaa-pro) in the tetrapeptide is in the trans configuration. When dissolved 

in DMSO, the tetrapeptide forms a solution of cis and trans xaa-pro bond 

conformations (a ratio of roughly 40% cis to 60% trans) and this is, over time, 

converted to a ratio of 10% cis to 90% trans. On addition of a protease such as 

α-chymotrypsin, the pNa tag is cleaved resulting in a yellow colour change which 

is colorimetrically measured using a spectrophotometer. The change of the 30% 

of cis conformation into trans state is measured over time and the rate at which 

this occurs depends upon the activity of a PPIase. In the negative control this rate 

of change from cis to trans occurs slowly, thus the reaction never reaches 

completion, but in the presence of an active PPIase, this change occurs rapidly 

and in an enzyme concentration dependent manner. A visualisation of the 

protease-coupled PPIase assay can be found in Figure 1.4. 

Both rPpiA_NoSS and rPpiB were tested in the protease-coupled PPIase assay 

and were found to be active PPIases (Table 7.1). The Kcat/Km, a measure of 

catalytic activity, for these enzymes was 0.5 ± 0.19 µM-1s-1 for rPpiA_NoSS and 

1.335 ± 0.59 µM-1s-1 for rPpiB using the traditional PPIase assay substrate 

SAPPP, where the preceding amino acid is a phenylalanine. It has been noted in 

the literature that different families of PPIases prefer different amino acids 

preceding the proline residue in the substrate protein, for example alanine instead 

of phenylalanine (Dimou et al., 2011; Harrison et al., 1990). Therefore, purified 

rPpiA_NoSS and rPpiB were tested against an alternative tetrapeptide where 

alanine preceded the proline residue (SAAPP). There was a striking increase in 

measured catalytic activity for both rPpiA_NoSS and rPpiB with their Kcat/Km 

3.268 ± 0.423 and 5 ± 1.69 µM-1s-1, respectively (Table 7.1). These results 

demonstrate that the two PPIases are more enzymatically active when the 

preceding amino acid in the target protein/substrate is an alanine rather than a 
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phenylalanine, which could be due to binding partner specificity inside the 

bacterial cell.  

7.2.2.2 Inhibition of PPIase activity 

The active domains of ppiA and ppiB showed greatest homology to PPIases of 

the cyclophilin superfamily, thus the ability of Cyclosporin A to inhibit these two 

proteins, rPpiA_NoSS and rPpiB, was measured. This involves the same 

protease-coupled PPIase assay described above, but with the addition of 

Cyclosporin A into the initial phase of the assay. Varying concentrations of 

Cyclosporin A were added to determine the inhibition constant (Ki) for both 

rPpiA_NoSS and rPpiB, where the protein concentration remained constant at 15 

nM and 10 nM respectively. The Ki was calculated to be 1.8 µM for rPpiA_NoSS 

and 2.4 µM for rPpiB when using the tetrapeptide substrate SAAPP (Table 7.2). 

rPpiB appears to be slightly more resistant to inhibition by Cyclosporin A than 

rPpiA_NoSS, which could be attributed to the slight differences in the active site 

residues which was discussed in Section 3.2.2.   
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Table 7.1 The catalytic efficiency (Kcat/Km) of recombinant PpiA_NoSS and PpiB. Two 
synthetic tetrapeptides (xaa-pro = Ala or Phe) were screened using the protease-coupled PPIase 
assay developed by Fischer et al. (Fischer et al., 1984). 

Protein Substrate Kcat/Km (µM-1s-1) 

rPpiA_NoSS Suc-Ala-Ala-Pro-Phe-pNa 3.268 ± 0.423 

Suc-Ala-Phe-Pro-Phe-pNa 0.5 ± 0.19 

rPpiB Suc-Ala-Ala-Pro-Phe-pNa 5 ± 1.69 

Suc-Ala-Phe-Pro-Phe-pNa 1.335 ± 0.59 

 

Table 7.2 Inhibition constant (Ki) of Cyclosporin A against recombinant PpiA_NoSS and 
PpiB. The synthetic tetrapeptide with xaa-pro = Ala using the protease couple PPIase assay 
developed by Fisher et al. (Fischer et al., 1984). 

Protein Substrate Ki (µM) 

rPpiA_NoSS Suc-Ala-Ala-Pro-Phe-pNa 1.8 

rPpiB Suc-Ala-Ala-Pro-Phe-pNa 2.4 
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7.2.3 Inhibition of B. pseudomallei cyclophilin PPIase activity using novel 
cyclophilin inhibitors 

7.2.3.1 Efficacy of novel inhibitors against recombinant B. pseudomallei 
PpiA_NoSS and PpiB enzyme activity 

Novel cyclophilin inhibitors developed by Cypralis Ltd (UK) against human 

cyclophilins were supplied (Dr C. Austin, personal communication). The 

protease-couple PPIase assay was used to determine the inhibitory activity of the 

novel cyclophilin inhibitors against B. pseudomallei rPpiA_NoSS and rPpiB, as 

previously described. A single concentration of recombinant protein was chosen 

based on results obtained in Section 7.2.2.1, which demonstrated a rapid 

isomerisation of the SAAPP substrate (10 nM for PpiB and 15 nM for PpiA_NoSS) 

and was tested against a single concentration of novel inhibitor (2.4 µM). This 

inhibitor concentration was chosen as it is the inhibition constant (Ki) of CsA 

against rPpiB (Table 7.2), as this protein was more resistant to CsA inhibition. In 

these experiments the change in the initial rate of reaction (Kobs) was calculated 

over three independent repeats and compared to the uninhibited reaction rate. 

A set of twenty cyclophilin inhibitors were obtained from Cypralis Ltd (UK), 

containing four fully synthetic cyprolides (Compound A-D), two derivatives of a 

naturally occurring peptolide (Compound E, F) and fourteen derivatives of 

Cyclosporin (Compound G-T). Fifteen out of twenty novel cyclophilin inhibitors 

were able to reduce the rate of reaction of rPpiA_NoSS by more than 25% (Table 

7.3). Nine of these fifteen were capable of reducing the rate of reaction by more 

than 50%, including compounds A, B, C, G, H, I, P, Q and T. Compound T 

reduced the reaction rate by 94% with only 6% of residual PPIase activity 

remaining. Compound E increased the reaction rate almost two-fold, but further 

repeats with different concentrations are needed to investigate this further. Unlike 

rPpiA_NoSS, rPpiB demonstrated an overall higher resistance to inhibition by the 

novel cyclophilin inhibitors as seen by Table 7.3. Eight compounds reduced the 

reaction rate by 25%, and of these, only three, compound A B and C, were 

capable of reducing reaction rate by more than 50%. Interestingly, seven 

compounds showed an increase in reaction rate, but again, further investigation 

is required to determine the cause of this increase.  
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Overall, many of these novel cyclophilin inhibitors were not capable of 

significantly inhibiting the rate of reaction of rPpiA_NoSS and rPpiB at a 

concentration of 2.4 µM. Only compounds A, B and C were able to reduce the 

reaction rate of both recombinant proteins. Due to evolutionary differences, 

prokaryotic cyclophilins display a greater natural resistance to Cyclosporin A 

inhibition and could account for what is demonstrated here (Liu et al., 1991), as 

the Compounds G-T are based off Cyclosporin (Dr C. Austin, personal 

communication). 
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Table 7.3 Inhibition of recombinant PpiA_NoSS and PpiB with novel cyclophilin inhibitors. 
Novel cyclophilin inhibitors were screened using the protease-coupled PPIase assay developed 
by Fischer et al. (Fischer et al., 1984). The inhibitory ability of novel cyclophilin inhibitors was 
tested at a single concentration of 2.4 µM, against a constant concentration of protein (15 nM for 
PpiA_NoSS and 10 nM for PpiB). The initial rate of reaction was calculated using GraphPad Prism 
8 to obtain the Kobs by calculating the initial rate of reaction (K) followed by the subtraction of the 
K of the uncatalysed reaction from the catalysed reaction (Kobv = Kcat – Kuncat) and the percentage 
of retained enzymatic activity was computed by comparing an inhibited reaction to the uninhibited 
positive control. Values were calculated following three independent replicates. 

Protein PpiA_NoSS PpiB 

Compound % activity 
retained 

% activity 
retained 

A 19.628 38.375 

B 11.201 27.448 

C 20.419 44.003 

D 60.151 65.098 

E 174.990 124.326 

F 54.456 125.621 

G 31.780 158.853 

H 21.294 110.268 

I 40.525 73.153 

J 70.222 158.853 

K 67.178 110.268 

L 74.622 73.153 

M 99.560 80.349 

N 93.692 98.311 

O 92.101 91.586 

P 47.468 93.010 

Q 27.308 69.424 

R 86.285 74.824 

S 56.094 124.962 

T 5.806 96.209 
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7.2.3.2 Inhibition of B. pseudomallei cyclophilin activity using in vitro 
infection models 

7.2.3.2.1 Activity of novel cyclophilin inhibitors against B. pseudomallei in 
a differentiated human THP-1 monocytes infection model 

Although only some novel cyclophilin inhibitors displayed efficacy against 

recombinant PpiA_NoSS and PpiB, all inhibitors were screened in vitro at a 

concentration of 10 µM in order to determine if they had an effect on the ability of 

B. pseudomallei to infect differentiated human THP-1 monocytes. As shown in 

Figure 5.15, on deletion of ppiA, the mutant Bps∆ppiA, demonstrated an 

increased capacity to enter differentiated human THP-1 monocytes. Thus 

inhibitors were screened to see whether this phenotype could be replicated which 

would indicate that an inhibitor was specifically targeting PpiA in B. pseudomallei.  

Although the enhanced uptake of Bps∆ppiA was still present on treatment of the 

mutant with the vehicle control, DMSO, none of the cyclophilin inhibitors 

demonstrated a statistically significant increase in uptake due to observed 

variation between biological replicates. Despite this, several inhibitors displayed 

a trend in increased uptake of B. pseudomallei (Figure 7.8). Interestingly, 

compound’s A and B, which demonstrated the highest enzymatic inhibition of 

both recombinant cyclophilins did not significantly increase bacterial uptake into 

macrophages (uptake of 96% and 88% respectively). In contrast, compound C, 

which also demonstrated high levels of enzyme inhibition did show a trend to 

increasing bacterial uptake by 182%, although this was not statistically 

significant. Compound T which appeared to preferentially inhibit recombinant 

PpiA_NoSS enzymatic activity did not demonstrate a significant increased uptake 

of B. pseudomallei into macrophages with a mean uptake only 143% (p-value 

0.6518). Interestingly, compound E, which does not inhibit recombinant 

cyclophilin activity, has a mean uptake of 239% (p-value 0.2515). These results 

could be an indication that this assay is not an ideal screening phenotype for the 

inhibition of B. pseudomallei PpiA, or that PPIase-independent activity is the main 

mediator of controlling bacterial uptake in differentiated human THP-1 

monocytes.  
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Figure 7.8 The effect of novel cyclophilin inhibitors on B. pseudomallei’s ability to infect 
differentiated human THP-1 monocytes. Standardised B. pseudomallei was exposed to either 
DMSO or cyclophilin inhibitor for 1 hour prior to invasion. Bacteria were then placed on THP-1 
cell monolayers for 30 minutes to allow for bacterial phagocytosis or invasion. Extracellular 
bacteria were killed with 1 mg/mL kanamycin for 30 minutes, after which cells were lysed with 
MilliQ Water and bacterial numbers were determined by plating onto LB agar plates. Values 
represent the mean of five biological replicates. Error bars represent the standard error of the 
mean.   
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7.2.3.2.2 Screening of survival of B. pseudomallei in J774A.1 murine 
macrophages on treatment with novel cyclophilin inhibitors 

Deletion of ppiB from B. pseudomallei results in a significant decrease in the 

intracellular numbers of bacteria measured by plate counts (Figure 4.13) (Bzdyl 

et al., 2019). Thus the cyclophilin inhibitors were screened against B. 

pseudomallei and its ability to replicate and survive intracellularly in J774A.1 

murine macrophages over 9 hours.  

The ppiB gene deletion mutant, Bps∆ppiB, displayed significantly decreased 

intracellular bacterial numbers 9 hours post-infection when treated with the 

vehicle control, DMSO (Figure 7.9). Compounds A, B and C did not show a 

significant decrease in bacterial numbers (93%, 113%, 152% respectively) 

indicating perhaps that these compounds interact with cellular cyclophilins 

preferentially over B. pseudomallei cyclophilins. Five compounds did show 

statistically significant reductions in bacterial numbers (Figure 7.9, compounds H, 

M, N, R and S), with compound N and S reducing bacterial numbers by over 60%. 

These results indicate that these cyclophilin inhibitors may be more efficient at 

against PpiB. 

A summary of the inhibition of PpiA and PpiB from B. pseudomallei, both 

enzymatically and phenotypically is shown in Figure 7.10. Enzymatically, rPpiB 

is much more resistant to inhibition by novel cyclophilin inhibitors, with only eight 

inhibitors displaying a greater than 25% reduction of enzymatic rate. Of these, 

Compound H and R also statistically reduced the number of intracellular bacteria 

in J774A.1 murine macrophages 9 hours post-infection, indicating that these 

inhibitors are inhibiting PpiB PPIase activity in vitro. 
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Figure 7.9 The effect of novel cyclophilin inhibitors on B. pseudomallei’s ability to infect 
and survive in murine J774A.1 macrophages. Standardised B. pseudomallei was exposed to 
either DMSO or cyclophilin inhibitor for 1 hour prior to invasion. Bacteria were then placed on cell 
monolayers for 30 minutes to allow for bacterial phagocytosis or invasion. Extracellular bacteria 
were killed with 1 mg/mL kanamycin for 30 minutes, after which cell media containing 250 µg/mL 
kanamycin and with either DMSO or compound was placed on the monolayers, which were 
incubated at 37 °Cfor a further 9 hours. Following incubation, cells were lysed with MilliQ Water 
and bacterial numbers were enumerated by plating onto LB agar plates. Values represent the 
mean of three biological replicates with error bars representing the standard error of the mean. 
The p-value calculated using the Student’s T-test * p > 0.05, ** p > 0.01, *** p > 0.001, **** p > 
0.0001. 
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Figure 7.10 Summary of the efficacy of novel cyclophilin inhibitory compounds. Darkening shades of blue indicates a decrease of activity in regards to PPIase 
catalytic activity, or decreased survival or uptake counts relative to wild-type in in vitro screening. Darkening red shades indicate an increase. Efficacious inhibitory 
compounds against both PpiA and PpiB would display blue shading in enzymatic inhibition and in J774A.1 macrophage uptake, while showing a red colour in 
differentiated THP-1 monocyte uptake. 
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7.3 Discussion 

Recombinant rPpiA_NoSS and rPpiB were successfully purified and tested using 

the protease-coupled PPIase assay (Fischer et al., 1984) to determine if they 

were active peptidyl-prolyl cis-trans isomerases. The catalytic activity of both 

proteins was found to be comparable to that of other cyclophilins from bacteria 

(Dimou et al., 2011; Hermans et al., 2006; Liu et al., 1990; Schmidt et al., 1996; 

Schönbrunner et al., 1991; Skagia et al., 2017; Skagia et al., 2016) (Table 1.5). 

Interestingly, both proteins were more proficient at converting the substrate which 

contained an alanine preceding the proline, compared to when it was a 

phenylalanine. This has also been previously described for several other bacterial 

cyclophilins (Dimou et al., 2011; Hermans et al., 2006; Jakob et al., 2016; Pahl et 

al., 1997; Pahl et al., 1992). This suggests substrate specificity between 

immunophilin sub-families towards particular amino acids and may be useful 

when identifying folding partners to these enzymes. This has been noted in a 

comprehensive study of the preferred preceding amino acid of human cyclophilin 

and FKBP (Harrison et al., 1990) which showed that human cyclophilin was in 

general more active than human FKBP but preferred an alanine preceding amino 

acid to phenylalanine, while FKBP had barely detectable catalytic activity against 

the alanine-preceding substrate. Future work should be conducted using a range 

of preceding amino acid substrates in order to determine the different preferences 

of PpiA and PpiB from B. pseudomallei. 

Cyclosporin A was also shown to inhibit both rPpiA_NoSS and rPpiB in the 

protease-coupled PPIase assay. The inhibition constant calculated was in the low 

micromolar range which, when compared to human cyclophilin A (Ki of 6 nM), 

demonstrates that both B. pseudomallei cyclophilins are 1000-fold more resistant 

to CsA inhibition. These micromolar range inhibition constants are similar to that 

shown in other Gram-negative bacteria such as E. coli and L. pneumophila (Liu 

et al., 1991; Schmidt et al., 1996) (Table 1.5). This increased resistance in Gram-

negative bacteria has been attributed to the change of a single amino acid in the 

active region which is involved in binding to CsA (Liu et al., 1991). This tryptophan 

to phenylalanine change has been shown through site-directed mutagenesis to 

disrupt high affinity binding with CsA and thus allows for increased resistance 

against CsA inhibition. PpiB from B. pseudomallei contains a phenylalanine at 

this residue, thus the increased resistance to CsA is not surprising. Although PpiA 
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encodes a glycine at this position, this change does not appear to make 

recombinant rPpiA_NoSS more susceptible to CsA inhibition, with only a 

marginally smaller Ki observed in this study. Future work should involve site-

directed mutagenesis to determine the importance of each of the binding pocket 

residues in PpiB and PpiA_NoSS to gain better insight into how each residue 

affects catalytic activity and binding to Cyclosporin A. 

Novel inhibitory compounds against the bacterial immunophilin, the macrophage 

infectivity potentiator, are currently being developed and tested (Begley et al., 

2014; Reimer et al., 2016; Scheuplein et al., 2020; Seufert et al., 2016), but thus 

far no bacterial cyclophilin inhibitors have been developed. Having demonstrated 

that both cyclophilins play different roles in the virulence of B. pseudomallei in 

this study (Chapter 4 and 5), with PpiB showing an essential role in B. 

pseudomallei virulence, novel cyclophilin inhibitors could pave the way for new 

antivirulence compounds. Novel cyclophilin inhibitors designed against hCypA 

were identified and sourced (Cypralis Ltd, UK) to determine if B. pseudomallei 

cyclophilins could be first, inhibited enzymatically and second, observed to have 

a phenotype similar to the cyclophilin-null mutant strains. Two different in vitro 

assays were performed with the aim of observing phenotypes that would be 

consistent with the individual cyclophilin-null mutants. First a differentiated human 

THP-1 monocyte uptake assay was undertaken to determine if PpiA was being 

targeted, or second, a J774A.1 murine macrophage survival assay which would 

indicate PpiB is being targeted. A summary of the efficacy of the novel cyclophilin 

inhibitors can be found in Figure 7.10.  

Enzymatically, there were several inhibitors that were selectively inhibiting a 

single cyclophilin, such as compound T, which only appeared to inhibit 

PpiA_NoSS, but when screened in differentiated THP-1 monocytes, an increase 

in the uptake of B. pseudomallei was not seen which was previously observed 

with the Bps∆ppiA mutant. This could reflect the inability of compound T to enter 

the B. pseudomallei cell and exert an effect on PpiA in the periplasm, or perhaps 

the concentration used in the assay was too low to fully inhibit all copies of PpiA 

in vitro. In addition, in vitro screening commonly displays biological variability 

between biological replicates. As such further repeats would allow for the 

strengthening of the data and tease out whether some compounds which display 

a trend in increased uptake in THP-1 monocytes are truly significant or not. 
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Promisingly, Compound H and R were able to reduce the rate of reaction of rPpiB 

as well as significantly decrease the levels of B. pseudomallei intracellular counts 

in the J774A.1 infection model. Although the reduction of intracellular counts are 

not as low as that of the ppiB-null mutant strain (20% for Bps∆ppiB, vs 46% for 

Compound H and 51% for Compound R), these results point to an ability to target 

bacterial cyclophilins and demonstrate phenotypes similar to that of mutant 

strains. It also provides a starting point for compound refinement to allow for 

better selective inhibitors in the future as these two compounds show both 

enzymatic, and more importantly, in vitro efficacy.  

There is a plethora of cyclophilin inhibitors designed to inhibit human cyclophilins 

(Scheuplein et al., 2020) which could be screened to determine if any exhibit 

efficacy against B. pseudomallei, or any bacterial cyclophilins, as shown in Figure 

7.8 and 7.9, it is probable that these would also show variable in vitro effects and 

inhibit eukaryotic cyclophilins preferentially. Ideally, a fragment based drug 

design approach could be utilised to design inhibitory compounds which can bind 

to B. pseudomallei cyclophilins specifically. This approach has been successfully 

demonstrated in the design of inhibitory compounds against the disulphide bond 

protein A of Pseudomonas aeruginosa (Mohanty et al., 2017). As shown in 

Chapter 3, bacterial cyclophilins are highly conserved. It may therefore be 

possible to develop specific compound by utilising co-crystal structures to lead 

compound synthesis. Additionally, bacterial cyclophilins, such as CypB from B. 

abortus and A. vinelandii, have been shown to exhibit chaperone activity (Dimou 

et al., 2011; Roset et al., 2013). Further studies are needed to determine if B. 

pseudomallei cyclophilins also exhibit chaperone activity and if these are also 

potential sites for inhibition. In S. aureus, PpiB exhibits PPIase-independent 

activity (Keogh et al., 2018), and it is important to ascertain whether cyclophilins 

from B. pseudomallei do as well. Determining this would improve understanding 

of why some PPIase-inhibitory compounds work in some phenotypic assays and 

not in others and allow further refinement of inhibitors. 

To conclude, recombinant PpiA_NoSS and PpiB have been purified and tested 

for enzymatic activity. Both proteins displayed peptidyl-prolyl cis-trans isomerase 

activity and were thus confirmed to be active PPIase’s in B. pseudomallei. Both 

were shown to be inhibited by Cyclosporin A and hence confirmed in this study 

as cyclophilin proteins. In addition, novel cyclophilin inhibitors were tested against 
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both recombinant protein activity and in in vitro infection models to detect a 

mutant-like phenotype. In particular, two inhibitors, Compound H and R, 

displayed both enzymatic and in vitro efficacy against PpiB of B. pseudomallei. 

This work shows that novel compounds that act against bacterial cyclophilins can 

be synthesised. Further work is needed to develop and optimise more potent 

inhibitors against B. pseudomallei cyclophilins. 
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Chapter 8 - General discussion 

Immunophilins are a superfamily of protein folding enzymes that exhibit peptidyl-

prolyl cis-trans isomerase (PPIase) activity, catalysing a critical step in protein 

folding (Lang et al., 1987). Several immunophilins have been shown to be 

important in virulence in various pathogenic bacteria such as L. pneumophila, B. 

pseudomallei and B. abortus (Scheuplein et al., 2020). In this study, using 

bioinformatics, it was shown that B. pseudomallei encodes for eleven PPIases, 

of which, two are putative cyclophilin proteins (BPSL2245 and BPSL2246, Table 

3.1). The predicted protein structure of cyclophilin proteins in bacteria is highly 

conserved when modelled on a crystal structure of E. coli rotA (Section 3.3). The 

two putative cyclophilins of B. pseudomallei, BPSL2245 and BPSL2246, show 

high levels of homology with cyclophilins from other Gram-negative cyclophilins 

(Table 3.2), such as the ppiA and ppiB genes from L. pneumophila and E. coli, 

which are both involved in the virulence of these bacteria (Rasch et al., 2019; 

Skagia et al., 2017; Skagia et al., 2016). This study confirms that both cyclophilins 

are enzymatically active cyclophilins and play a pleiotropic role in the virulence of 

B. pseudomallei. 

The role of BPSL2246 or ppiB was evaluated in Chapter 4 by construction of a 

ppiB deletion mutant, BpsΔppiB. Deletion of the PpiB protein resulted in 

proteome-wide changes to proteins involved in metabolism, signalling and 

virulence. As a result, BpsΔppiB demonstrated reduced motility and biofilm 

formation under nutrient conditions. Deletion of ppiB resulted in the inability of the 

mutant strain to spread from cell-to-cell and form multinucleated giant cells 

ultimately resulting in the inability of BpsΔppiB to cause disease in mice (Figure 

4.15). Changes in the protein levels of transcriptional regulators of Type VI 

Secretion Systems (MarR), in addition to a decreased presence of components 

of the T6SS (Hcp and TssC) point to PpiB playing a role in either regulating or 

folding these proteins as shown in Figure 8.1. Future work could involve the use 

of in vitro crosslinking studies (Rey et al., 2021) or a bacterial two-hybrid system 

(Ünal et al., 2019) to determine if these protein changes are the result of a direct 

interaction with the PpiB protein or whether they are a downstream effects of 

another protein interaction, such as with MarR, a transcriptional regulator which 

regulates the expression of Type 6 Secretion systems (Losada et al., 2018). If an 

interaction was shown to occur, site-directed mutagenesis of proline residues 
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could be used to determine exactly which residue is critical to the interaction, or 

alternatively an inactive form of PpiB could be produced to investigate if these 

proteins interact in a PPIase-dependent or PPIase-independent fashion. 

Despite PpiB being a cytoplasmic protein, its deletion causes widespread 

disruption to the proteome in every cellular compartment. This result is not 

unexpected as all proteins are translated within the cytoplasm before being folded 

and chaperoned to their correct cellular compartment. The widespread protein 

changes seen in BpsΔppiB are likely due to proteins retaining an unfolded shape 

within the cytoplasm and being marked for degradation (Tyedmers et al., 2010), 

rather than being sent into their correct location. This scenario would result in 

protein level changes in all cellular compartments, not just the cytoplasm. 

Abnormal amounts of misfolded proteins stimulates the generalised stress 

response which involves the DnaK chaperone system in the cytoplasm (Arsène 

et al., 2000). Proteins involved in this, as well as universal stress proteins, are 

decreased in BpsΔppiB which indicate a suppressed response to stresses that 

result in misfolded proteins. The PpiB protein from Azotobacter vinelandii has 

been shown to interact with DnaK (Dimou et al., 2011) thus it could be postulated 

that PpiB plays an important role in the DnaK chaperone system which manages 

the build-up of misfolded proteins. The removal of the PpiB protein would then 

unbalance this system and cause the widespread perturbations observed by 

proteomic analysis (Figure 4.16). The DnaK chaperone system is well studied in 

E. coli (Arsène et al., 2000; Doyle et al., 2015), but the role of PPIases, in 

particular PpiB, in assisting in the misfolded protein response is not yet known. 

This study demonstrates that in B. pseudomallei the generalised stress response 

system is affected upon the deletion of PpiB and provides a good model to future 

examine the interaction between cyclophilins and the DnaK chaperone system. 
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Figure 8.1 The role of cyclophilins in B. pseudomallei. A schematic highlighting the proposed 
interactions of PpiA and PpiB from B. pseudomallei. Grey arrows indicate structures or pathways 
that PpiA or PpiB interact with while the red arrows and bold text are phenotypes observed upon 
deletion of either the ppiA or ppiB gene from B. pseudomallei K96243 as demonstrated in this 
thesis. Dashed purple arrows represent potential other localisations of PpiA where it could exert 
it’s enzymatic or chaperone activity. 
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The role of the putative periplasmic cyclophilin, BPSL2246 or ppiA was evaluated 

in work described in Chapter 5 and the interactions of PpiA within the cell are 

illustrated in Figure 8.1. Similar to BpsΔppiB, BpsΔppiA showed a defect in 

motility and ability to form a biofilm. However, deletion of PpiA did not result in an 

attenuation in vitro or in vivo, this is similar to what is observed in L. pneumophila 

upon deletion of lpg1962/ppiA (Rasch et al., 2019; Söderberg et al., 2008). 

Interestingly, deletion of ppiA resulted in changes to bacterial morphology, with 

electron microscopy showing gross membrane ruffling and a decrease in 

polyhydroxybutyrate (PHB) granules (Figure 5.11). Global proteomic analysis of 

this mutant strain indicated proteome-wide changes in proteins mostly associated 

with metabolism, but in addition, proteins involved in LPS/CPS/EPS biosynthesis, 

as well as proteins involved in synthesis of PHB. Further work could be conducted 

using electron microscopy to probe with gold labelled antibodies against the LPS 

or CPS to determine if the quantities of this had been affected. Recently, a crude 

extraction method of PHB from B. thailandensis has been published (Martinez et 

al., 2020), thus quantification of PHB and interaction studies of PpiA with proteins 

involved in PHB synthesis could be utilised to better understand the role of PpiA 

and carbon source acquisition.  

Proteome imbalance was again seen with deletion of the periplasmic cyclophilin, 

PpiA. Many of these changes involve proteins which are located within the 

cytoplasm and are also secreted. Two scenarios could be occurring here, firstly, 

many of these changes in cytoplasmic proteins could be the result of signalling 

cascades being blocked in the periplasmic space, resulting in the bacterium 

receiving the wrong signals which is causing an imbalance in proteins involved in 

various metabolic functions. Alternatively, PpiA may exhibit activity, both PPIase-

dependent and -independent in the cytoplasm before it reaches the periplasmic 

space, or it is secreted and is acting extracellularly. This work is beyond the scope 

of this study but the use of fusion proteins could be utilised to tag PpiA to 

determine which cellular compartment it resides in and confirmed by cell 

fractionation, Western Blotting and immunofluorescence. Additionally, studies of 

putative interactions using crosslinking studies or bacterial two-hybrid systems 

could shed light on whether PpiA interacts directly with cytoplasmic and/or 

extracellular proteins, or with a transporter or sensor kinase which results in 

downstream changes.  
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Investigation of a cyclophilin-null strain, BpsΔppiAppiB interestingly showed no 

attenuation in virulence in vitro and in vivo. There is no reported incidence of a 

null-cyclophilin bacterial mutant displaying a wild-type-like phenotype when 

tested under the same conditions as a single cyclophilin mutant. In the literature, 

a double cyclophilin mutant displays a phenotype aligning with the most 

attenuated single cyclophilin mutant such seen in L. pneumophila (Rasch et al., 

2019) and E. faecalis (Reffuveille et al., 2012). This work highlights that 

cyclophilin proteins in B. pseudomallei play a more complex role and may in fact 

work together to maintain homeostasis within the cell. Despite both cyclophilin 

proteins playing distinct roles within the cell, there is overlap in the pathways that 

are affected when a single cyclophilin gene is deleted, as is highlighted in Figure 

8.1. For example, motility and stress response are both modulated by PpiA and 

PpiB, with a decrease in swarming motility and resistance to oxidative stress 

seen. Thus it is of great interest that deletion of both of these genes results in a 

reversion of phenotype to wild-type rather than an additive effect leading to a 

severely attenuated strain. Further investigation needs to be conducted to 

determine if PpiA and PpiB work together to maintain the balance of the proteome 

on either side of the inner membrane, which could provide an explanation as to 

why a single deletion leads to widespread perturbations, but a double deletion 

results in a new ‘balance’ in the proteome. In the future, fusion constructs with 

PpiA and PpiB could be utilised to determine if an interaction between both 

cyclophilin proteins is seen using techniques such as immunoprecipitation, 

immunofluorescence or even electron microscopy, all able to provide insight into 

localisation of each protein. 

Further characterisation of the cyclophilin-null mutant determined that once the 

rate of spontaneous protein folding was slowed, such as during growth at low 

temperature, BpsΔppiAppiB was unable to grow at the same rate as the wild-type 

strain (Figure 6.11). Visualisation of this strain using fluorescent microscopy 

showed that BpsΔppiAppiB was highly auto-fluorescent which is a hallmark of 

protein aggregation, resulting from proteins being misfolded. It may be possible 

that spontaneous xaa-proline folding occurs at a fast enough rate that loss of both 

cyclophilin proteins does not produce a discernible phenotype when tested at 

warmer temperatures. Global Proteomic analysis as well as aggregate-enriched 

proteomics could be utilised to understand what proteins are misfolded in 
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BpsΔppiAppiB when it is grown at lower temperatures, allowing for an in-depth 

understanding of the interactome of cyclophilins. 

Both PpiA and PpiB proteins were successfully expressed and purified. To 

facilitate soluble expression of PpiA, the signal sequence of the PpiA had to be 

removed. Both rPpiA_NoSS and rPpiB were shown to be active PPIase enzymes 

with a preference for an alanine preceding the proline residue, rather than 

phenylalanine (Table 7.1). This aligns with the literature where it was shown that 

cyclophilin proteins are more active when an Ala-Pro substrate is used compared 

to a Phe-Pro (Harrison et al., 1990). Additionally, both recombinant proteins were 

inhibited by Cyclosporin A, confirming that these proteins are cyclophilins. Novel 

inhibitors derived from Cyclosporin A were kindly provided by Cypralis Pty Ltd 

and screened against recombinant protein in the protease-coupled PPIase assay 

as well as in vitro. Two inhibitor compounds, compound H and R, demonstrated 

enzymatic and in vitro efficacy against PpiB highlighting that it is possible to 

design compounds that inhibit B. pseudomallei cyclophilin(s). Both PpiA and PpiB 

proteins could be further characterised to confirm chaperone, or PPIase-

independent, activity by using a citrate synthase aggregation assay (Buchner et 

al., 1998). Other bacterial cyclophilins such as PpiB from S. aureus  and PpiA 

from E. coli  have been shown to exhibit PPIase-independent activity with active 

site mutants still able to restore the mutant strain to wild-type levels. Similar 

techniques could be used with B. pseudomallei to further characterise these 

proteins.  

In conclusion, data presented within this thesis has demonstrated that cyclophilin 

proteins from B. pseudomallei have pleiotropic effects on virulence. The active 

cyclophilin protein, PpiB, is an essential virulence factor, with the deletion strain 

unable to spread cell-to-cell and induce cellular fusion, ultimately being avirulent 

in an acute mouse model. These results strengthen the statement made by 

Scheuplein et al. and Dimou et al. that bacterial cyclophilins are worth further 

investigation and present as promising anti-virulence targets against serious 

bacterial infections. In addition, this study is the first to provide insight into the 

proteomewide perturbations that occur upon deletion of PpiA and PpiB. This has 

highlighted that we are just scratching the surface on understanding the pivotal 

role that cyclophilins play in maintaining homeostasis of the bacterial proteome, 

and how disruption of this results in far-reaching consequences.   
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Appendices 

Appendix 1- Published manuscripts 

The following publications have been accepted for peer-review publication at the 

time of thesis submission and comprise of work in the following chapters; 

 

Chapter 1-Introduction 

Subject matter review on targeting immunophilin proteins, joint first author. 

Scheuplein, N. J., Bzdyl, N. M., Kibble, E. A., Lohr, T., Holzgrabe, U., & Sarkar-

Tyson, M. (2020). Targeting protein folding: A novel approach for the treatment 

of pathogenic bacteria. Journal of Medicinal Chemistry, 63(22), 13355-13388. 

https://doi.org/10.1021/acs.jmedchem.0c00911  

 

Chapter 4-Characterisation of BpsΔppiB mutant 

Original research journal article comprised of work conducted in Chapter 4. 

Bzdyl, N. M., Scott, N. E., Norville, I. H., Scott, A. E., Atkins, T., Pang, S., 

Sarovich, D. S., Coombs, G., Inglis T. J. J, Kahler, C. M. & Sarkar-Tyson, M. 

(2019). Peptidyl-prolyl isomerase ppiB is essential for proteome homeostasis and 

virulence in Burkholderia pseudomallei. Infection and Immunity, 87(10). 

https://doi.org/10.1128/IAI.00528-19  

  

https://doi.org/10.1021/acs.jmedchem.0c00911
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Appendix 2 – Phylogeny of cyclophilins 

Table A2.1 Table of published bacterial cyclophilins, accession number, gene name and reference. Accession numbers were taken directly from references 
where possible, if not, the UniProt or NCBI accession number is listed. 

Origin Accession number Gene name Reference 
Homo sapiens P6297 cypA 

 

α-proteobacterium Q-1 A0A061QDA5 ppi (Jakob et al., 
2016) 

Acinetobacter baylyi P42693 rotA (Pissavin et al., 
1997) 

Anaeromyxobacter dehalogenans YP_464861 
 

(Manteca et al., 
2006) 

Asticcacaulis species V4PTX4 ABAC460_05535 (Jakob et al., 
2016) Asticcacaulis biprosthecum F4QR87 ABI_37570 

Azotobacter vinelandii ACO78539 Avin_23510/AvppiB (Dimou et al., 
2011) Azotobacter vinelandii ACoO78121 Avin_19090/AvppiA 

Bacillus anthracis strain Sterne YP_030222/ZP_00394414 
 

(Bhaduri et al., 
2014; Manteca et 
al., 2006) 

Bacillus subtilis P35137 ppiB (Herrler et al., 
1994) 

Bacteroides thetaiotaomicron VPI-5482 NP_812713 
 

(Bhaduri et al., 
2014) Bifidobacterium bifidum NCIMB 41171 ZP_07802686 

 

Bifidobacterium longum AAN25237 BL1442 
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Origin Accession number Gene name Reference 
Bordetella pertussis CAE42188 ppiB (Manteca et al., 

2006) Brevibacterium linens BL2 ZP_00378420 rotamase/ppi 
Burkholderia pseudomallei K96243 Q63SS6 ppiA (Holden et al., 

2004) 
Burkholderia pseudomallei K96243 Q63SS5 ppiB (Bzdyl et al., 

2019; Holden et 
al., 2004) 

Campylobacter jejuni subspecies jejuni 414 ZP_06372244 ppiB (Bhaduri et al., 
2014) 

Campylobacter jejuni NP_282318 ppiB (Manteca et al., 
2006) Caulobacter crescentus AAK23561 CC_1582 

Clostridioides difficile Q18D70 ppiB (Ünal et al., 2019) 
Clostridium botulinum D strain 1873 ZP_04861970 

 
(Bhaduri et al., 
2014) Clostridium leptum DSM 753 ZP_02079706 

 

Clostridium leptum DSM 753 ZP_02081463 
 

Clostridium acetobutylicum NP_349373 
 

(Manteca et al., 
2006) Clostridium tetani NP_781346 

 

Colwellia psychrerythraea A0A099L3T0 GAB14E_1693 (Jakob et al., 
2016) 

Corynebacterium efficiens NP_738375 ppi (Manteca et al., 
2006) Corynebacterium efficiens NP_736639 ppi 

Corynebacterium jeikeium YP_250829 
 

Corynebacterium glutamicum NP_599286 ppiB 
Corynebacterium glutamicum NP_600863 
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Origin Accession number Gene name Reference 
Corynebacterium glutamicum ATCC 13032 YP_224331 PPIA (Bhaduri et al., 

2014) Corynebacterium glutamicum ATCC 13032 BAB99042 Cgl1649 
Corynebacterium glutamicum ATCC 13032 BAB97427 Cgl0034 
Corynebacterium diphtheriae NCTC 13129 NP_938434 ppiA 
Corynebacterium diphtheriae NCTC 13129 NP_939716 

 
(Bhaduri et al., 
2014; Manteca et 
al., 2006) 

Deinococcus radiodurans NP_293961 ppiB (Manteca et al., 
2006) Deinococcus radiodurans NP_296262 ppiB 

Deinococcus radiodurans NP_295616 ppiB 
Enterococcus faecalis Q834U8 ef1534/ppi (Reffuveille et al., 

2012) 
Enterococcus faecalis JH1 ZP_05571769/Q82ZZ9 ef2898 (Bhaduri et al., 

2014; Reffuveille 
et al., 2012) 

Erwinia chrysantemy O53021 rotA (Manteca et al., 
2006) 

Erwinia chrysanthemi Y09804.1 rotA (Pissavin et al., 
1997) 

Escherichia coli strain K-12 substrain MG1655 P20752/P0AFL3/P0AFL5/P0
AFL4/NP_417822 

rotA/ppiA (Bhaduri et al., 
2014; Pissavin et 
al., 1997) 
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Origin Accession number Gene name Reference 
Escherichia coli strain K-12 substrain MG1655 P23869/NP_415058 rotB/ppiB (Bhaduri et al., 

2014; Pissavin et 
al., 1997) 

Eubacterium rectale ATCC 33656 YP_002938798 
 

(Bhaduri et al., 
2014) 

Frankia species YP_483519 
 

(Manteca et al., 
2006) Frankia species YP_480487 

 

Fusobacterium varium ATCC 27725 ZP_08695994 
 

(Bhaduri et al., 
2014) Fusobacterium varium ATCC 27725 ZP_08693743 

 

Fusobacterium nucleatum AAL93899 FN1800 (Manteca et al., 
2006) Fusobacterium nucleatum EAA23716 FNV0491 

Geobacillus stearothermophilus (formerly Bacullis 
stearothermophilus) 

Q45527 cypA (Pahl et al., 1997) 

Gloeobacter violaceus NP_925556 
 

(Manteca et al., 
2006) Gloeobacter violaceus NP_923919 

 

Haemophilus influenzae P44499 ppiB (Pissavin et al., 
1997) 

Helicobacter pylori P12 YP_002302047 ppiB (Bhaduri et al., 
2014) 

Hirschia baltica ATCC49814 C6XJ17 Hbal_1421/AquaCyp2
93 

(Jakob et al., 
2016) 

Hirschia baltica ATCC49814 C6XII3 Hbal_3123/AquaCyp3
00 

Hyphomonas polymorpha A0A062V834 HPO_10477 
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Origin Accession number Gene name Reference 
Hyphomonas johnsonii A0A059F982 HJO_17339 
Lactobacillus acidophilus 30SC YP_004292261 

 
(Bhaduri et al., 
2014) 

Lactococcus lactis Q9CIJ2 ppiA (Trémillon et al., 
2012) 

Legionella pneumophila X83769 lcy/ppiB (Pissavin et al., 
1997) 

Leptospira interrogans AAN49734 ppiB (Manteca et al., 
2006) 

Listeria monocytogenes serotype 4b strain F2365 YP_014938  (Bhaduri et al., 
2014) Mycobacterium abscessus ATCC 19977 YP_001700781 ppiA/MAB0025 

Mycobacterium abscessus ATCC 19977 YP_001703607 MAB2874 
Mycobacterium avium AAS03367 

 
(Manteca et al., 
2006) 

Mycobacterium avium subsp. avium ATCC 25291 NP_958945 ppiA (Bhaduri et al., 
2014) Mycobacterium avium subsp. avium ATCC 25291 ZP_05214579 ppiA 

Mycobacterium avium 104 YP_879314 MAV0013 
Mycobacterium avium 104 YP_882644 MAV3462 
Mycobacterium avium subsp. paratuberculosis K-10 NP_959984 ppiB 
Mycobacterium bovis AF2122/97 CAD92871/NP_853679 ppiA (Bhaduri et al., 

2014; Manteca et 
al., 2006) 



     

 
 

351 

Origin Accession number Gene name Reference 
Mycobacterium bovis AF2122/97 CAD94798/NP_856259 ppiB (Bhaduri et al., 

2014; Manteca et 
al., 2006) 

Mycobacterium canettii CIPT 140010059 YP_004743494 ppiA (Bhaduri et al., 
2014) Mycobacterium chubuense NBB4 YP_006450522 ppiA 

Mycobacterium chubuense 1800 YP_006452771 ppiB 
Mycobacterium colombiense CECT 3035 EGT85877 ppiA 
Mycobacterium colombiense CECT 3035 ZP_08715249 

 

Mycobacterium gilvum PYR-GCK YP_001132089 ppiA 
Mycobacterium gilvum PYR-GCK YP_001135071 MFLV3811 
Mycobacterium intracellulare ATCC 13950 ZP_05226352 ppiA 
Mycobacterium intracellulare ATCC 13950 ZP_05225462 ppiB 
Mycobacterium kansasii ATCC 12478 ZP_04750768 ppiA 
Mycobacterium kansasii ATCC 12478 ZP_04750641 ppiB (Bhaduri et al., 

2014) 
Mycobacterium leprae TN Q9CDE9/NP_301138 ppiA (Bhaduri et al., 

2014; Manteca et 
al., 2006) 

Mycobacterium leprae TN AAA17113/NP_301431 ppiB (Bhaduri et al., 
2014; Manteca et 
al., 2006) 

Mycobacterium marinum M YP_001848337 ppiA (Bhaduri et al., 
2014) Mycobacterium marinum M YP_001850430 ppiB 

Mycobacterium massiliense CCUG 48898 ZP_09412406 ppiA 
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Origin Accession number Gene name Reference 
Mycobacterium parascrofulaceum ATCC BAA-614 EFG77123 ppiA 
Mycobacterium parascrofulaceum ATCC BAA-614 ZP_06852389  
Mycobacterium phlei EID09354 ppiA 
Mycobacterium phlei 1771 WP_003889910 ppiB 
Mycobacterium rhodesiae NBB3 AEV72441 ppiA 
Mycobacterium smegmatis strain MC2 155 YP_884444 PPIB (MISNOMER) 
Mycobacterium smegmatis strain MC2 155 YP_887293 

 

Mycobacterium smegmatis strain MC2 155 YP_887292 
 

Mycobacterium thermoresistibile ATCC 19527 ZP_09082728 ppiA 
Mycobacterium thermoresistibile  WP_003924337 ppiB 
Mycobacterium tuberculosis NP_214523 ppiA (Manteca et al., 

2006) 
Mycobacterium tuberculosis H37Rv CAB01261/NP_217098 ppiB (Bhaduri et al., 

2014; Manteca et 
al., 2006) 

Mycobacterium tusciae JS617 ZP_09681418 
 

(Bhaduri et al., 
2014) Mycobacterium tusciae 75922 WP_006246664 ppiB 

Mycobacterium ulcerans Agy99 YP_904262 ppiA 
Mycobacterium ulcerans Agy99 YP_905686 ppiB 
Mycobacterium vanbaalenii PYR-1 YP_950874 ppiA 
Mycobacterium vanbaalenii PYR-1 YP_953402 

 

Mycobacterium xenopi 1789 WP_003919996 ppiB 
Mycobacterium sp. MCS YP_637188.1 ppiA 
Mycobacterium sp. KMS YP_936027.1 ppiA 



     

 
 

353 

Origin Accession number Gene name Reference 
Mycobacterium sp. JLS YP_001068314.1 ppiA 
Mycobacterium sp. JDM YP_004521264.1 ppiA 
Mycobacterium sp. Spyr1 YP_004074588.1 ppiA 
Mycobacterium sp. MCS 164756 YP_639447 ppiB 
Mycobacterium sp. KMS 189918 YP_938318 ppiB 
Mycobacterium sp. JLS 164757 YP_001070599 ppiB 
Mycobacterium sp. JDM 601 875328 YP_004523623 ppiB 
Neisseria meningitidis CAB84703 ppiA (Manteca et al., 

2006) Neisseria meningitidis CAB84271 ppiB 
Nitrosomonas europaea NP_840142 

 

Nocardia farcinica BAD55033 NFA_1910 
Nocardioides species ZP_00659373 

 

Nostoc species BAB75986 all4287 
Paraglaciecola polaris K6ZRP5 GPLA_0602 (Jakob et al., 

2016) 
Peptostreptococcus anaerobius 653-L ZP_06425248 

 
(Bhaduri et al., 
2014) 

Phenylobacterium zucineum B4R9P8 PHZ_c1398 (Jakob et al., 
2016) 

Prochlorococcus marinus NP_892146 
 

(Manteca et al., 
2006) Prochlorococcus marunis NP_874419 

 

Prochlorococcus marinus NP_893863 
 

Prochlorococcus marinus NP_895007 
 

Prochlorococcus marinus NP_875644 
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Origin Accession number Gene name Reference 
Prochlorococcus marinus NP_893272 

 

Prochlorococcus marinus NP_894539 
 

Prochlorococcus marinus NP_875334 
 

Propionibacterium acnes AAT82475 PPA0718 (Manteca et al., 
2006) Propionibacterium acnes YP_055805 ppiB 

Pseudomonas aeruginosa 39016 Q59641/ZP_07794552 ppiA (Bhaduri et al., 
2014; Manteca et 
al., 2006) 

Pseudomonas aeruginosa 39016 NP_250484/ZP_07796371 ppiB (Bhaduri et al., 
2014; Manteca et 
al., 2006) 

Ralstonia solanacearun CAD14866 ppiB (Manteca et al., 
2006) Rhodopirellula baltica SH1  NP_868477 

 

Rhodopirellula baltica SH1  NP_867717 ppiB 
Ruminococcus lactaris ATCC 29176 ZP_03166646 

 
(Bhaduri et al., 
2014) 

Saccharopolyspora erythraea AAC45581 
 

(Manteca et al., 
2006) 

Salmonella typhimurium (ATCC700720) P20753 ppiA (Pahl et al., 1997; 
Pissavin et al., 
1997) 

Salmonella enterica subsp. enterica serovar Typhi 
str. CT18 

NP_458430  (Bhaduri et al., 
2014) 
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Origin Accession number Gene name Reference 
Salmonella enterica subsp. enterica serovar Typhi 
str. CT18 

NP_455128 ppiB (Bhaduri et al., 
2014; Manteca et 
al., 2006) 

Shigella dysenteriae 1617 ZP_07681664 ppiB (Bhaduri et al., 
2014) Shigella dysenteriae 1617 ZP_07680303 ppiA 

Staphylococcus aureus subsp. aureus ATCC BAA-
39 

ZP_07364143  

Stenotrophomonas maltophilia CAC93614 ppi (Manteca et al., 
2006) 

Streptococcus thermophilus LMD-9 YP_820131 
 

(Bhaduri et al., 
2014) Streptococcus thermophilus LMD-9 YP_820016 

 

Streptococcus mutans serotype C UA159 Q8DSX6 SMU_1631/ppiA (Mukouhara et 
al., 2011) 

Streptococcus pneumoniae ATCC BAA-255 spr0679 ppiA (Hermans et al., 
2006) 

Streptococcus pneumoniae AAK74909 SP_0771 (Manteca et al., 
2006) 

Streptococcus pyogenes MGAS6180 YP_280837 
 

(Bhaduri et al., 
2014) 

Streptococcus pyogenes NP_606719 
 

(Manteca et al., 
2006) 

Streptococcus pyogenes MGAS6180 YP_279829 
 

(Bhaduri et al., 
2014) 

Streptomyces avermitilis NP_825506.1 ppiA 
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Origin Accession number Gene name Reference 
Streptomyces avermitilis NP_828018 

 
(Manteca et al., 
2006) 

Streptomyces antibioticus AY343890/AAQ88274 ppiB/Cyp18 (Dimou et al., 
2011; Manteca et 
al., 2006) 

Streptomyces antibioticus (partial sequence) AAY81939  (Manteca et al., 
2006) Streptomyces antibioticus AAY81938 

 

Streptomyces anulatus (formerly chrysomallus) P77949 cypB (Pahl et al., 1997) 
Streptomyces anulatus (formerly chrysomallus) Q06118 cypA/ppiA (Pahl et al., 1992; 

Pissavin et al., 
1997) 

Streptomyces achromogenes (partial sequence) AAY81937  (Manteca et al., 
2006) Streptomyces coelicolor CAB45223 SCO3856 

Streptomyces coelicolor CAA16196 SCO5939 
Streptomyces coelicolor CAB93390 SCO1510 
Streptomyces coelicolor CAC42137 SCO7510 
Streptomyces griseus CAH94365 SG7F10.41 
Streptomyces lividans AF170251 ppiA 
Streptomyces scabies WP_060880481 

 

Streptomyces scabies WP_059079567 ppiB 
Synechococcus elongatus S19922 rot (Herrler et al., 

1994) 
Synechococcus species NP_896127 

 
(Manteca et al., 
2006) Synechococcus species NP_896772 
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Origin Accession number Gene name Reference 
Synechococcus species NP_897357 

 

Synechocystis species BAA16711 sll0227 
Synechocystis species BAA17841 slr1251 (Manteca et al., 

2006) Treponema pallidum NP_219383 
 

Vibrio cholerae O395 YP_001217812 ppiA (Bhaduri et al., 
2014) Vibrio cholerae O395 YP_001217383 ppiB 

Xanthomonas campestris AAM40237 ppiB (Manteca et al., 
2006) Xylella fastidiosa AAF84022 XF_1212 

Yersinia pestis biovar Microtus str. 91001 NP_991569 ppiA (Bhaduri et al., 
2014) Yersinia pestis biovar Microtus str. 91001 NP_992233 ppiB 

Yersinia enterocolitica subsp. enterocolitica 8081 YP_001007232 ppiB 
Yersinia enterocolitica subsp. enterocolitica 8081 YP_001008105 ppiA 
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Table A2.2 Consensus amino acid and conservation score by amino acid number as calculated by the ConSurf algorithm. The consensus amino acid relative 
to the E. coli rotA crystal structure sequence followed by the calculated conservation score. The fraction of sequences which encode for each amino acid position is 
also shown as well as the amino acid variety at each position. The conservation score indicated correlates to a conservation colour projected onto the E. coli rotA 
crystal structure shown in Figure 3.3. AA-amino acid. 

Position on E. coli 
rotA crystal 
structure 

E. coli 
rotA AA 

Consensus AA 
(% with that AA) 

Conservation 
Score 

Sequences 
encoding that AA 
position 

Amino Acid variety at that position 

1 G G (26.923) 1 26/182 K,M,F,E,Y,A,T,P,L,Q,G,R 
2 D F (20.000) 1 30/182 A,E,D,F,K,M,S,Q,N,T 
3 P D/P (21.622) 5 37/182 D,V,A,T,N,I,P,L,S 
4 H T (32.075) 5 106/182 Y,K,M,V,Q,S,L,R,G,T,H,I,N 
5 V A (45.133) 7 113/182 D,V,M,Y,A,T,I,L,S 
6 L T (37.681) 4 138/182 Q,S,L,I,N,T,E,K,F,V 
7 L L (41.558) 5 154/182 V,D,M,F,E,I,L,G 
8 T H (30.435) 1 161/182 D,V,K,M,A,E,N,I,T,H,R,G,L,S,Q 
9 T T (87.425) 9 167/182 Q,L,I,T,A,E,M,D,V 
10 S N (52.695) 6 167/182 E,A,K,D,Q,S,G,T,P,N 
11 A R (25.595) 3 168/182 N,C,H,R,G,L,Q,V,D,F,M,K,Y,A,E 
12 G G (97.253) 9 182/182 E,Q,G,A,N 
13 N D (42.857) 3 182/182 A,D,Q,N,P,I,E,V,K,M,R,G,L,S,T,H 
14 I I (79.444) 7 180/182 P,I,F,K,M,V,L 
15 E K (21.788) 1 179/182 H,T,I,N,Q,L,S,G,R,K,D,V,E,A,Y 
16 L L (35.754) 4 179/182 I,T,G,L,V,F,M,A 
17 E E (32.961) 5 179/182 A,Y,D,Q,I,N,E,M,F,K,V,R,G,L,S,W,T 
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Position on E. coli 
rotA crystal 
structure 

E. coli 
rotA AA 

Consensus AA 
(% with that AA) 

Conservation 
Score 

Sequences 
encoding that AA 
position 

Amino Acid variety at that position 

18 L L (88.268) 8 179/182 V,M,T,F,I,L,A 
19 D F (42.458) 5 179/182 L,S,N,A,Y,E,F,K,D,V 
20 K P (26.111) 3 180/182 Y,A,E,D,F,K,G,R,S,Q,N,P,H,T 
21 Q N (28.333) 3 180/182 A,Y,E,K,F,D,G,Q,S,P,N,H,T 
22 K K (27.374) 5 179/182 V,K,F,M,E,H,T,S,L,R,D,Y,A,N,I,Q 
23 A A (75.556) 8 180/182 S,A,T,K,D,V 
24 P P (100.000) 9 180/182 P 
25 V K (31.667) 4 180/182 C,H,N,I,L,Q,G,R,V,M,K,E,A 
26 S T (77.778) 8 180/182 T,H,N,S,A 
27 V V (80.556) 8 180/182 A,R,G,S,T,F,V 
28 Q A (26.667) 4 180/182 N,T,H,C,G,R,Q,L,S,K,D,A,E 
29 N N (71.667) 9 180/182 A,R,Q,S,N 
30 F F (92.778) 8 180/182 L,I,V,M,F 
31 V V (43.017) 4 179/182 T,I,L,S,Q,R,V,D,K,M,E,A 
32 D S (20.670) 3 179/182 E,Y,A,D,V,F,K,S,Q,R,G,H,T,N 
33 Y L (74.860) 8 179/182 L,Y,V,F,H,M,N 
34 V A (59.777) 7 179/182 V,A,T,C,I,S,L,G 
35 N Q (26.816) 3 179/182 E,A,K,D,Q,S,L,R,G,T,N 
36 S N (21.788) 3 179/182 E,Y,A,D,F,K,L,S,Q,R,G,H,T,N 
37 G G (61.453) 6 179/182 K,D,A,H,T,P,N,S,R,G 
38 F F (60.773) 5 181/182 E,Y,D,V,F,L,S,R,H,T,W,I 
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Position on E. coli 
rotA crystal 
structure 

E. coli 
rotA AA 

Consensus AA 
(% with that AA) 

Conservation 
Score 

Sequences 
encoding that AA 
position 

Amino Acid variety at that position 

39 Y Y (81.215) 9 181/182 F,C,Y,L 
40 N D (61.878) 6 181/182 A,E,V,D,K,S,Q,N 
41 N G (65.193) 5 181/182 R,G,S,N,K,H,D 
42 T T (45.304) 6 181/182 A,V,K,M,S,L,R,T,N,I 
43 T V (22.652) 1 181/182 T,H,L,S,R,V,M,K,E,C,N,P,I,Q,D,A 
44 F F (77.348) 9 181/182 I,F,M,V,C 
45 H H (91.713) 9 181/182 V,F,T,H,N,L,Y 
46 R R (98.895) 9 181/182 R,K 
47 V V (70.718) 8 181/182 A,M,V,Q,S,L,R,I 
48 I I (70.718) 9 181/182 V,M,T,I,L,S,E 
49 P D/P/T (19.337) 1 181/182 S,Q,R,G,T,N,P,E,A,D,K 
50 G G (54.144) 3 181/182 T,N,S,Q,G,R,D,F,K,E,A 
51 F F (77.901) 8 181/182 A,Y,F,K,S,G,T,H 
52 M M (64.088) 8 181/182 I,M,V,Y 
53 I I (53.591) 7 181/182 I,V,C,A,L,S 
54 Q Q (98.343) 9 181/182 R,Y,Q 
55 G G (67.956) 7 181/182 S,L,A,G,T,C 
56 G G (93.956) 8 182/182 P,I,D,G,S,L,Q 
57 G G (87.912) 7 182/182 P,T,F,D,A,G,S 
58 F F (41.071) 5 56/182 P,T,Q,S,L,K,F,M,D,A,Y,E 
59 T E/S (26.786) 6 56/182 F,D,V,Y,E,I,N,T,S 
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Position on E. coli 
rotA crystal 
structure 

E. coli 
rotA AA 

Consensus AA 
(% with that AA) 

Conservation 
Score 

Sequences 
encoding that AA 
position 

Amino Acid variety at that position 

60 E I (34.884) 7 43/182 E,A,D,M,S,L,Q,N,I 
61 Q P (70.000) 5 180/182 Q,P,N,A,Y,D,S,L,G,T,W,E,K,M,F,V 
62 M M (45.283) 4 53/182 Q,S,L,T,I,N,E,A,K,M,F,D,V 
63 Q K (28.302) 3 53/182 I,P,N,T,R,Q,S,F,K,V,A,E 
64 Q Q (42.593) 5 54/182 S,Q,G,R,T,N,I,E,A,K 
65 K K (61.404) 6 57/182 Q,L,S,R,P,E,F,K,V 
66 K A (15.517) 1 58/182 D,K,Y,A,E,N,P,I,T,G,S,L,Q 
67 P T (38.983) 4 59/182 T,H,N,I,P,S,R,G,D,K,F,Y,A 
68 N G (73.626) 5 182/182 Y,A,D,Q,N,P,E,K,F,M,L,S,R,G,H,T 
69 P Y (57.692) 6 182/182 P,I,N,A,Y,D,L,S,G,R,T,H,E,K,M,F,V 
70 P P (26.374) 3 182/182 A,E,K,F,M,D,R,G,Q,S,P,N,T 
71 I F (56.593) 8 182/182 F,V,I,L,A,Y 
72 K A (37.912) 3 182/182 Q,L,R,G,H,P,I,N,E,A,K,V,D 
73 N D (41.758) 7 182/182 A,E,V,D,F,K,R,G,L,N,I,C,T 
74 E E (89.011) 9 182/182 P,Q,S,G,R,K,D,E 
75 A F (33.516) 4 182/182 K,F,V,A,Y,P,I,N,T,C,R,Q,L,S 
76 D H (21.429) 3 182/182 I,P,N,T,H,G,R,S,L,K,F,D,V,A,E 
77 N P (26.519) 2 181/182 Y,A,D,Q,N,I,P,E,V,F,M,K,G,R,L,S,T,H 
78 G E (25.967) 2 181/182 S,L,G,R,T,W,E,F,K,V,Q,P,N,A,Y,D 
79 L L (33.918) 4 171/182 L,S,Q,G,R,H,T,N,I,P,A,V,D,M,K 
80 R F (32.597) 3 181/182 M,K,F,V,A,Y,P,I,T,H,R,G,Q,S,L 
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Position on E. coli 
rotA crystal 
structure 

E. coli 
rotA AA 

Consensus AA 
(% with that AA) 

Conservation 
Score 

Sequences 
encoding that AA 
position 

Amino Acid variety at that position 

81 N D/N (25.967) 7 181/182 E,Y,A,D,F,L,S,H,T,N,P 
82 T K (22.099) 1 181/182 K,D,V,A,E,I,P,T,C,G,R,Q,S,L 
83 R R (40.659) 4 182/182 E,Y,A,V,K,L,S,Q,G,R,T,N,P 
84 G G (69.780) 8 182/182 A,Y,G,F,C 
85 T T (38.462) 7 182/182 V,M,K,A,T,I,P,S,L,Q 
86 I L (73.626) 7 182/182 L,V,M,I 
87 A A (71.429) 9 182/182 S,A,G 
88 M M (94.505) 9 182/182 T,M,W,L,A 
89 A A (96.703) 9 182/182 V,T,G,A,S 
90 R R (87.097) 9 62/182 S,R,H,K,N 
91 T N (60.989) 8 182/182 P,N,H,T,G,R,S,D,A,E 
92 A A (60.440) 6 182/182 T,N,P,S,L,Q,R,G,D,M,A 
93 D G (65.385) 6 182/182 I,N,H,G,R,Q,L,S,F,M,V,D,A,E 
94 K P (75.138) 5 181/182 Q,L,R,I,P,E,A,K,D,V 
95 D G (31.868) 6 182/182 G,S,E,N,D,H 
96 S T (62.088) 9 182/182 T,D,N,S,R 
97 A N (56.593) 9 182/182 N,T,A,G,S,L 
98 T G (67.582) 8 182/182 A,G,S,N,K,T 
99 S S (84.615) 9 182/182 D,A,C,T,I,P,S,R 
100 Q Q (96.154) 9 182/182 D,H,S,Q,E 
101 F F (99.451) 9 182/182 F,Y 
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Position on E. coli 
rotA crystal 
structure 

E. coli 
rotA AA 

Consensus AA 
(% with that AA) 

Conservation 
Score 

Sequences 
encoding that AA 
position 

Amino Acid variety at that position 

102 F F (89.011) 8 182/182 A,Y,S,L,F 
103 I I (65.385) 7 182/182 V,F,M,I,S,L 
104 N T (35.714) 8 182/182 S,T,C,N,A,F,M,V 
105 V V (35.165) 6 182/182 L,Q,R,T,H,I,E,Y,A,V,M,F 
106 A A (18.132) 1 182/182 T,H,I,N,Q,S,R,G,M,K,D,V,E,A,Y 
107 D D (40.110) 4 182/182 H,T,P,N,Q,L,S,R,K,D,V,E,A 
108 N T (45.161) 7 124/182 Q,S,L,G,T,C,N,A,Y,F,V 
109 A P (46.111) 6 180/182 E,A,F,D,S,G,R,T,H,P,N 
110 F H (30.220) 4 182/182 Y,A,N,P,Q,F,M,K,E,T,H,W,S,L,R,G 
111 L L (97.253) 9 182/182 I,V,F,G,L 
112 D D (41.758) 8 182/182 S,T,N,P,E,A,D,K 
113 H H (50.000) 3 32/182 Y,G,A,P,H,F 
114 G G (28.125) 5 32/182 A,R,G,S,T,K 
115 Q A/Q/S (21.875) 1 32/182 N,S,Q,G,R,D,Y,A 
116 R R (34.375) 1 32/182 E,K,M,D,S,R,G,T,P 
117 D D (31.250) 2 32/182 R,Q,S,P,N,H,T,E,D 
118 F G (31.492) 4 181/182 A,Y,K,F,D,G,R,Q,P,W,N,T 
119 G R (24.862) 4 181/182 V,D,K,E,A,T,H,N,I,S,Q,G,R 
120 Y Y (53.297) 9 182/182 L,Y,H,M,F,N 
121 A T (64.835) 8 182/182 N,P,C,T,L,S,V,A 
122 V V (58.791) 8 182/182 V,A,Y,I,P,T,R,G,S,L 
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Position on E. coli 
rotA crystal 
structure 

E. coli 
rotA AA 

Consensus AA 
(% with that AA) 

Conservation 
Score 

Sequences 
encoding that AA 
position 

Amino Acid variety at that position 

123 F F (95.580) 9 181/182 L,Y,F,W,I 
124 G G (97.238) 9 181/182 G,A 
125 K E (32.597) 5 181/182 H,T,Q,S,R,K,V,E,Y 
126 V V (73.481) 8 181/182 G,L,I,T,Y,A,V,M 
127 V V (42.553) 4 141/182 R,S,L,I,T,A,E,V,F,K 
128 K D (40.678) 5 177/182 D,M,K,Y,E,N,C,H,T,G,R,S,Q 
129 G G (71.111) 8 180/182 N,D,G,S 
130 M M (30.387) 5 181/182 R,L,Q,I,P,C,T,Y,A,E,D,V,K,M,F 
131 D D (38.122) 2 181/182 G,R,Q,N,T,A,E,K,D,V 
132 V V (65.193) 6 181/182 E,Y,A,V,K,M,F,L,S,R,T,H,N,I 
133 A V (62.431) 7 181/182 V,K,W,I,L,A 
134 D D (65.193) 4 181/182 A,E,D,F,K,G,R,L,S,Q,N,H 
135 K K (47.253) 4 182/182 R,G,S,L,Q,N,T,A,E,D,K 
136 I I (80.663) 8 181/182 T,M,V,I,S,L,A 
137 S A (49.444) 5 180/182 Q,S,G,R,T,H,P,I,N,E,A,M,K,V,D 
138 Q A (15.169) 1 178/182 P,I,N,T,H,G,R,Q,S,K,D,V,A,E 
139 V V (24.713) 3 174/182 A,Y,E,F,K,D,V,G,Q,L,P,I,N,T 
140 P G (23.563) 3 174/182 N,W,P,S,Q,R,G,D,K,E,A 
141 T T (52.976) 5 168/182 V,K,E,A,T,N,P,I,L,S,Q,R,G 
142 H D (28.313) 1 166/182 N,I,P,Q,D,Y,A,H,T,S,G,R,V,M,K,E 
143 D G (19.277) 1 166/182 V,M,F,K,E,T,G,R,L,S,D,Y,A,N,P,I,Q 
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Position on E. coli 
rotA crystal 
structure 

E. coli 
rotA AA 

Consensus AA 
(% with that AA) 

Conservation 
Score 

Sequences 
encoding that AA 
position 

Amino Acid variety at that position 

144 V R (19.512) 1 41/182 S,L,G,R,H,E,A,Y,K,V 
145 G G (78.261) 3 69/182 S,G,R,T,N,A,Y,K,D 
146 P G (48.571) 1 70/182 V,D,K,M,F,Y,A,T,P,I,Q,R,G 
147 Y H (21.519) 1 79/182 R,G,Q,I,P,H,T,A,Y,E,F,M,V,D 
148 Q Q (25.000) 3 140/182 M,K,D,E,A,Y,T,P,I,N,Q,S,L,R,G 
149 N D (58.621) 7 145/182 N,T,H,G,S,V,D,K,A,E 
150 V R (32.000) 5 150/182 P,I,H,T,R,S,Q,V,K,F,A,E 
151 P P (86.000) 7 150/182 T,I,P,Q,L,G,R,M,V,D,A 
152 S A (21.711) 1 152/182 I,N,T,G,R,Q,L,S,M,F,K,V,A,Y,E 
153 K E (38.816) 1 152/182 A,E,D,V,K,F,L,S,Q,N,H,T 
154 P P (31.928) 1 166/182 E,A,K,V,D,S,L,R,G,T,P,N 
155 V V (68.675) 6 166/182 D,V,K,A,I,P,T,R,S,L,Q 
156 V V (41.667) 1 168/182 K,M,V,D,E,I,N,T,G,R,Q,L,S 
157 I I (76.190) 7 168/182 I,T,S,L,V,M,K,A 
158 L E (35.185) 1 162/182 T,L,S,R,G,M,K,V,E,C,P,I,N,Q,D,A 
159 S S (58.333) 3 156/182 R,G,Q,S,W,N,T,A,Y,E,K,F,M,D 
160 A V (36.765) 4 136/182 K,M,D,V,A,T,C,I,N,L,S,G,R 
161 K T (28.947) 2 114/182 Q,N,I,P,Y,A,D,L,S,R,G,T,E,V,K,M,F 
162 V I (33.333) 2 111/182 K,V,E,A,P,I,S,L,R 
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Appendix 3 – Characterisation of BpsΔppiB 

 
Figure A3.1 Pearson correlation of LFQ replicates. To enable the assessment of 
reproducibility and similarity between replicates, the Pearson correlation values for the unimputed 
LFQ values are provided below. The corresponding heatmap depicts each replicate with the 
numerical Pearson correlation value for each pair-wise comparison provided. 

 



     

368 
 

Table A3.1 Table of proteins significantly changed in Bps∆ppiB relative to BpsWT and 
their KEGG orthologies. 

Gene Protein Fold 
change 

-Log10 p 
value 

UniProt ID 

BPSL0004 DNA-binding protein HU-alpha 0.500154 2.6119 P0DMK4 
BPSL0011 General secretory pathway protein 

G 
0.386089 1.7822 H7C741 

BPSL0026 Flagellar protein FliL -2.24935 2.58823 Q63Z11 
BPSL0028 Probable flagellar motor switch 

protein 
-1.49138 1.7649 Q63Z09 

BPSL0061 Putative acyl-CoA dehydrogenase 3.2683 2.00136 Q63YX9 
BPSL0073 DNA gyrase subunit B (EC 5.99.1.3) 0.771516 3.6878 Q63YW7 
BPSL0074 Beta sliding clamp 1.12935 5.13068 Q63YW6 
BPSL0096 Spermidine n(1)-acetyltransferase 

(EC 2.3.1.57) 
0.739001 3.21731 Q63YU3 

BPSL0097 Putative exported protein -0.678879 2.16189 Q63YU2 
BPSL0104 Uncharacterized protein -1.00672 3.61833 Q63YT5 
BPSL0106 Putative exported protein -1.2141 2.60707 Q63YT3 
BPSL0113 Uncharacterized protein -1.02992 2.09883 Q63YS6 
BPSL0186 Putative rod shape-determining 

protein 
0.444571 2.7051 Q63YK1 

BPSL0188 Glutamyl-tRNA(Gln) 
amidotransferase subunit A (Glu-
ADT subunit A) (EC 6.3.5.7) 

0.665601 3.04777 Q63YJ9 

BPSL0189 Aspartyl/glutamyl-tRNA(Asn/Gln) 
amidotransferase subunit B 
(Asp/Glu-ADT subunit B) (EC 6.3.5.-
) 

0.645865 3.04001 Q63YJ8 

BPSL0200 Acetylglutamate kinase (EC 2.7.2.8) 
(N-acetyl-L-glutamate 5-
phosphotransferase) (NAG kinase) 
(NAGK) 

0.672252 3.39405 Q63YI7 

BPSL0202 Response regulator protein -0.918335 3.79963 Q63YI5 
BPSL0203 ATP-dependent protease ATPase 

subunit HslU (Unfoldase HslU) 
-0.567741 3.44394 Q63YI4 

BPSL0213 Uncharacterized protein -0.388499 3.57944 Q63YH3 
BPSL0215 Aldo/keto reductase family protein -0.842907 5.34323 Q63YH1 
BPSL0230 Flagellar M-ring protein -3.57865 3.60332 Q63YF7 
BPSL0241 Ferredoxin--NADP reductase (EC 

1.18.1.2) 
0.634018 3.21434 Q63YE7 

BPSL0247 High-potential iron-sulfur protein 
(HiPIP) 

-0.671187 1.73937 Q63YE1 

BPSL0249 Putative periplasmic dipeptide 
transport protein 

-0.650256 3.60107 Q63YD9 

BPSL0252 Putative dipeptide transport system 
ATP-binding protein 

-1.85515 1.7891 Q63YD6 

BPSL0262 Putative transglycosylase 0.504077 2.8116 Q63YC6 
BPSL0264 Uncharacterized protein 1.02459 3.89111 Q63YC4 
BPSL0265 2',3'-cyclic phosphodiesterase (EC 

3.1.4.-);2'-nucleotidase (EC 3.1.3.-
);Phosphatase (EC 3.1.3.-
)]";"Multifunctional CCA protein 
[Includes: CCA-adding enzyme (EC 
2.7.7.72) (CCA tRNA 
nucleotidyltransferase) (tRNA CCA-
pyrophosphorylase) (tRNA adenylyl-
/cytidylyl-transferase) (tRNA 
nucleotidyltransferase) (tRNA-NT) 

0.923305 3.19875 Q63YC3 
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Gene Protein Fold 
change 

-Log10 p 
value 

UniProt ID 

BPSL0302 Putative cation transporting P-type 
ATPase (EC 3.6.3.-) 

-1.70205 3.33098 Q63Y86 

BPSL0317 Uncharacterized protein 0.730599 2.69144 Q63Y71 
BPSL0332 Uncharacterized protein 1.02454 2.36448 Q63Y56 
BPSL0333 Putative hydroxymethylglutaryl-CoA 

lyase (EC 4.1.3.4) 
0.749665 3.13055 Q63Y55 

BPSL0335 Glyoxalase/bleomycin resistance 
protein/dioxygenase superfamily 
protein 

2.21311 1.73165 Q63Y53 

BPSL0348 Uncharacterized protein -2.11913 4.29004 Q63Y40 
BPSL0349 Uncharacterized protein -2.56648 6.28756 Q63Y39 
BPSL0352 Sulfate-binding protein 0.953132 3.26632 Q63Y37 
BPSL0363 Copper homeostasis protein CutC 3.06471 2.09025 Q63Y26 
BPSL0370 Putative short chain dehydrogenase 0.616917 1.7682 Q63Y19 
BPSL0372 Carbonic anhydrase (EC 4.2.1.1) 

(Carbonate dehydratase) 
0.481627 1.86262 Q63Y17 

BPSL0376 Extracellular solute-binding protein 0.525169 2.32026 Q63Y13 
BPSL0379 Putative short chain dehydrogenase 1.80645 2.90598 Q63Y10 
BPSL0381 Thiol:disulfide interchange protein 1.14931 4.48914 Q63Y08 
BPSL0382 Putative membrane protein 0.904673 2.9189 Q63Y07 
BPSL0383 Arginine--tRNA ligase (EC 6.1.1.19) 

(Arginyl-tRNA synthetase) (ArgRS) 
1.11699 5.30771 Q63Y06 

BPSL0390 Fumarylacetoacetate (FAA) 
hydrolase family protein 

1.191 3.16039 Q63XZ9 

BPSL0391 Enoyl-CoA hydratase/isomerase 
family protein 

1.38601 4.58848 Q63XZ8 

BPSL0392 Uncharacterized protein 0.542229 2.51956 Q63XZ7 
BPSL0394 Uncharacterized protein 0.382001 2.19181 Q63XZ5 
BPSL0403 Mce related protein 1.12699 2.15065 Q63XY6 
BPSL0408 Penicillin-binding protein 6 (EC 

3.4.16.4) 
0.783105 5.17012 Q63XY1 

BPSL0434; 
BPSL1027 

Nitrogen regulatory protein P-II 
1;Nitrogen regulatory protein P-II 2 

0.909639 3.23297 Q63W63; 
Q63XV6 

BPSL0438 Sugar transport PTS system IIa 
component 

1.08157 2.66206 Q63XV2 

BPSL0439 Phosphocarrier protein HPr 1.19533 3.21086 Q63XV1 
BPSL0442 C-terminal processing protease-3 0.55569 3.41534 Q63XU8 
BPSL0443 2,3-bisphosphoglycerate-dependent 

phosphoglycerate mutase (BPG-
dependent PGAM) (PGAM) 
(Phosphoglyceromutase) (dPGM) 
(EC 5.4.2.11) 

0.592837 1.76722 Q63XU7 

BPSL0446 Protein-export protein SecB 0.699249 2.94907 Q63XU4 
BPSL0453 Cytochrome c oxidase subunit 2 

(EC 1.9.3.1) 
-0.511793 3.06929 Q63XT7 

BPSL0463 Probable lipoprotein 0.558949 2.24093 Q63XS6 
BPSL0465 Putative methyl-accepting 

chemotaxis protein 
-5.82466 5.19366 Q63XS4 

BPSL0466 Lipoprotein -1.11706 5.20147 Q63XS3 
BPSL0467 Putative exported protein 1.20694 5.11381 Q63XS2 
BPSL0481 Uncharacterized protein -1.47479 3.57232 Q63XQ9 
BPSL0502 Cytochrome d ubiquinol oxidase 

subunit I (EC 1.10.3.-) 
1.15485 2.32065 Q63XN7 

BPSL0508 Acetyltransferase (GNAT) family 
protein 

1.56331 3.42781 Q63XN1 

BPSL0514 Signal recognition particle receptor 
FtsY (SRP receptor) 

0.649435 1.87714 Q63XM5 
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Gene Protein Fold 
change 

-Log10 p 
value 

UniProt ID 

BPSL0520 50S ribosomal protein L25 (General 
stress protein CTC) 

-0.558845 3.05437 Q63XL9 

BPSL0532 Putatve PTS system, EIIa 
component 

-1.19009 3.79718 Q63XK8 

BPSL0537 Uncharacterized protein 0.802126 2.94079 Q63XK3 
BPSL0543 Formyltetrahydrofolate deformylase 

(EC 3.5.1.10) (Formyl-FH(4) 
hydrolase) 

0.704567 2.1585 Q63XJ7 

BPSL0545 UvrABC system protein A (UvrA 
protein) (Excinuclease ABC subunit 
A) 

-0.274786 1.73892 Q63XJ5 

BPSL0547 Single-stranded DNA-binding 
protein (SSB) 

0.379461 2.32578 Q63XJ3 

BPSL0569 Uncharacterized protein -0.948977 2.19449 Q63XH0 
BPSL0574 Subtilase family protein -8.37742 4.9012 Q63XG5 
BPSL0584 Putative membrane protein -4.41304 4.53408 Q63XF3 
BPSL0627 Family C56 unassigned peptidase 0.810884 1.78777 Q63XA9 
BPSL0632 NADPH-dependent 7-cyano-7-

deazaguanine reductase (EC 
1.7.1.13) (7-cyano-7-carbaguanine 
reductase) (NADPH-dependent 
nitrile oxidoreductase) (PreQ(0) 
reductase) 

0.633775 2.90077 Q63XA4 

BPSL0634 Putative oxidoreductase 0.580655 1.82812 Q63XA3 
BPSL0635 Uncharacterized protein 1.39898 4.72226 Q63XA2 
BPSL0638 Putative membrane protein -0.787473 3.09083 Q63X99 
BPSL0642 Uncharacterized protein 1.2099 3.17691 Q63X95 
BPSL0644 Aspartate--tRNA(Asp/Asn) ligase 

(EC 6.1.1.23) (Aspartyl-tRNA 
synthetase) (AspRS) (Non-
discriminating aspartyl-tRNA 
synthetase) (ND-AspRS) 

0.5575 4.2311 Q63X93 

BPSL0649 Putative 3-hydroxyacyl-CoA 
dehydrogenase oxidoreductase 

0.179742 2.00327 Q63X88 

BPSL0650 Putative 3-ketoacyl-CoA thiolase 0.370291 3.10979 Q63X87 
BPSL0657 Uncharacterized protein 2.27256 1.93131 Q63X80 
BPSL0658 LPS-assembly protein LptD 1.12 4.97152 Q63X79 
BPSL0659 Chaperone SurA (Peptidyl-prolyl 

cis-trans isomerase SurA) (PPIase 
SurA) (EC 5.2.1.8) (Rotamase 
SurA) 

0.528821 2.5375 Q63X78 

BPSL0660 4-hydroxythreonine-4-phosphate 
dehydrogenase (EC 1.1.1.262) (4-
(phosphohydroxy)-L-threonine 
dehydrogenase) 

1.39692 3.0602 Q63X77 

BPSL0666 D,D-heptose 1,7-bisphosphate 
phosphatase (EC 3.1.3.-) 

0.649366 2.18962 Q63X71 

BPSL0667 Glycine--tRNA ligase beta subunit 
(EC 6.1.1.14) (Glycyl-tRNA 
synthetase beta subunit) (GlyRS) 

0.753604 3.43196 Q63X70 

BPSL0668 Glycine--tRNA ligase alpha subunit 
(EC 6.1.1.14) (Glycyl-tRNA 
synthetase alpha subunit) (GlyRS) 

0.736848 1.92533 Q63X69 

BPSL0683 3-phosphoshikimate 1-
carboxyvinyltransferase (EC 
2.5.1.19) (5-enolpyruvylshikimate-3-
phosphate synthase) (EPSP 
synthase) (EPSPS) 

-0.935 1.89566 Q63X54 
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Gene Protein Fold 
change 

-Log10 p 
value 

UniProt ID 

BPSL0688 Glycerol-3-phosphate 
dehydrogenase (EC 1.1.5.3) 

-0.511767 3.12977 Q63X49 

BPSL0692 Gamma-glutamyltransferase 2 -1.20715 4.63138 Q63X45 
BPSL0707 Uncharacterized protein -2.86823 4.74591 Q63X30 
BPSL0751 Uncharacterized protein -2.82562 5.31863 Q63WY8 
BPSL0757 Uncharacterized protein 3.16748 5.19784 Q63WY4 
BPSL0758 Putative phosphoesterase 6.01951 3.90249 Q63WY3 
BPSL0762 Probable RNA 2'-

phosphotransferase (EC 2.7.1.-) 
3.59216 3.31489 Q63WX9 

BPSL0779 Succinate--CoA ligase [ADP-
forming] subunit beta (EC 6.2.1.5) 
(Succinyl-CoA synthetase subunit 
beta) (SCS-beta) 

0.734146 4.65172 Q63WW2 

BPSL0780 Succinate--CoA ligase [ADP-
forming] subunit alpha (EC 6.2.1.5) 
(Succinyl-CoA synthetase subunit 
alpha) (SCS-alpha) 

0.688262 3.57044 Q63WW1 

BPSL0792 Uncharacterized protein 1.11 1.86358 Q63WU9 
BPSL0793 Branched-chain-amino-acid 

aminotransferase (BCAT) (EC 
2.6.1.42) 

0.757379 3.38212 Q63WU8 

BPSL0796 Phosphoglycerate kinase (EC 
2.7.2.3) 

1.07431 4.73844 Q63WU5 

BPSL0797 Pyruvate kinase (EC 2.7.1.40) 0.593694 2.59672 Q63WU4 
BPSL0798 Fructose-1,6-bisphosphate aldolase 

(FBP aldolase) (EC 4.1.2.13) 
0.513752 1.9077 Q63WU3 

BPSL0799 Phosphoribosylaminoimidazole-
succinocarboxamide synthase (EC 
6.3.2.6) (SAICAR synthetase) 

0.642451 2.78342 Q63WU2 

BPSL0800 N5-carboxyaminoimidazole 
ribonucleotide mutase (N5-CAIR 
mutase) (EC 5.4.99.18) (5-
(carboxyamino)imidazole 
ribonucleotide mutase) 

0.891339 2.67288 Q63WU1 

BPSL0806 Response regulator protein 1.13948 2.09513 Q63WT5 
BPSL0808 Periplasmic serine endoprotease 

DegP-like (EC 3.4.21.107) 
-1.37914 4.79471 Q63WT3 

BPSL0809 Putative exported protein -0.77388 2.22263 Q63WT2 
BPSL0815 Efflux pump membrane transporter 0.208127 1.96633 Q63WS7 
BPSL0820 S-(hydroxymethyl)glutathione 

dehydrogenase (EC 1.1.1.284) 
0.873288 2.48846 Q63WS2 

BPSL0821 S-formylglutathione hydrolase (EC 
3.1.2.12) 

1.26951 3.03195 Q63WS1 

BPSL0838 Putative transcriptional regulator 0.713464 2.59824 Q63WQ4 
BPSL0848 Kynurenine formamidase (KFA) 

(KFase) (EC 3.5.1.9) 
(Arylformamidase) (N-
formylkynurenine formamidase) 
(FKF) 

-1.11336 3.4433 Q63WP3 

BPSL0849 AsnC family transcriptional regulator -2.51724 4.2875 Q63WP2 
BPSL0853 Putative cyclopropane-fatty-acyl-

phospholipid synthase 
-0.533875 4.90392 Q63WN8 

BPSL0854 Pyridoxine/pyridoxamine 5'-
phosphate oxidase (EC 1.4.3.5) 
(PNP/PMP oxidase) (PNPOx) 
(Pyridoxal 5'-phosphate synthase) 

0.30484 1.88453 Q63WN7 

BPSL0857 Uncharacterized protein 1.39583 4.60769 Q63WN4 
BPSL0867 UPF0234 protein BPSL0867 -0.364371 1.85326 Q63WM4 
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Gene Protein Fold 
change 

-Log10 p 
value 

UniProt ID 

BPSL0896 Isocitrate dehydrogenase [NADP] 
(EC 1.1.1.42) 

0.290287 2.51284 Q63WJ4 

BPSL0899 Putative ATP-dependent Clp 
protease ATP-binding subunit 

-0.379379 1.93935 Q63WJ0 

BPSL0907 FMN adenylyltransferase (EC 
2.7.7.2) (FAD pyrophosphorylase) 
(FAD synthase)];Riboflavin 
biosynthesis protein [Includes: 
Riboflavin kinase (EC 2.7.1.26) 
(Flavokinase) 

1.13036 3.73494 Q63WI2 

BPSL0909 NOL1/NOP2/Sun family protein 0.696671 2.32288 Q63WI0 
BPSL0915 50S ribosomal protein L33 -0.887965 1.77358 Q63WH4 
BPSL0916 50S ribosomal protein L28 -0.485666 2.6436 Q63WH3 
BPSL0922 Putative ABC transporter ATP-

binding protein 
-0.470481 2.96104 Q63WG6 

BPSL0927 Putative oxidoreductase 1.06836 3.6002 Q63WG1 
BPSL0942 Uncharacterized protein -2.22733 4.79446 Q63WE5 
BPSL0965 Probable cytosol aminopeptidase 

(EC 3.4.11.1) (Leucine 
aminopeptidase) (LAP) (EC 
3.4.11.10) (Leucyl aminopeptidase) 

0.308228 2.2234 Q63WC3 

BPSL0969 Dihydroxy-acid dehydratase (DAD) 
(EC 4.2.1.9) 

-1.04821 3.59482 Q63WB9 

BPSL0974 Cell division protein ZapA 0.598794 1.73315 Q63WB4 
BPSL0993 Uncharacterized protein 1.30086 2.58586 Q63W95 
BPSL0994 Uncharacterized protein 1.54301 3.36045 Q63W94 
BPSL0995 Putative membrane protein 1.24416 3.4156 Q63W93 
BPSL0998 Methionine--tRNA ligase (EC 

6.1.1.10) (Methionyl-tRNA 
synthetase) (MetRS) 

0.548739 3.29774 Q63W90 

BPSL1006 Argininosuccinate lyase (ASAL) (EC 
4.3.2.1) (Arginosuccinase) 

1.07345 5.22006 Q63W82 

BPSL1013 Phosphoenolpyruvate carboxylase 
(PEPC) (PEPCase) (EC 4.1.1.31) 

0.906608 3.76016 Q63W75 

BPSL1015 Porphobilinogen deaminase (PBG) 
(EC 2.5.1.61) (Hydroxymethylbilane 
synthase) (HMBS) (Pre-
uroporphyrinogen synthase) 

1.02845 3.41585 Q63W73 

BPSL1016 Putative bifunctional protein 
(Uroporphyrin-III C-
methyltransferase and 
uroporphyrinogen-III synthase 
transmembrane protein) 

0.99524 4.32703 Q63W72 

BPSL1017 Putative porphyrin biosynthesis 
related protein 

0.851182 2.99573 Q63W71 

BPSL1021 Inorganic pyrophosphatase (EC 
3.6.1.1) (Pyrophosphate phospho-
hydrolase) (PPase) 

1.29347 4.18345 Q63W67 

BPSL1026 Glutamine-dependent NAD(+) 
synthetase (EC 6.3.5.1) (NAD(+) 
synthase [glutamine-hydrolyzing]) 

1.08511 3.3506 Q63W64 

BPSL1029 Putative exported outer membrane 
porin protein 

-0.810939 3.33983 Q63W61 

BPSL1035 Uncharacterized protein 3.63182 3.13974 Q63W55 
BPSL1054 Ecotin 1.33231 5.27475 Q63W37 
BPSL1057 Putative exported protein 0.878557 4.13394 Q63W35 
BPSL1068 Putative ABC transport system, 

ATP-binding protein 
1.38138 4.22387 Q63W25 
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Gene Protein Fold 
change 

-Log10 p 
value 

UniProt ID 

BPSL1069 DNA topoisomerase 4 subunit B 
(EC 5.99.1.3) (Topoisomerase IV 
subunit B) 

0.772604 3.03034 Q63W24 

BPSL1070 DNA topoisomerase 4 subunit A 
(EC 5.99.1.3) (Topoisomerase IV 
subunit A) 

0.905225 6.09429 Q63W23 

BPSL1082 Uncharacterized protein 1.02238 3.57636 Q63W12 
BPSL1087 Chaperone protein HtpG (Heat 

shock protein HtpG) (High 
temperature protein G) 

-0.382035 2.45923 Q63W07 

BPSL1094 Uncharacterized protein 1.10665 3.35515 Q63W01 
BPSL1095 Transaldolase (EC 2.2.1.2) 0.662555 3.28249 Q63W00 
BPSL1106 Putative depolymerase/histone-like 

protein 
-1.58978 1.84268 Q63VY9 

BPSL1111 Formate-dependent 
phosphoribosylglycinamide 
formyltransferase (5'-
phosphoribosylglycinamide 
transformylase 2) (Formate-
dependent GAR transformylase) 
(EC 2.1.2.-) (GAR transformylase 2) 
(GART 2) (Non-folate glycinamide 
ribonucleotide transformylase) 
(Phosphoribosylglycinamide 
formyltransferase 2) 

0.593091 4.32687 Q63VY4 

BPSL1114 Putative ATP-dependent RNA 
helicase 2 

0.545371 6.65232 Q63VY1 

BPSL1117 DNA-directed DNA polymerase (EC 
2.7.7.7) 

0.73891 2.80888 Q63VX8 

BPSL1128 Putative lipoprotein 1.18769 2.53838 Q63VW6 
BPSL1137 Uncharacterized protein -0.891955 3.05393 Q63VV8 
BPSL1138 Uncharacterized protein -1.10897 2.57526 Q63VV7 
BPSL1158 Ribonuclease G (EC 3.1.4.-) 0.48926 2.36179 Q63VT6 
BPSL1159 Maf-like protein BPSL1159 0.668736 1.97425 Q63VT5 
BPSL1164 Phosphoribosylamine--glycine 

ligase (EC 6.3.4.13) (GARS) 
(Glycinamide ribonucleotide 
synthetase) 
(Phosphoribosylglycinamide 
synthetase) 

0.787116 4.91596 Q63VT0 

BPSL1167 Putative dehydrogenase 0.707163 2.24911 Q63VS7 
BPSL1169 Quinone oxidoreductase (EC 

1.6.5.5) 
-1.04835 2.05743 Q63VS5 

BPSL1183 Putative glutamyl-tRNA 
amidotransferase 

0.581043 2.73659 Q63VR1 

BPSL1186 Putative dehydrogenase 1.27359 3.47746 Q63VQ8 
BPSL1187 Cytokinin riboside 5'-

monophosphate 
phosphoribohydrolase (EC 3.2.2.n1) 

0.988448 2.18038 Q63VQ7 

BPSL1188 Putative TetR-family transcriptional 
regulator 

0.821969 1.94315 Q63VQ6 

BPSL1196 Acetolactate synthase (EC 2.2.1.6) -0.483293 2.99353 Q63VP8 
BPSL1198 Ketol-acid reductoisomerase 

(NADP(+)) (KARI) (EC 1.1.1.86) 
(Acetohydroxy-acid 
isomeroreductase) (AHIR) (Alpha-
keto-beta-hydroxylacyl 
reductoisomerase) (Ketol-acid 

-0.631487 4.63206 Q63VP6 
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reductoisomerase type 1) (Ketol-
acid reductoisomerase type I) 

BPSL1199 Phosphatidylserine decarboxylase 
beta chain];Phosphatidylserine 
decarboxylase proenzyme (EC 
4.1.1.65) [Cleaved into: 
Phosphatidylserine decarboxylase 
alpha chain 

0.779835 1.91296 Q63VP5 

BPSL1201 2-isopropylmalate synthase (EC 
2.3.3.13) (Alpha-IPM synthase) 
(Alpha-isopropylmalate synthase) 

-0.315234 2.21772 Q63VP3 

BPSL1203 Carbonic anhydrase (EC 4.2.1.1) 
(Carbonate dehydratase) 

3.81276 4.32801 Q63VP1 

BPSL1216 NADH-quinone oxidoreductase 
subunit F (EC 1.6.5.11) 

-0.331642 1.88162 Q63VM8 

BPSL1234 Putative acyl-CoA dehydrogenase 
family protein 

1.21151 1.95142 Q63VL1 

BPSL1238 Putative glutathione S-transferase 
related protein 

0.470468 1.83604 Q63VK7 

BPSL1247 Subfamily M24B unassigned 
peptidase 

-2.82091 2.25205 Q63VJ8 

BPSL1273 Putative exported protein -1.52724 5.5272 Q63VH2 
BPSL1278 Putative ABC transport system, 

iron-binding exported protein 
-0.339049 2.05101 Q63VG7 

BPSL1290 Phosphomethylpyrimidine synthase 
(EC 4.1.99.17) 
(Hydroxymethylpyrimidine 
phosphate synthase) (HMP-P 
synthase) (HMP-phosphate 
synthase) (HMPP synthase) 
(Thiamine biosynthesis protein 
ThiC) 

0.180971 1.835 Q63VF5 

BPSL1306 Putative membrane protein -1.33461 3.6596 Q63VD6 
BPSL1322 Putative heat shock protein -0.907907 2.97566 Q63VC0 
BPSL1323 Putative heat shock protein -0.61336 2.81851 Q63VB9 
BPSL1329 Putative malonate decarboxylase 

alpha-subunit 
2.77644 2.45461 Q63VB2 

BPSL1331 Putative malonate decarboxylase 
beta-subunit 

0.896775 2.8362 Q63VB0 

BPSL1356 ATP-dependent zinc 
metalloprotease FtsH (EC 3.4.24.-) 

-0.379491 2.37478 Q63V85 

BPSL1359 Phosphate-binding protein PstS -1.19025 5.07301 Q63V82 
BPSL1362 Phosphate import ATP-binding 

protein PstB (EC 3.6.3.27) (ABC 
phosphate transporter) (Phosphate-
transporting ATPase) 

-0.972313 2.61247 Q63V79 

BPSL1370 Uncharacterized protein -1.51235 2.83464 Q63V71 
BPSL1374 Putative hydrolase -0.817259 4.69802 Q63V67 
BPSL1387 Uncharacterized protein -0.515267 2.03253 Q63V55 
BPSL1405 Lon protease (EC 3.4.21.53) (ATP-

dependent protease La) 
-0.350058 2.48557 Q63V39 

BPSL1406 Uncharacterized protein -0.761845 3.23632 Q63V38 
BPSL1413 Glucose-6-phosphate isomerase 

(GPI) (EC 5.3.1.9) (Phosphoglucose 
isomerase) (PGI) (Phosphohexose 
isomerase) (PHI) 

0.430151 2.70657 Q63V31 

BPSL1416 Phosphoribosylformylglycinamidine 
synthase (FGAM synthase) 

0.433921 2.31385 Q63V28 
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(FGAMS) (EC 6.3.5.3) 
(Formylglycinamide ribonucleotide 
amidotransferase) (FGAR 
amidotransferase) (FGAR-AT) 

BPSL1418 Peptidylprolyl isomerase (EC 
5.2.1.8) 

1.251 4.33237 Q63V26 

BPSL1419 Uncharacterized protein 2.46647 1.93943 Q63V25 
BPSL1424 Putative fatty acid degradation 

protein (Possibly trifunctional) 
0.56659 3.39971 Q63V20 

BPSL1433 Uncharacterized protein 1.1314 2.29272 Q63V11 
BPSL1439 Putative deoxyribonuclease 0.738319 2.70207 Q63V05 
BPSL1445 Putative lipoprotein 0.959729 3.51413 Q63UZ9 
BPSL1458 30S ribosomal protein S6 -0.514061 1.80499 Q63UY6 
BPSL1461 50S ribosomal protein L9 -0.606657 2.75856 Q63UY3 
BPSL1466 Putative phosphorous metabolism-

related protein 
-0.937249 3.44369 Q63UX8 

BPSL1467 Putative bacterioferritin comigratory 
protein (Detoxification) 

-0.503702 2.81934 Q63UX7 

BPSL1472 Putative LPS biosynthesis-related 
protein 

0.331756 1.82481 Q63UX4 

BPSL1475 Uncharacterized protein 0.437561 3.10503 Q63UX1 
BPSL1484 Chaperone protein ClpB -0.779554 6.03718 Q63UW2 
BPSL1497 Thioredoxin 0.405772 1.93459 Q63UU9 
BPSL1501 Putative transferase 0.669939 2.13936 Q63UU5 
BPSL1504 Subfamily M23B unassigned 

peptidase 
0.396412 2.18787 Q63UU2 

BPSL1505 RNA polymerase sigma factor RpoS 
(Sigma S) (Sigma-38) 

-0.920623 3.29761 H7C755 

BPSL1508 23S rRNA (uracil(1939)-C(5))-
methyltransferase RlmD (EC 
2.1.1.190) (23S rRNA(m5U1939)-
methyltransferase) 

0.923306 3.2215 Q63UT8 

BPSL1517 GTPase Der (GTP-binding protein 
EngA) 

-0.314013 2.2234 Q63US9 

BPSL1520 Protein HflK 0.410011 1.99524 Q63US6 
BPSL1527 Putative transcription accessory 

protein 
0.53686 2.26896 Q63UR9 

BPSL1528 Putative exported protein 0.956218 2.31427 Q63UR8 
BPSL1535 Acetyl-CoA acetyltransferase (EC 

2.3.1.9) 
-0.610137 4.17375 Q63UR1 

BPSL1536 Acetoacetyl-CoA reductase (EC 
1.1.1.36) 

-0.467889 2.99376 Q63UR0 

BPSL1537 Uncharacterized protein -0.53287 2.08968 Q63UQ9 
BPSL1538 Ribosomal protein S12 

methylthiotransferase RimO (S12 
MTTase) (S12 
methylthiotransferase) (EC 2.8.4.4) 
(Ribosomal protein S12 (aspartate-
C(3))-methylthiotransferase) 
(Ribosome maturation factor RimO) 

0.492011 2.06038 Q63UQ8 

BPSL1544 Putative exported protein -0.632074 2.36243 Q63UQ2 
BPSL1549 Uncharacterized protein -0.755538 2.33582 Q63UP7 
BPSL1550 Putative betaine aldehyde 

dehydrogenase 
-0.267319 1.90909 Q63UP6 

BPSL1555; 
BPSS0467 

Putrescine-binding periplasmic 
protein 

-0.317298 1.85059 Q63UP1; 
Q63N30 

BPSL1560 Uncharacterized protein -0.593778 2.05636 Q63UN6 
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BPSL1561 Putative metallo-beta-lactamase 
family protein 

-0.659891 2.97584 Q63UN5 

BPSL1568 Putative lipoprotein -0.782327 2.5449 Q63UM8 
BPSL1578 Putative LacI-family transcriptional 

regulator 
-0.438889 2.79937 Q63UL8 

BPSL1583 Putative exported protein 1.27959 2.40853 Q63UL3 
BPSL1590 Putative membrane protein -1.18707 2.25058 Q63UL0 
BPSL1591 Uncharacterized protein 0.475326 2.03871 Q63UK9 
BPSL1611; 
BPSS0933; 
BPSS1218; 
BPSS0204 

Methyl-accepting chemotaxis 
protein ;Putative methyl-accepting 
chemotaxis protein;Putative methyl-
accepting chemotaxis 
transmembrane protein 

-3.69991 3.92775 Q63LS9; 
Q63KZ5; 
Q63UI9; 
Q63NU5 

BPSL1613 Putative glycerol utilisation-related 
protein 

0.791261 1.91454 Q63UI7 

BPSL1615 Putative iron-sulphur protein 
(Fragment) 

-1.13833 2.37246 Q63UI5 

BPSL1622 Putative exported protein -1.10642 3.1932 Q63UI0 
BPSL1626 Putative fimbrial subunit type 1 -0.480989 1.8091 Q63UH6 
BPSL1627 Putative fimbrial assembly 

chaperone 
4.61641 4.27705 Q63UH5 

BPSL1631 Putative outer membrane protein 5.55045 3.83303 Q63UH1 
BPSL1642 Putative GntR-family regulatory 

protein 
1.95754 1.7478 Q63UG4 

BPSL1711 Putative carbamoyl transferase -0.971536 2.90049 Q63UA5 
BPSL1712 Putative non-ribosomal antibiotic-

related peptide synthase 
-1.33085 2.85825 Q63UA4 

BPSL1715 Putative bifunctional protein (Ligase 
and argininosuccinate lyase) 

-1.12671 5.4088 Q63UA1 

BPSL1720 Argininosuccinate lyase (ASAL) (EC 
4.3.2.1) (Arginosuccinase) 

-2.28271 5.36531 Q63U96 

BPSL1721 Argininosuccinate synthase (EC 
6.3.4.5) (Citrulline--aspartate ligase) 

-1.05375 7.05359 Q63U95 

BPSL1723 Uncharacterized protein -1.14154 3.44065 Q63U93 
BPSL1725 Uncharacterized protein -1.56337 3.92389 Q63U91 
BPSL1734 Putative AMP-binding enzyme 1.36249 2.13621 Q63U82 
BPSL1737 Putative ABC transport system, 

exported protein 
-0.668785 3.02492 Q63U79 

BPSL1749 Putative glutathione S-transferase 1.19889 2.82981 Q63U67 
BPSL1772 Cob(I)yrinic acid a,c-diamide 

adenosyltransferase (EC 2.5.1.17) 
(Cob(I)alamin adenosyltransferase) 
(Corrinoid adenosyltransferase) 

1.02514 3.04947 Q63U44 

BPSL1796 Uncharacterized protein -0.515646 1.7442 Q63U21 
BPSL1802 Multidrug efflux system putative 

membrane lipoprotein 
-3.11467 2.34295 Q63U15 

BPSL1804 Multidrug efflux system putative 
membrane fusion protein 

-1.65784 2.97909 Q63U13 

BPSL1827 UPF0229 protein BPSL1827 -1.0117 2.24946 Q63TZ0 
BPSL1828 Uncharacterized protein -0.935711 5.26449 Q63TY9 
BPSL1831 Putative ribose operon repressor 0.973903 2.09788 Q63TY6 
BPSL1834 Putative ribose transport system, 

substrate-binding protein 
-0.804127 2.82924 Q63TY3 

BPSL1860 Putative hydratase 0.390956 1.89492 Q63TV7 
BPSL1862 UPF0303 protein BPSL1862 0.621786 2.02359 Q63TV5 
BPSL1871 Ribose-5-phosphate isomerase A 

(EC 5.3.1.6) 
(Phosphoriboisomerase A) (PRI) 

0.865557 3.78642 Q63TU6 
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BPSL1872 Putative N-acetylmuramoyl-L-
alanine amidase 

1.04843 2.34385 Q63TU5 

BPSL1873 23S rRNA (guanosine-2'-O-)-
methyltransferase RlmB (EC 
2.1.1.185) (23S rRNA 
(guanosine2251 2'-O)-
methyltransferase) (23S rRNA 
Gm2251 2'-O-methyltransferase) 

2.98536 1.75773 Q63TU4 

BPSL1909 2-oxoglutarate dehydrogenase E1 
component (EC 1.2.4.2) 

0.330159 2.46908 Q63TQ7 

BPSL1918 Translation initiation factor IF-2 -0.343444 3.46061 Q63TP8 
BPSL1939 Integration host factor subunit alpha 

(IHF-alpha) 
-0.418022 2.45091 Q63TM8 

BPSL1942 50S ribosomal protein L20 -0.769581 1.82065 Q63TM5 
BPSL1944 Translation initiation factor IF-3 

(Fragment) 
-0.351696 2.1305 Q63TM3 

BPSL1958 Uncharacterized protein -1.80247 3.62512 Q63TL0 
BPSL1961 Putative electron transport protein -0.547849 3.33704 Q63TK7 
BPSL1962 Chorismate synthase (CS) (EC 

4.2.3.5) (5-enolpyruvylshikimate-3-
phosphate phospholyase) 

0.467404 3.02512 Q63TK6 

BPSL1964 Uncharacterized protein -0.495695 2.3142 Q63TK4 
BPSL1979 DNA helicase (EC 3.6.4.12) 0.613765 2.47939 Q63TI9 
BPSL1980 Valine--tRNA ligase (EC 6.1.1.9) 

(Valyl-tRNA synthetase) (ValRS) 
0.544919 4.20016 Q63TI8 

BPSL1984 Putative exported protein 0.354712 1.83289 Q63TI4 
BPSL1987 Uncharacterized protein 1.31799 3.60471 Q63TI1 
BPSL2009 Alanine--tRNA ligase (EC 6.1.1.7) 

(Alanyl-tRNA synthetase) (AlaRS) 
0.457456 4.74331 Q63TF9 

BPSL2010 Putative lipid metabolism-related 
protein 

-0.536805 1.73174 Q63TF8 

BPSL2012 Glutamine--tRNA ligase (EC 
6.1.1.18) (Glutaminyl-tRNA 
synthetase) (GlnRS) 

0.72174 5.8222 Q63TF6 

BPSL2015 Putative membrane attached 
glycosyl hydrolase 

1.56837 4.03416 Q63TF3 

BPSL2033 Putative transport-related 
membrane protein 

-0.999237 1.83216 Q63TD6 

BPSL2039 Putative membrane protein -0.520096 2.10316 Q63TD0 
BPSL2045 Putative lipoprotein -0.674229 2.20625 Q63TC3 
BPSL2094 Oxidative stress related two 

component system, transcriptional 
regulator 

-0.534161 2.68624 Q63T75 

BPSL2097 Alkyl hydroperoxide reductase 
AhpD (EC 1.11.1.15) 
(Alkylhydroperoxidase AhpD) 

-0.471464 2.16579 Q63T72 

BPSL2098 2-C-methyl-D-erythritol 2,4-
cyclodiphosphate synthase 
(MECDP-synthase) (MECPP-
synthase) (MECPS) (EC 4.6.1.12) 

1.10243 3.04863 Q63T71 

BPSL2099 2-C-methyl-D-erythritol 4-phosphate 
cytidylyltransferase (EC 2.7.7.60) 
(4-diphosphocytidyl-2C-methyl-D-
erythritol synthase) (MEP 
cytidylyltransferase) (MCT) 

4.06434 1.78479 Q63T70 

BPSL2100 Transcription-repair-coupling factor 
(TRCF) (EC 3.6.4.-) 

0.835036 2.08614 Q63T69 
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BPSL2109 Putative glyoxylate-realted 
oxidoreductase 

3.04279 2.47754 Q63T60 

BPSL2110 Uncharacterized protein -1.68708 3.15418 Q63T59 
BPSL2125 Uncharacterized protein 0.472778 2.04744 Q63T44 
BPSL2140 Phosphoenolpyruvate synthase 

(PEP synthase) (EC 2.7.9.2) 
(Pyruvate, water dikinase) 

-0.188317 2.55968 Q63T31 

BPSL2143 Putative phosphoenolpyruvate 
synthase regulatory protein (PEP 
synthase regulatory protein) (PSRP) 
(EC 2.7.11.33) (EC 2.7.4.28) 
(Pyruvate, water dikinase regulatory 
protein) 

1.57642 3.35148 Q63T28 

BPSL2150 Putative outer membrane protein 0.880534 3.19593 Q63T21 
BPSL2152 Zinc metalloprotease (EC 3.4.24.-) 0.971488 1.89571 Q63T19 
BPSL2159 30S ribosomal protein S2 -0.468818 2.07765 Q63T12 
BPSL2165 Cell division protein ZipA 0.55868 3.05117 Q63T06 
BPSL2168 Putative aminotransferase 0.592993 3.01688 Q63T03 
BPSL2169 2,3,4,5-tetrahydropyridine-2,6-

dicarboxylate N-succinyltransferase 
(EC 2.3.1.117) 
(Tetrahydrodipicolinate N-
succinyltransferase) (THDP 
succinyltransferase) (THP 
succinyltransferase) 
(Tetrahydropicolinate succinylase) 

0.520339 2.10532 Q63T02 

BPSL2170 Uncharacterized protein 0.619593 2.64027 Q63T01 
BPSL2175 Glutathione peroxidase -0.8058 2.43185 Q63SZ6 
BPSL2176 Putative ABC transport system, 

ATP-binding protein 
0.802722 3.00615 Q63SZ5 

BPSL2188 Isocitrate lyase (EC 4.1.3.1) -0.622344 2.97403 Q63SY3 
BPSL2197 Glutamate--tRNA ligase (EC 

6.1.1.17) (Glutamyl-tRNA 
synthetase) (GluRS) 

0.551409 1.92615 Q63SX4 

BPSL2204 Enoyl-[acyl-carrier-protein] 
reductase [NADH] (EC 1.3.1.9) 

1.34972 6.06302 Q63SW7 

BPSL2216; 
BPSL0960 

Sulfate adenylyltransferase subunit 
1 (EC 2.7.7.4);Uncharacterized 
protein 

0.350879 2.10216 Q63WC8;Q
63SV5 

BPSL2225 Uncharacterized protein -4.48997 4.01758 Q63SU6 
BPSL2226 Uncharacterized protein -3.65501 3.80032 Q63SU5 
BPSL2229 Putative siderophore non-ribosomal 

peptide synthase 
-1.81924 3.72327 Q63SU2 

BPSL2238 Uncharacterized protein -0.626793 3.12968 Q63ST3 
BPSL2239 Aspartokinase (EC 2.7.2.4) -0.695374 3.99802 Q63ST2 
BPSL2241 Acetyl-coenzyme A carboxylase 

carboxyl transferase subunit alpha 
(ACCase subunit alpha) (Acetyl-
CoA carboxylase 
carboxyltransferase subunit alpha) 
(EC 2.1.3.15) 

0.445435 1.86369 Q63ST0 

BPSL2244 Putative exported protein 0.806695 2.3112 Q63SS7 
BPSL2245 Peptidyl-prolyl cis-trans isomerase 

(PPIase) (EC 5.2.1.8) 
1.06765 3.04887 Q63SS6 

BPSL2246 Peptidyl-prolyl cis-trans isomerase 
(PPIase) (EC 5.2.1.8) 

-10.1458 6.43607 Q63SS5 

BPSL2252 DNA mismatch repair protein MutS 0.980951 3.4366 Q63SR9 
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BPSL2260 Tryptophan--tRNA ligase (EC 
6.1.1.2) (Tryptophanyl-tRNA 
synthetase) (TrpRS) 

0.696836 2.85394 Q63SR0 

BPSL2270 Enolase (EC 4.2.1.11) (2-phospho-
D-glycerate hydro-lyase) (2-
phosphoglycerate dehydratase) 

0.364875 2.03705 Q63SQ0 

BPSL2277 Putative lipoprotein releasing 
system transmembrane protein 

0.46735 2.79221 Q63SP3 

BPSL2298 Phasin-like protein -0.41571 2.43018 Q63SM2 
BPSL2299 Dihydrolipoyl dehydrogenase (EC 

1.8.1.4) 
-0.315442 1.91037 Q63SM1 

BPSL2301 Pyruvate dehydrogenase E1 
component (EC 1.2.4.1) 

-0.228144 2.75903 Q63SL9 

BPSL2304 Methenyltetrahydrofolate 
cyclohydrolase (EC 
3.5.4.9)];Bifunctional protein FolD 
[Includes: Methylenetetrahydrofolate 
dehydrogenase (EC 1.5.1.5) 

0.4031 2.00762 Q63SL6 

BPSL2305 Oligopeptidase A -0.501904 2.99976 Q63SL5 
BPSL2315 Endonuclease/exonuclease/phosph

atase family protein 
1.52667 5.43379 Q63SK5 

BPSL2326 Probable Fe(2+)-trafficking protein 1.48683 2.54759 Q63SJ4 
BPSL2335; 
BPSS0468 

Aminotransferase class-III;Putative 
aminotransferase 

-0.57691 1.88306 Q63N29; 
Q63SI5 

BPSL2365 Putative regulatory protein -1.33549 3.83084 Q63SF8 
BPSL2366 Coproporphyrinogen-III oxidase (EC 

1.3.98.3) 
-1.12539 2.13353 Q63SF7 

BPSL2367 Putative methyl-accepting 
chemotaxis protein 

-3.6782 4.37109 Q63SF6 

BPSL2383 Putative histidine-binding 
periplasmic protein 

0.918345 3.35106 Q63SE0 

BPSL2385 Succinylglutamate desuccinylase 
(EC 3.5.1.96) 

0.515455 3.8006 Q63SD9 

BPSL2387 N-succinylglutamate 5-
semialdehyde dehydrogenase (EC 
1.2.1.71) (Succinylglutamic 
semialdehyde dehydrogenase) 
(SGSD) 

0.640658 2.38496 Q63SD7 

BPSL2389 Putative arginine N-
succinyltransferase, alpha chain 

0.822928 2.02886 Q63SD5 

BPSL2398 Uncharacterized protein -0.773675 2.1906 Q63SC6 
BPSL2413 Putative exported protein -0.297001 1.98149 Q63SB1 
BPSL2428 GTPase Era 0.510648 2.36195 Q63S97 
BPSL2429 Ribonuclease 3 (EC 3.1.26.3) 

(Ribonuclease III) (RNase III) 
0.43308 2.0177 Q63S96 

BPSL2434 Putative sigma E factor regulatory 
protein 

0.383251 2.49388 Q63S91 

BPSL2438 3-oxoacyl-[acyl-carrier-protein] 
synthase 2 (EC 2.3.1.179) 

0.629632 2.82626 Q63S87 

BPSL2458 Putative exported protein 0.718544 1.91084 Q63S67 
BPSL2469 Fumarate hydratase class II 

(Fumarase C) (EC 4.2.1.2) (Aerobic 
fumarase) (Iron-independent 
fumarase) 

-0.773881 3.0125 Q63S56 

BPSL2473 Thymidylate synthase (TS) (TSase) 
(EC 2.1.1.45) 

1.27593 4.79923 Q63S51 

BPSL2476 Dihydrofolate reductase (EC 
1.5.1.3) 

0.984222 2.03178 Q63S46 



     

380 
 

Gene Protein Fold 
change 

-Log10 p 
value 

UniProt ID 

BPSL2478 Microcin-processing peptidase 0.547109 3.88245 Q63S44 
BPSL2481 Oligoribonuclease (EC 3.1.-.-) 0.827139 2.85035 Q63S41 
BPSL2489 50S ribosomal protein L19 -0.490778 3.43788 Q63S33 
BPSL2496 Leucine-responsive regulatory 

protein 
-3.87693 4.6976 Q63S26 

BPSL2497 D-amino acid dehydrogenase (EC 
1.4.99.-) 

-1.0682 3.99895 Q63S25 

BPSL2503 Methionine import ATP-binding 
protein MetN 1 (EC 3.6.3.-) 

0.569629 1.83818 Q63S19 

BPSL2506 Putative exported transglycosylase 1.46793 5.40338 Q63S16 
BPSL2507 Cysteine synthase (EC 2.5.1.47) 0.538309 2.54205 Q63S15 
BPSL2509 ADP-L-glycero-D-manno-heptose-6-

epimerase (EC 5.1.3.20) (ADP-L-
glycero-beta-D-manno-heptose-6-
epimerase) (ADP-glyceromanno-
heptose 6-epimerase) (ADP-hep 6-
epimerase) (AGME) 

0.530786 2.46293 P0DMK5 

BPSL2511 UDP-glucose 6-dehydrogenase (EC 
1.1.1.22) 

0.553719 1.9205 Q63S10 

BPSL2515 30S ribosomal protein S1 -0.436489 2.71858 Q63S06 
BPSL2520 Putative exported protein 1.06551 3.27351 Q63S01 
BPSL2521 DNA gyrase subunit A (EC 5.99.1.3) 0.488117 3.77714 Q63S00 
BPSL2522 Outer membrane protein a -0.587589 3.75928 Q63RZ9 
BPSL2536 Putative amidotransferase 0.522477 2.40916 Q63RY5 
BPSL2544 Alanyl aminopeptidase 0.680776 3.48274 Q63RX7 
BPSL2547 Fructose-1,6-bisphosphatase class 

1 (FBPase class 1) (EC 3.1.3.11) 
(D-fructose-1,6-bisphosphate 1-
phosphohydrolase class 1) 

1.07427 4.20566 Q63RX4 

BPSL2553 Putative siderophore receptor 
protein 

0.93325 2.93421 Q63RW7 

BPSL2561 Guanosine-3',5'-bis(Diphosphate) 
3'-pyrophosphohydrolase (EC 
3.1.7.2) 

1.65332 3.06392 Q63RV9 

BPSL2562 DNA-directed RNA polymerase 
subunit omega (RNAP omega 
subunit) (EC 2.7.7.6) (RNA 
polymerase omega subunit) 
(Transcriptase subunit omega) 

-3.90263 4.46339 Q63RV8 

BPSL2563 Guanylate kinase (EC 2.7.4.8) 
(GMP kinase) 

0.625519 2.12438 Q63RV7 

BPSL2565 Ribonuclease PH (RNase PH) (EC 
2.7.7.56) (tRNA 
nucleotidyltransferase) 

1.03515 3.48314 Q63RV5 

BPSL2595 Cell division topological specificity 
factor 

0.374166 1.76906 Q63RS6 

BPSL2599 Uncharacterized protein -0.938652 2.88661 Q63RS2 
BPSL2600 Serine--tRNA ligase (EC 6.1.1.11) 

(Seryl-tRNA synthetase) (SerRS) 
(Seryl-tRNA(Ser/Sec) synthetase) 

0.636251 2.4377 Q63RS1 

BPSL2608 ABC transporter, ATP-binding 
component 

-0.538907 2.544 Q63RR3 

BPSL2611 Maltose-binding protein -0.542502 4.64858 Q63RR0 
BPSL2614 Putative HTH-type transcriptional 

regulator];Bifunctional protein glk 
[Includes: Glucokinase (EC 2.7.1.2) 
(Glucose kinase) 

-0.270271 2.11951 Q63RQ7 
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BPSL2615 ABC transporter, substrate binding 
component 

0.546608 2.13686 Q63RQ6 

BPSL2617;glt
L BPSL2921 

Putative ABC-family amino acid 
transporter, ATP-binding 
component;Glutamate/aspartate 
transport ATP-binding protein 

0.532651 2.02677 Q63QV3;Q6
3RQ4 

BPSL2623 Glutamate-1-semialdehyde 2,1-
aminomutase (GSA) (EC 5.4.3.8) 
(Glutamate-1-semialdehyde 
aminotransferase) (GSA-AT) 

0.591724 3.01223 Q63RP8 

BPSL2624 5-amino-6-(5-
phosphoribosylamino)uracil 
reductase (EC 1.1.1.193) (HTP 
reductase)];Riboflavin biosynthesis 
protein RibD [Includes: 
Diaminohydroxyphosphoribosylamin
opyrimidine deaminase (DRAP 
deaminase) (EC 3.5.4.26) 
(Riboflavin-specific deaminase) 

0.667973 3.3518 Q3V7S8 

BPSL2625 Riboflavin synthase alpha chain (EC 
2.5.1.9) 

0.71712 1.75427 Q63RP7 

BPSL2626 3,4-dihydroxy-2-butanone 4-
phosphate synthase (DHBP 
synthase) (EC 4.1.99.12) 

0.599341 2.18763 Q63RP6 

BPSL2627 6,7-dimethyl-8-ribityllumazine 
synthase (DMRL synthase) (LS) 
(Lumazine synthase) (EC 2.5.1.78) 

0.383013 2.48985 Q63RP5 

BPSL2629 Aminotransferase (EC 2.6.1.-) 0.377095 1.89336 Q63RP3 
BPSL2648 Probable protein-L-isoaspartate O-

methyltransferase (EC 2.1.1.77) 
0.262417 1.78774 Q63RM4 

BPSL2649 Uncharacterized protein 1.26095 1.82754 Q63RM3 
BPSL2650 Putative aminotransferase -0.378453 1.94203 Q63RM2 
BPSL2664 Uncharacterized protein 0.603535 3.92163 Q63RK8 
BPSL2666 Phosphoglucomutase (EC 5.4.2.2) 0.802516 3.75591 Q63RK6 
BPSL2670 UDP-glucose 4-epimerase (EC 

5.1.3.2) 
0.727093 1.93918 H7C739 

BPSL2688 Putative 1-acyl-SN-glycerol-3-
phosphate acyltransferase 

0.481588 2.35688 H7C777 

BPSL2697 60 kDa chaperonin 1 (GroEL protein 
1) (Protein Cpn60 1) 

-0.366248 3.25733 Q9F712 

BPSL2701 Probable alcohol dehydrogenase -0.840294 3.16718 Q63RH1 
BPSL2703 Putative exported protein -4.64168 8.33104 Q63RG9 
BPSL2705 Putative lipoprotein -5.74102 6.28291 Q63RG7 
BPSL2706 Putative lipoprotein -3.93655 3.46933 Q63RG6 
BPSL2716 D-(-)-3-hydroxybutyrate oligomer 

hydrolase (3HB-oligomer hydrolase) 
(3HBOH) (EC 3.1.1.22) 

-2.2419 6.78468 Q63RF6 

BPSL2734 Probable D-lactate dehydrogenase 
(EC 1.1.1.28) 

0.580285 2.07884 Q63RD8 

BPSL2743 Putative oxidoreductase -0.588803 3.55239 Q63RC9 
BPSL2747 Putative glutaryl-CoA 

dehydrogenase (EC 1.3.99.7) 
0.86739 3.31002 Q63RC5 

BPSL2748 Putative oxidoreductase -0.316089 3.38388 Q63RC4 
BPSL2758; 
BPSS0547 

Serine hydroxymethyltransferase 1 
(SHMT 1) (Serine methylase 1) (EC 
2.1.2.1);Serine 
hydroxymethyltransferase 2 (SHMT 
2) (Serine methylase 2) (EC 2.1.2.1) 

-0.673704 3.03112 Q63RB4; 
Q63MV1 
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BPSL2759 Putative short-chain dehydrogenase -0.974842 1.99432 Q63RB3 
BPSL2766 Cell division coordinator CpoB 0.920599 2.21453 Q63RA6 
BPSL2769; 
BPSL1981 

UTP--glucose-1-phosphate 
uridylyltransferase (EC 2.7.7.9) 
(UDP-glucose pyrophosphorylase) 

0.628096 4.14386 Q63TI7; 
Q63RA4 

BPSL2796 Putative sugar kinase 0.372853 1.92402 H7C745 
BPSL2799 Putative capsular polysaccharide 

biosynthesis protein 
-1.31713 4.29867 Q63R74 

BPSL2810 Putative GDP-mannose 
pyrophosphorylase 

0.803341 2.33123 H7C781 

BPSL2814 DNA mismatch repair protein MutL 0.884007 2.52575 Q63R59 
BPSL2818 Phosphoribosylformylglycinamidine 

cyclo-ligase (EC 6.3.3.1) (AIR 
synthase) (AIRS) (Phosphoribosyl-
aminoimidazole synthetase) 

0.565671 2.61811 Q63R55 

BPSL2820 Uncharacterized protein 0.957843 2.58451 Q63R53 
BPSL2821 Poly(A) polymerase I (PAP I) (EC 

2.7.7.19) 
0.434484 2.55799 Q63R52 

BPSL2822 Putative 2-amino-4-hydroxy-6-
hydroxymethyldihydropteridine 
pyrophosphokinase (EC 2.7.6.3) 

2.8671 1.80859 Q63R51 

BPSL2824 3-methyl-2-oxobutanoate 
hydroxymethyltransferase (EC 
2.1.2.11) (Ketopantoate 
hydroxymethyltransferase) 
(KPHMT) 

0.552843 1.93196 Q63R49 

BPSL2827 Chaperone protein DnaK (HSP70) 
(Heat shock 70 kDa protein) (Heat 
shock protein 70) 

-0.376093 2.28074 O68191 

BPSL2829 Protein GrpE (HSP-70 cofactor) 1.1138 2.02352 Q63R45 
BPSL2838 Putative DNA gyrase control protein 0.527659 3.41593 Q63R36 
BPSL2842 Putative FAD-binding oxidase 1.07573 2.81487 Q63R32 
BPSL2844 Putative glycolate oxidase subunit 

GlcE 
1.44735 2.75816 Q63R30 

BPSL2846 Pyridoxal phosphate homeostasis 
protein (PLP homeostasis protein) 

1.11271 2.79303 Q63R28 

BPSL2847 Pyrroline-5-carboxylate reductase 
(p5C reductase) (p5CR) (EC 
1.5.1.2) (PCA reductase) 

1.26113 3.39308 Q63R27 

BPSL2863 Putative ferritin DPS-family DNA 
binding protein 

0.268783 1.99732 H7C747 

BPSL2865 Catalase-peroxidase (CP) (EC 
1.11.1.21) (Peroxidase/catalase) 

0.277068 2.46649 Q939D2 

BPSL2875 Putative exported protein 0.688448 2.48501 Q63QZ9 
BPSL2879 Paraquat-inducible protein 1.03598 4.91871 Q63QZ5 
BPSL2880 Putative lipoprotein 1.0245 2.43836 Q63QZ4 
BPSL2882 Putative RNA-methylase protein 1.09162 3.88777 Q63QZ2 
BPSL2889 tRNA-specific 2-thiouridylase MnmA 

(EC 2.8.1.13) 
2.93846 3.4784 Q63QY5 

BPSL2896 IMP cyclohydrolase (EC 3.5.4.10) 
(ATIC) (IMP synthase) 
(Inosinicase)];Bifunctional purine 
biosynthesis protein PurH [Includes: 
Phosphoribosylaminoimidazolecarb
oxamide formyltransferase (EC 
2.1.2.3) (AICAR transformylase) 

0.567708 2.70897 Q63QX8 

BPSL2899 Holliday junction ATP-dependent 
DNA helicase RuvB (EC 3.6.4.12) 

0.582757 2.71545 Q63QX5 
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BPSL2904 Tyrosine--tRNA ligase (EC 6.1.1.1) 
(Tyrosyl-tRNA synthetase) (TyrRS) 

0.588529 1.89617 Q63QX0 

BPSL2906 Putative glutathione S-transferase-
like protein 

-0.942915 1.92276 Q63QW8 

BPSL2907 Putative glutathione S-transferase 
like protein 

-1.56876 4.4049 Q63QW7 

BPSL2910 30S ribosomal protein S9 -0.777796 3.91062 Q63QW4 
BPSL2914 Dihydroorotase (DHOase) (EC 

3.5.2.3) 
1.53871 5.7292 Q63QW0 

BPSL2928 Adenylosuccinate lyase (ASL) (EC 
4.3.2.2) (Adenylosuccinase) 

1.27567 5.12322 Q63QU6 

BPSL2931 KHG/KDPG aldolase (EC 4.1.3.16) -0.683053 2.55625 Q63QU3 
BPSL2932 Phosphogluconate dehydratase (EC 

4.2.1.12) 
-0.549631 2.55496 Q63QU2 

BPSL2935 Gamma-glutamyl phosphate 
reductase (GPR) (EC 1.2.1.41) 
(Glutamate-5-semialdehyde 
dehydrogenase) (Glutamyl-gamma-
semialdehyde dehydrogenase) 
(GSA dehydrogenase) 

0.644347 2.6982 Q63QT9 

BPSL2937 LPS-assembly lipoprotein LptE 0.642447 3.14268 Q63QT7 
BPSL2938 Leucine--tRNA ligase (EC 6.1.1.4) 

(Leucyl-tRNA synthetase) (LeuRS) 
0.547374 4.00696 Q63QT6 

BPSL2941 4-hydroxy-tetrahydrodipicolinate 
reductase (HTPA reductase) (EC 
1.17.1.8) 

0.842855 2.85284 Q63QT3 

BPSL2953 Transketolase 1 (EC 2.2.1.1) 0.633654 5.66038 Q63QS1 
BPSL2960 Thiamine-monophosphate kinase 

(TMP kinase) (Thiamine-phosphate 
kinase) (EC 2.7.4.16) 

3.08623 3.06027 Q63QR4 

BPSL2963 Orotidine 5'-phosphate 
decarboxylase (EC 4.1.1.23) (OMP 
decarboxylase) (OMPDCase) 
(OMPdecase) 

1.10638 4.20853 Q63QR1 

BPSL2984 Biotin carboxylase (EC 6.3.4.14) -0.514472 3.12099 Q63QP0 
BPSL2987 Thiol peroxidase (Tpx) (EC 

1.11.1.15) (Peroxiredoxin tpx) (Prx) 
(Thioredoxin peroxidase) 

0.707099 2.22183 Q63QN7 

BPSL2988 Putative sugar kinase 0.557727 2.35263 Q63QN6 
BPSL2989 Putative lipoprotein 0.734494 2.08904 Q63QN5 
BPSL2990 Histone H1-like protein -0.881546 2.03869 Q63QN4 
BPSL2996 Putative hypoxanthine 

phosphoribosyltransferase 
0.65936 2.23824 Q63QM7 

BPSL3004 50S ribosomal protein L27 -0.528537 2.20137 Q9FD28 
BPSL3014 Uncharacterized protein 0.598745 3.67947 Q63QK8 
BPSL3015 Amino-acid acetyltransferase (EC 

2.3.1.1) (N-acetylglutamate 
synthase) (AGSase)];Arginine 
biosynthesis bifunctional protein 
ArgJ beta chain] [Includes: 
Glutamate N-acetyltransferase (EC 
2.3.1.35) (Ornithine 
acetyltransferase) (OATase) 
(Ornithine transacetylase);Arginine 
biosynthesis bifunctional protein 
ArgJ [Cleaved into: Arginine 
biosynthesis bifunctional protein 
ArgJ alpha chain 

0.687284 4.02577 Q63QK7 
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BPSL3016 Protein translocase subunit SecA 0.607862 4.04694 Q63QK6 
BPSL3020 Cell division protein FtsZ 0.598208 2.97894 Q63QK2 
BPSL3041 Putative phenylacetic acid 

degradation oxidoreductase 
-0.714687 4.32001 Q63QI2 

BPSL3042 Probable beta-ketoadipyl CoA 
thiolase (EC 2.3.1.-) 

-1.21184 2.38751 Q63QI1 

BPSL3043 Probable enoyl-CoA hydratase 
PaaG (EC 4.2.1.17) 

-0.96454 2.76534 Q63QI0 

BPSL3048 Ribulose-phosphate 3-epimerase 
(EC 5.1.3.1) 

1.14976 3.0673 Q63QH5 

BPSL3049 Phosphoglycolate phosphatase 
(PGP) (PGPase) (EC 3.1.3.18) 

2.82661 2.4362 Q63QH4 

BPSL3050 Anthranilate synthase component 1 
(EC 4.1.3.27) 

-0.440861 1.96085 Q63QH3 

BPSL3059 Putative monooxygenase 0.903719 1.96614 Q63QG4 
BPSL3062 Ribosome-binding ATPase YchF 0.809809 3.6475 Q63QG1 
BPSL3067 Putative ABC transporter ATP-

binding subunit 
0.610446 3.31087 Q63QF6 

BPSL3075 Glutaredoxin 1.04014 2.38006 Q63QE8 
BPSL3079 Cold shock-like protein CspD 0.970019 1.90114 Q63QE4 
BPSL3085 Uncharacterized protein 1.73722 4.64432 Q63QD8 
BPSL3097 Putative membrane protein -1.2774 6.1158 Q63QC6 
BPSL3099 Putative outer membrane protein -0.866893 2.88691 Q63QC4 
BPSL3105 Uncharacterized protein -0.754925 3.30597 Q63QB8 
BPSL3106 Uncharacterized protein -0.513136 2.45046 Q63QB7 
BPSL3108 Putative lipoprotein -0.816941 4.36604 Q63QB5 
BPSL3123 Ubiquinol-cytochrome c reductase 

iron-sulfur subunit (EC 1.10.2.2) 
-0.585972 1.84886 Q63QA2 

BPSL3131 Phosphoribosyl-ATP 
pyrophosphatase (PRA-PH) (EC 
3.6.1.31) 

0.976977 1.97412 Q63Q94 

BPSL3134 1-(5-phosphoribosyl)-5-[(5-
phosphoribosylamino)methylidenea
mino] imidazole-4-carboxamide 
isomerase (EC 5.3.1.16) 
(Phosphoribosylformimino-5-
aminoimidazole carboxamide 
ribotide isomerase) 

0.478913 3.16778 Q63Q91 

BPSL3135 Imidazole glycerol phosphate 
synthase subunit HisH (EC 2.4.2.-) 
(IGP synthase glutamine 
amidotransferase subunit) (IGP 
synthase subunit HisH) (ImGP 
synthase subunit HisH) (IGPS 
subunit HisH) 

0.811407 3.21137 Q63Q90 

BPSL3137 Imidazoleglycerol-phosphate 
dehydratase (IGPD) (EC 4.2.1.19) 

1.20221 3.05086 Q63Q88 

BPSL3161 Putative outer membrane protein 0.965444 3.17769 Q63Q64 
BPSL3163 sn-glycerol-3-phosphate import 

ATP-binding protein UgpC (EC 
3.6.3.20) 

-0.472403 2.56093 Q63Q62 

BPSL3166 Putative ABC transporter 
extracellular solute-binding protein 

-0.872167 4.05521 Q63Q59 

BPSL3174 Penicillin-binding protein 1A (EC 
2.4.2.-) 

0.993495 3.61895 Q63Q51 

BPSL3175 Iron-sulfur cluster assembly protein 
CyaY 

0.653375 2.10285 Q63Q50 



     

385 
 

Gene Protein Fold 
change 

-Log10 p 
value 

UniProt ID 

BPSL3184 Thiol:disulfide interchange protein 
DsbD (EC 1.8.1.8) 

-0.347626 1.89917 Q63Q40 

BPSL3187 DNA-directed RNA polymerase 
subunit alpha (RNAP subunit alpha) 
(EC 2.7.7.6) (RNA polymerase 
subunit alpha) (Transcriptase 
subunit alpha) 

-0.209373 1.78752 Q63Q37 

BPSL3188 30S ribosomal protein S4 -0.64877 5.70351 Q63Q36 
BPSL3189 30S ribosomal protein S11 -0.510355 3.4792 Q63Q35 
BPSL3194 50S ribosomal protein L15 -0.572328 2.30092 Q63Q30 
BPSL3196 30S ribosomal protein S5 -0.707229 2.62575 Q63Q28 
BPSL3197 50S ribosomal protein L18 -0.530181 1.73822 Q63Q27 
BPSL3198 50S ribosomal protein L6 -0.354113 2.52506 Q63Q26 
BPSL3199 30S ribosomal protein S8 -0.494191 3.06037 Q63Q25 
BPSL3200 30S ribosomal protein S14 -0.472262 1.90698 Q63Q24 
BPSL3201 50S ribosomal protein L5 -0.549238 2.22144 Q63Q23 
BPSL3202 50S ribosomal protein L24 -0.728745 1.812 Q63Q22 
BPSL3207 30S ribosomal protein S3 -0.592708 3.12551 Q63Q17 
BPSL3208 50S ribosomal protein L22 -0.384774 2.07337 Q63Q16 
BPSL3210 50S ribosomal protein L2 -0.622355 3.13934 Q63Q14 
BPSL3212 50S ribosomal protein L4 -0.438275 1.88728 Q63Q12 
BPSL3213 50S ribosomal protein L3 -0.524346 2.38168 Q63Q11 
BPSL3214 30S ribosomal protein S10 -0.541544 2.39903 Q63Q10 
BPSL3216 Elongation factor G 2 (EF-G 2) -0.362999 2.29238 Q63Q08 
BPSL3217 30S ribosomal protein S7 -0.491582 1.91434 Q63Q07 
BPSL3218 30S ribosomal protein S12 -0.423731 1.83558 Q63Q06 
BPSL3219 ATP-dependent DNA helicase 

RecQ (EC 3.6.1.-) 
0.836369 2.24845 Q63Q05 

BPSL3220 DNA-directed RNA polymerase 
subunit beta' (RNAP subunit beta') 
(EC 2.7.7.6) (RNA polymerase 
subunit beta') (Transcriptase subunit 
beta') 

-0.240833 2.6702 Q63Q04 

BPSL3221 DNA-directed RNA polymerase 
subunit beta (RNAP subunit beta) 
(EC 2.7.7.6) (RNA polymerase 
subunit beta) (Transcriptase subunit 
beta) 

-0.292068 2.42665 Q63Q03 

BPSL3223 50S ribosomal protein L10 -0.402869 2.16426 Q63Q01 
BPSL3224 50S ribosomal protein L1 -0.442391 3.83832 Q63Q00 
BPSL3225 50S ribosomal protein L11 -0.569465 2.37657 Q63PZ9 
BPSL3242 NADP-dependent malic enzyme 

(EC 1.1.1.40) 
0.853414 3.68344 Q63PY2 

BPSL3243 Orotate phosphoribosyltransferase 
(OPRT) (OPRTase) (EC 2.4.2.10) 

0.697278 3.03067 Q63PY1 

BPSL3245 Putative flavoprotein (Regulator) 0.988743 3.18457 Q63PX9 
BPSL3253 Putative oxidoreductase -0.81646 2.94062 Q63PX1 
BPSL3271 Putative cytochrome c-551 2.84239 1.76481 Q63PV1 
BPSL3272 Putative lipoprotein 0.60039 2.11078 Q63PV0 
BPSL3286 Putative dienelactone hydrolase -1.11206 2.7351 Q63PT6 
BPSL3299 Protein phosphatase CheZ (EC 

3.1.3.-) (Chemotaxis protein CheZ) 
-1.95874 3.57039 Q63PS4 

BPSL3300 Chemotaxis protein CheY -1.59717 3.36162 Q63PS3 
BPSL3301 Chemotaxis response regulator 

protein-glutamate methylesterase 1 
(EC 3.1.1.61) 

-2.48162 6.02725 Q63PS2 

BPSL3304 Methyl-accepting chemotaxis 
protein I 

-2.94959 5.32571 Q63PR9 
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BPSL3305 Chemotaxis protein CheW -2.78587 4.38183 H7C775 
BPSL3306 Chemotaxis two-component sensor 

kinase CheA (EC 2.7.3.-) 
-5.10385 3.28935 Q63PR7 

BPSL3319 Flagellin -3.38141 5.81205 H7C7G3 
BPSL3327 Putative short chain dehydrogenase -2.18817 2.84639 Q63PP6 
BPSL3333 Acid phosphatase 0.894183 3.70747 Q63PP0 
BPSL3336 Putative lipoprotein -0.817248 3.31087 Q63PN7 
BPSL3338 Putative methyl-accepting 

chemotaxis protein 
-2.93811 1.95167 Q63PN5 

BPSL3340 Putative chitin-binding protein -1.31839 3.34728 Q63PN3 
BPSL3342 Putative bacteriophage protein -0.919477 2.22362 Q63PN1 
BPSL3358 Putative oxidoreductase 0.580114 2.15317 Q63PL6 
BPSL3360 Aminomethyltransferase (EC 

2.1.2.10) (Glycine cleavage system 
T protein) 

-0.522493 2.89574 Q63PL4 

BPSL3366 Acetolactate synthase isozyme II 
large subunit (EC 2.2.1.6) 

-0.738932 2.18337 Q63PK8 

BPSL3369 Acetaldehyde dehydrogenase (EC 
1.2.1.3) 

-0.833391 4.56479 Q63PK5 

BPSL3388 Putative periplasmic amino acid 
binding transport protein 

-1.21687 6.47087 Q63PI9 

BPSL3389 Delta-1-pyrroline-5-carboxylate 
dehydrogenase (P5C 
dehydrogenase) (EC 1.2.1.88) (L-
glutamate gamma-semialdehyde 
dehydrogenase)];Bifunctional 
protein PutA [Includes: Proline 
dehydrogenase (EC 1.5.5.2) 
(Proline oxidase) 

-0.485742 2.40542 Q63PI8 

BPSL3395 ATP synthase epsilon chain (ATP 
synthase F1 sector epsilon subunit) 
(F-ATPase epsilon subunit) 

-0.786741 2.53364 Q63PI1 

BPSL3396 ATP synthase subunit beta 1 (EC 
3.6.3.14) (ATP synthase F1 sector 
subunit beta 1) (F-ATPase subunit 
beta 1) 

-0.51065 3.31169 Q63PI0 

BPSL3397 ATP synthase gamma chain (ATP 
synthase F1 sector gamma subunit) 
(F-ATPase gamma subunit) 

-0.478143 1.98296 Q63PH9 

BPSL3398 ATP synthase subunit alpha 1 (EC 
3.6.3.14) (ATP synthase F1 sector 
subunit alpha 1) (F-ATPase subunit 
alpha 1) 

-0.665633 3.7275 Q63PH8 

BPSL3400 ATP synthase subunit b (ATP 
synthase F(0) sector subunit b) 
(ATPase subunit I) (F-type ATPase 
subunit b) (F-ATPase subunit b) 

-0.48831 1.77345 Q63PH6 

BPSL3426 Putative two-component response 
regulator 

0.747735 3.09909 Q63PF0 

BPSL3429 Putative NADH-dependent flavin 
oxidoreductase 

-1.6314 2.88107 Q63PE7 

BPSL3431 Putative MarR-family transcriptional 
regulator 

-0.671855 3.42447 Q63PE5 

BPSS0017 Putative D-beta-hydroxybutyrate 
dehydrogenase 

3.60553 5.41186 Q63PC8 

BPSS0024 Uncharacterized protein -2.91192 3.2617 Q63PC1 
BPSS0034 Putative fatty aldehyde 

dehydrogenase 
-0.620459 3.24938 Q63PB1 
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BPSS0058 UvrABC system protein A -0.643096 1.96341 Q63P87 
BPSS0060B Putative H-NS-like DNA-binding 

protein 
-1.97732 4.3271 Q63P84 

BPSS0077 Putrescine-binding periplasmic 
protein 

-1.7661 3.39279 Q63P70 

BPSS0078; 
BPSS1213 

Uncharacterized protein 1.1305 3.34961 Q63L00; 
Q63P68 

BPSS0079; 
BPSS1212 

Uncharacterized protein 1.25259 3.55286 Q63P67; 
Q63L01 

BPSS0140 Putative sugar ABC transport 
system, lipoprotein 

-0.907371 2.77802 Q63P08 

BPSS0145 ATP-independent RNA helicase 1.1294 2.37167 Q63P03 
BPSS0153 Glutamate/aspartate periplasmic 

binding protein 
-0.76208 1.89439 Q63NZ5 

BPSS0156 Putative dehydrogenase -0.744427 2.07607 Q63NZ2 
BPSS0190 Putative O-acetylhomoserine -0.783901 3.42252 Q63NV9 
BPSS0206 2-methylisocitrate lyase (2-MIC) 

(MICL) (EC 4.1.3.30) ((2R,3S)-2-
methylisocitrate lyase) 

0.297624 2.0772 Q63NU3 

BPSS0212 Uncharacterized protein -2.24575 5.27516 Q63NT7 
BPSS0213 Uncharacterized protein -2.45788 4.82632 Q63NT6 
BPSS0214 Putative heme/metallo cofactor 

biosynthesis related protein 
-4.24947 5.04274 Q63NT5 

BPSS0215 Methyl-accepting chemotaxis 
protein 

-4.79205 4.42035 Q63NT4 

BPSS0227 Putative membrane protein 0.379306 2.1918 Q63NS2 
BPSS0230 Glyoxalase/Bleomycin resistance 

protein/Dioxygenase superfamily 
protein 

-1.63437 3.02621 Q63NR9 

BPSS0257 Putative ribose ABC transport 
system, substrate-binding exported 
protein 

-2.8694 1.84753 Q63NP3 

BPSS0265 Putative porin-related protein -1.06032 2.92424 Q63NN5 
BPSS0275 Beta-ketoadipyl CoA thiolase -0.373422 2.00274 H7C731 
BPSS0276 Aerotaxis receptor -2.23122 5.19883 Q63NM3 
BPSS0277 Putative methyltransferase -3.45592 5.23166 Q63NM2 
BPSS0278 Putative oxygenase -3.09148 5.02052 Q63NM1 
BPSS0279 Putative rieske iron-sulfur protein -2.17668 1.90246 Q63NM0 
BPSS0296 Putative GntR-family transcriptional 

regulator 
-0.906795 1.92082 Q63NK3 

BPSS0299 Putative fatty-acid CoA ligase 2.68931 4.79724 Q63NK0 
BPSS0304 Uncharacterized protein 1.61453 3.82301 Q63NJ5 
BPSS0305 Putative ketol-acid 

reductoisomerase 
2.38042 5.31794 Q63NJ4 

BPSS0306 Putative multifunctional polyketide-
peptide syntase 

2.38981 4.85368 Q63NJ3 

BPSS0307 Putative aldehyde dehydrogenase 2.48971 5.64892 Q63NJ2 
BPSS0308 Putative aminotransferase 3.18438 2.91879 Q63NJ1 
BPSS0309 Putative peptide synthase 

regulatory protein 
2.29103 5.5532 Q63NJ0 

BPSS0310 Uncharacterized protein 3.52189 4.69951 Q63NI9 
BPSS0311 Putative multifunctional polyketide-

peptide syntase 
2.85416 7.47293 Q63NI8 

BPSS0322 Putative iron-sulfur binding protein -2.36069 2.10244 Q63NH7 
BPSS0354 Putative D-beta-hydroxybutyrate 

dehydrogenase 
0.311052 2.5425 Q63NE5 

BPSS0355 Aminotransferase (EC 2.6.1.-) 0.713026 3.09126 Q63NE4 
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BPSS0356 UvrABC system protein B (Protein 
UvrB) (Excinuclease ABC subunit 
B) 

0.700188 2.05484 Q63NE3 

BPSS0357 Putative exported protein -3.92836 1.8829 Q63NE2 
BPSS0372 Fumarate hydratase class I (EC 

4.2.1.2) 
0.799272 4.19158 Q63NC7 

BPSS0418 Putative transport-related 
membrane protein 

-4.14064 4.41529 Q63N77 

BPSS0419 Glucose-1-phosphate 
cytidylyltransferase (O-antigen-
related) (EC 2.7.7.33) 

-0.997605 3.09176 Q63N76 

BPSS0422 Putative aminotransferase -1.18071 4.49793 Q63N73 
BPSS0460 Putative methyl-accepting 

chemotaxis protein 
-3.0476 4.03845 Q63N37 

BPSS0492 Alkyl hydroperoxide reductase 
protein 

-1.46773 1.874 Q63N06 

BPSS0493 Putative chitin-binding protein -0.66549 2.41293 Q63N05 
BPSS0507 2-aminoethylphosphonate--pyruvate 

transaminase (EC 2.6.1.37) (2-
aminoethylphosphonate 
aminotransferase) (AEP 
transaminase) (AEPT) 

-0.865136 2.02184 Q63MZ1 

BPSS0514 Acetyl-CoA hydrolase/transferase -0.865135 3.00235 Q63MY4 
BPSS0543 Putative levansucrase (EC 2.4.1.10) -1.17327 2.71401 Q63MV5 
BPSS0614 Putative membrane protein -2.89432 3.49304 Q63MN6 
BPSS0679 Putative oxidoreductase beta 

subunit 
-1.12353 3.17266 Q63MH9 

BPSS0707 Uncharacterized protein 1.40984 2.37558 Q63MF0 
BPSS0708 Putative porin protein -0.809262 2.39874 Q63ME9 
BPSS0713 Uncharacterized protein 2.98775 2.35827 Q63ME4 
BPSS0715 Putative exported protein -0.894579 1.97392 Q63ME2 
BPSS0721 Enoyl-[acyl-carrier-protein] 

reductase [NADH] (EC 1.3.1.9) 
-0.664534 2.33243 Q63MD6 

BPSS0748 Putative exported protein -3.03487 4.1221 Q63MB2 
BPSS0767 Uncharacterized protein -1.46037 3.74281 Q63M93 
BPSS0772 MarR family regulatory protein 2.6449 1.861 Q63M87 
BPSS0802 Putative extracellular ligand binding 

protein 
-0.322135 1.81307 Q63M59 

BPSS0817 Uncharacterized protein 1.28712 4.44449 Q63M43 
BPSS0836 Universal stress protein -0.785757 2.64025 Q63M24 
BPSS0837 Uncharacterized protein -1.15664 4.6652 Q63M23 
BPSS0838 Universal stress protein -1.31621 3.62655 Q63M22 
BPSS0839 Uncharacterized protein -1.24264 3.78707 Q63M21 
BPSS0840 Zinc-binding dehydrogenase -0.813279 2.59337 Q63M20 
BPSS0846 Uncharacterized protein 0.774731 2.80299 Q63M13 
BPSS0882 Uncharacterized protein -1.20044 3.26159 Q63LY0 
BPSS0890 Putative NADH 

dehydrogenase/NAD(P)H 
nitroreductase BPSS0890 (EC 1.-.-
.-) 

0.663329 2.70743 Q63LX2 

BPSS0892 IclR family regulatory protein 1.03117 3.48558 Q63LX0 
BPSS0913 Putative cystathionine gamma-

synthase 
-0.446708 2.01055 Q63LU9 

BPSS0934 Uncharacterized protein 2.96819 2.64021 Q63LS8 
BPSS0954; 
BPSS0964 

Periplasmic solute-binding 
protein;Putative extracellular solute-
binding protein 

-1.05753 2.90918 Q63LP9; 
Q63LQ9 

BPSS0961 Uncharacterized protein 0.563867 1.94443 Q63LQ2 
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BPSS0962 Extracellular serine protease (EC 
3.4.21.-) 

-0.730698 2.5042 Q63LQ1 

BPSS0965 Putative oxalate decarboxylase -1.76202 4.43424 Q63LP8 
BPSS0984 Putative UDP-N-acetylglucosamine 

1-carboxyvinyltransferase 
1.11138 3.1965 Q63LM9 

BPSS0993 Catalase (EC 1.11.1.6) 2.93773 1.81227 Q63LM2 
BPSS1045 Uncharacterized protein -2.52749 3.00028 Q63LH0 
BPSS1046 Uncharacterized protein -1.46906 2.30688 Q63LG9 
BPSS1059 Putative bacteriophage gp31 protein 0.842875 2.62395 Q63LF1 
BPSS1076 Hypothetical bacteriophage protein -2.6946 5.6361 Q63LD3 
BPSS1094 Uncharacterized protein 0.842597 2.26625 Q63LB4 
BPSS1095 Putative heat-shock chaperone 

protein 
0.730575 4.13942 Q63LB3 

BPSS1096 Putative chaperone heat-shock 
protein 

3.59052 2.27146 Q63LB2 

BPSS1101 Putative exported protein -1.18179 2.22103 Q63LA7 
BPSS1102 Uncharacterized protein -1.42294 4.98647 Q63LA6 
BPSS1104 Putative phosphomethylpyrimidine 

kinase 
0.921076 2.58917 Q63LA4 

BPSS1105 Putative methyltransferase protein 0.691441 1.84099 Q63LA3 
BPSS1106 Putative thymidylate synthase 

protein 
1.34939 2.20477 Q63LA2 

BPSS1114 ATP-dependent zinc 
metalloprotease FtsH (EC 3.4.24.-) 

-0.780205 3.68653 Q63L94 

BPSS1120; 
BPSL0816 

Outer membrane efflux 
protein;Putative outer membrane 
efflux protein 

0.346019 2.13006 Q63WS6; 
Q63L88 

BPSS1126 Putative O-methyltransferase -0.901145 2.41147 Q63L82 
BPSS1127 Putative glyoxylase/bleomycin 

resistance protein/dioxygenase 
superfamily protein 

-0.990695 3.74502 Q63L81 

BPSS1130 Uncharacterized protein -1.7908 2.79824 Q63L78 
BPSS1140 Putative universal stress family 

protein 
-0.570889 2.0329 Q63L68 

BPSS1170 Putative non-ribosomal peptide 
synthase/polyketide synthase 

-0.553646 2.48817 Q63L38 

BPSS1173 Putative non-ribosomal 
peptide/polyketide synthase protein 

-0.50087 3.73491 Q63L35 

BPSS1181 Putative surfactin/non-ribosomally 
encoded peptide/polyketide 
synthase 

0.601185 3.04135 Q63L27 

BPSS1182 Putative acyl carrier protein 1.29369 2.61813 Q63L26 
BPSS1191 Putative 1-aminocyclopropane-1-

carboxylate deaminase 
-0.858272 3.94719 Q63L20 

BPSS1196 Putative SyrP-like protein -0.669032 2.04123 Q63L15 
BPSS1203 Aspartate carbomyltransferase -0.985294 3.20927 Q63L08 
BPSS1227 Uncharacterized protein 0.727747 2.02667 Q63KY6 
BPSS1249 Putative lipoprotein 0.376311 2.15247 Q63KW4 
BPSS1250 Putative acetylpolyamine 

aminohydrolase 
-2.49746 1.98585 Q63KW3 

BPSS1251 Putative N-carbamoyl-L-amino acid 
amidohydrolase 

-3.11836 2.95569 Q63KW2 

BPSS1258 Putative 
oxidoreductase/dehydrogenase 

1.50686 6.13455 Q63KV6 

BPSS1259 Putative iron-containing alcohol 
dehydrogenase 

2.9959 2.85631 Q63KV5 

BPSS1263 Putative membrane protein 0.653157 1.84303 Q63KV1 
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BPSS1266 Putative peptide/siderophore 
synthetase 

0.853536 2.85716 Q63KU8 

BPSS1270 Uncharacterized protein 2.3077 2.36986 Q63KU4 
BPSS1295 Phospho-2-dehydro-3-

deoxyheptonate aldolase (EC 
2.5.1.54) (3-deoxy-D-arabino-
heptulosonate 7-phosphate 
synthase) (DAHP synthase) 
(Phospho-2-keto-3-deoxyheptonate 
aldolase) 

0.728472 1.77848 Q63KR7 

BPSS1310 Putative BCCT 
(Betaine/carnitine/choline) family 
transporter 

2.0356 3.17036 Q63KQ2 

BPSS1326 Uncharacterized protein 1.14039 2.47778 Q63KN5 
BPSS1333 S-adenosyl-L-methionine-

dependent methyltransferase (EC 
2.1.1.-) 

1.13652 4.1408 Q63KM8 

BPSS1354 NAD/NADP-dependent betaine 
aldehyde dehydrogenase (BADH) 
(EC 1.2.1.8) 

-0.479718 5.21744 Q63KK8 

BPSS1355 Oxygen-dependent choline 
dehydrogenase (CDH) (CHD) (EC 
1.1.99.1) (Betaine aldehyde 
dehydrogenase) (BADH) (EC 
1.2.1.8) 

-0.815865 2.665 Q63KK7 

BPSS1420 Uncharacterized protein 0.948247 1.74453 Q63KE0 
BPSS1442 Uncharacterized protein 0.718416 3.42372 Q63KC2 
BPSS1447 Putative biotin-dependent carboxyl 

transferase 
0.531277 2.3502 Q63KB7 

BPSS1454 Uncharacterized protein -1.16545 6.67403 Q63KB2 
BPSS1466 Putative aldehyde dehydrogenase 

family protein 
0.799691 4.65964 Q63KA0 

BPSS1467 Putative aminotransferase protein 1.22225 3.31929 Q63K99 
BPSS1471 TetR family transcriptional regulator 1.0377 2.99206 Q63K94 
BPSS1483 Putative TetR family transcriptional 

regulator 
1.23479 2.16585 Q63K82 

BPSS1562 Kumamolisin 0.589092 1.92799 Q63K04 
BPSS1588 Putative exported protein -4.46335 4.91195 Q63JX6 
BPSS1634 Probable non-ribosomal peptide 

synthetase 
1.37922 3.4887 Q63JT0 

BPSS1636 Pyruvate dehydrogenase 
[cytochrome] (EC 1.2.2.2) 

-1.43017 4.38527 Q63JS8 

BPSS1637 4-hydroxybutyrate CoA transferase -2.25937 4.4893 Q63JS7 
BPSS1638 Putative hydratase -2.26379 4.76901 Q63JS6 
BPSS1639 Putative citrate lyase beta chain (EC 

4.1.3.6) 
-3.14544 2.4824 Q63JS5 

BPSS1652 Putative patatin-like protein -1.96761 4.55284 Q63JR4 
BPSS1664 Protein FdhE homolog 0.942855 2.77832 Q63JQ2 
BPSS1679 Putative porin related exported 

protein 
-0.330629 1.82571 Q63JN8 

BPSS1688 GDP-mannose 4,6-dehydratase (EC 
4.2.1.47) (GDP-D-mannose 
dehydratase) 

-1.45448 4.26399 Q63JM9 

BPSS1705 3-isopropylmalate dehydrogenase 
(EC 1.1.1.85) (3-IPM-DH) (Beta-IPM 
dehydrogenase) (IMDH) 

0.759566 2.51941 Q63JL2 

BPSS1707 3-isopropylmalate dehydratase 
large subunit (EC 4.2.1.33) (Alpha-

0.59252 2.10813 Q63JK9 
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IPM isomerase) (IPMI) 
(Isopropylmalate isomerase) 

BPSS1724 Putative exported protein 0.453859 3.1607 Q63JJ2 
BPSS1742 Putative outer membrane copper 

receptor 
-1.22117 4.17074 Q63JH4 

BPSS1753 Uncharacterized protein -3.7624 4.95902 Q63JG3 
BPSS1762 1-deoxy-D-xylulose-5-phosphate 

synthase (EC 2.2.1.7) (1-
deoxyxylulose-5-phosphate 
synthase) (DXP synthase) (DXPS) 

-0.626574 2.55232 Q63JF4 

BPSS1763 Geranyltranstransferase (EC 
2.5.1.10) 

-0.528804 1.9971 Q63JF3 

BPSS1767 Putative 
carboxymethylenebutenolidase (EC 
3.1.1.45) 

-0.698308 2.03845 Q63JE9 

BPSS1769 NADH dehydrogenase (EC 
1.6.99.3) 

-0.775155 1.78584 Q63JE7 

BPSS1770 DNA polymerase I (EC 2.7.7.7) 0.77318 3.80966 Q63JE6 
BPSS1771 Cytokinin riboside 5'-

monophosphate 
phosphoribohydrolase (EC 3.2.2.n1) 

0.739147 1.83727 Q63JE5 

BPSS1779 Homoserine kinase (HK) (HSK) (EC 
2.7.1.39) 

0.677708 1.94492 Q63JD9 

BPSS1782 Organic hydroperoxide resistance 
protein 

-1.18847 2.13765 Q63JD6 

BPSS1794 Uncharacterized protein 0.89001 2.83046 Q63JC4 
BPSS1813 Putative non-ribosomal peptide 

synthase related protein 
-0.583126 2.31429 Q63JA5 

BPSS1823 Peptidyl-prolyl cis-trans isomerase 
(EC 5.2.1.8) 

0.984359 2.42467 Q63J95 

BPSS1830 Putative exopolysaccharide 
biosynthesis related tyrosine-protein 
kinase 

-1.90687 1.92699 Q63J88 

BPSS1835; 
BPSL0605 

Putative LPS biosynthesis 
mannose-1-phosphate 
guanylyltransferase;Putative 
mannose-1-phosphate 
guanylyltransferase (EC 2.7.7.22) 

-1.23341 3.39771 Q63J83; 
Q63XD1 

BPSS1846 Putative membrane protein 0.379468 2.25846 Q63J72 
BPSS1861 Uncharacterized protein 0.640179 2.25242 Q63J57 
BPSS1869 Putative dehalogenase 1.21688 3.07789 Q63J48 
BPSS1875 Putative chemotaxis-related protein 0.986425 4.02328 Q63J42 
BPSS1884 Uncharacterized protein -0.677235 3.02525 Q63J32 
BPSS1903 Benzoate 1,2-dioxygenase alpha 

subunit (EC 1.14.12.10) 
-1.88306 1.99078 Q63J13 

BPSS1904 Benzoate 1,2-dioxygenase beta 
subunit (EC 1.14.12.10) 

-3.91284 3.63041 Q63J12 

BPSS1915 Putative metallo-beta-lactamase 
family protein 

-1.94255 5.06639 Q63J01 

BPSS1916 Acetoacetyl-CoA reductase (EC 
1.1.1.36) 

-0.866921 3.82615 Q63J00 

BPSS1924 Uncharacterized protein -0.628442 1.96171 Q63IZ2 
BPSS1944 Alcohol dehydrogenase (EC 1.1.1.1) -0.767896 2.27579 Q63IX2 
BPSS1946 ATP synthase subunit alpha 2 (EC 

3.6.3.14) (ATP synthase F1 sector 
subunit alpha 2) (F-ATPase subunit 
alpha 2) 

-1.1516 2.60778 Q63IX0 
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BPSS1947 ATP synthase subunit b (ATP 
synthase F(0) sector subunit b) 
(ATPase subunit I) (F-type ATPase 
subunit b) (F-ATPase subunit b) 

-0.820144 2.11131 Q63IW9 

BPSS1953 ATP synthase subunit beta 2 (EC 
3.6.3.14) (ATP synthase F1 sector 
subunit beta 2) (F-ATPase subunit 
beta 2) 

-0.671382 2.26767 Q63IW3 

BPSS1954 Putative polymerase -0.732302 2.64589 Q63IW2 
BPSS1955 Putative phosphate 

acetyltransferase/enoyl-CoA 
hydratase fusion protein 

-0.947781 2.75905 Q63IW1 

BPSS1956 Acetate kinase (EC 2.7.2.1) 
(Acetokinase) 

-0.790222 3.80136 Q63IW0 

BPSS1957 Phosphofructokinase -2.15757 2.08956 Q63IV9 
BPSS1958 Uncharacterized protein -1.30479 3.9537 Q63IV8 
BPSS1959 Cytidine deaminase (EC 3.5.4.5) 

(Cytidine aminohydrolase) 
-1.6331 5.16438 Q63IV7 

BPSS1996 Putative exported protein 1.85205 1.94883 Q63IS0 
BPSS2098 Uncharacterized protein 4.49016 3.37827 Q63IH5 
BPSS2099 Uncharacterized protein 3.99175 4.2753 Q63IH4 
BPSS2128 Putative indole acetamide hydrolase 0.399762 2.78888 Q63IE5 
BPSS2131 Uncharacterized protein 0.908048 2.41725 Q63IE2 
BPSS2134 Uncharacterized protein 0.931922 1.91856 Q63ID7 
BPSS2165 Uncharacterized protein 0.866091 2.9006 Q63IA6 
BPSS2249 Putative sigma-54 interacting 

response regulator 
-3.31144 2.34343 Q63I20 

BPSS2284 Uncharacterized protein -0.989661 2.46172 Q63HY5 
BPSS2288 HSP20/alpha crystallin family 

protein 
-1.73629 3.04972 Q63HY1 

BPSS2308 Putative exported protein 1.74256 3.24181 Q63HW1 
BPSS2316 Putative exported protein 0.874731 3.29113 Q63HV4 
BPSS2346 Uncharacterized protein -1.11934 3.99671 Q63HS4 
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Appendix 4 – Characterisation of BpsΔppiA 

 

 
Figure A4.1 Pearson correlation of LFQ replicates. To enable the assessment of 
reproducibility and similarity between replicates, the Pearson correlation values for the unimputed 
LFQ values are provided below. The corresponding heatmap depicts each replicate with the 
numerical Pearson correlation value for each pair-wise comparison provided. 
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Table A4.1 Table of proteins significantly changed in Bps∆ppiA relative to BpsWT and 
their KEGG orthologies. 

Gene Protein Fold 
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-Log10 p 
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UniProt ID 

BPSL0016 General secretory pathway protein L -0.434406 2.06157 Q63Z21 
BPSL0026 Flagellar protein 1.93981 2.80879 Q63Z11 
BPSL0027 Flagellar motor switch protein 3.62279 2.19418 Q63Z10 
BPSL0028 Probably flagellar motor switch 

protein 
2.19417 2.42174 Q63Z09 

BPSL0064 Alpha-methylacyl-CoA racemase -1.85701 2.85524 Q63YX6 
BPSL0075 Chromosomal replication initiator 

protein 
0.307248 1.95777 Q63YW5 

BPSL0079 Uncharacterised protein (HTH of a 
transcriptional regulator) 

-4.95088 4.38104 Q63YW0 

BPSL0096 Spemidine n(1)-acetyltransferase -1.37146 2.58723 Q63YU3 
BPSL0097 Putative exported protein -2.8911 3.10664 Q63YU2 
BPSL0100 Methylated-DNA--protein-cysteine 

methyltransferase 
-6.17824 3.76193 Q63YT9 

BPSL0106 Putative exported protein (related to 
cpxP which is a global modulator of 
cell-envelope stress in Gram 
negative bacteria) 

-2.26693 3.39484 Q63YT3 

BPSL0113 Uncharacterised protein -1.33722 2.16983 Q63YS6 
BPSL0117 LysR amily transcription regulatory 

protein 
0.960423 2.60522 Q63YS1 

BPSL0118 Putative DNA topoisomerase III -0.351768 2.06734 Q63YS0 
BPSL0178 7-carboxy-7-deazaguanine 

synthase 
0.695647 4.39584 Q63YK9 

BPSL0179 6-pyruvoyl tetrahydropterin 
synthase 

1.11276 2.71533 Q63YK8 

BPSL0186 Putative rod-shape determining 
protein 

0.471168 2.22028 Q63YK1 

BPSL0189 Aspartyl/glutamyl-tRNA (Asn/Gln) 
amidotransferase subunit B 

0.435778 1.96792 Q63YJ8 

BPSL0222 Aldehyde dehydrogenase -0.561256 2.46267 Q63YG5 
BPSL0224 Putative GMC oxidoreductase -1.75528 1.97552 Q63YG3 
BPSL0237 Uncharacterised protein -0.473049 2.52086 Q63YF0 
BPSL0241 Ferredoxin--NADP reductase 0.934275 3.44941 Q63YE7 
BPSL0246 Putative FAD dependent 

oxidoreductase 
-0.869805 2.83356 Q63YE2 

BPSL0249 Putative periplasmic dipeptide 
transport protein 

0.499419 1.87354 Q63YD9 

BPSL0250 Putative dipeptide transport system 
permease protein 

1.33127 2.94969 Q63YD8 

BPSL0252 Putative dipeptide transport system 
ATP-binding protein 

0.849278 2.95019 Q63YD6 

BPSL0253 Putative dipeptide transport system 
ATP-binding protein 

0.644535 2.19565 Q63YD5 

BPSL0261 5-formyltetrahydrofolate cyclo-ligase 0.638732 2.94342 Q63YC7 
BPSL0262 Putative transglycosylase -0.305759 2.97853 Q63YC6 
BPSL0287 Uncharacterised protein 

(alkylphosphonate utilisation operon 
protein PhnA?) 

0.766922 2.62097 Q63YA1 

BPSL0289 Putative outer membrane porin 
protein 

2.23477 5.67882 Q63Y99 

BPSL0302 Putative cation transporting P-type 
ATPase 

-1.85249 2.391 Q63Y86 

BPSL0303 Putative lipoprotein -1.93713 2.93913 Q63Y85 
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BPSL0312 Glutamine--fructose-6-phosphate 
aminotransferase 

0.629655 2.64604 Q63Y76 

BPSL0317 Uncharacterised protein 0.807688 2.89072 Q63Y71 
BPSL0324 Putative sodium bile acid symporter 

family protein 
-4.36385 5.01663 Q63Y64 

BPSL0328 Putative 2-nitropropane 
dioxygenase 

0.68152 2.53757 Q63Y60 

BPSL0338 Non-haemolytic phospholipase C -0.93819 3.15878 Q63Y50 
BPSL0348 Uncharacterised protein -8.13522 4.50684 Q63Y40 
BPSL0349 Uncharacterised protein -3.29331 5.75164 Q63Y39 
BPSL0374 Metallo-beta-lactamase superfamily 

protein 
1.18569 2.12241 Q63Y15 

BPSL0376 Extracellular solute-binding protein 0.848803 2.59163 Q63Y13 
BPSL0378 MarR family regulatory protein 0.891427 2.11094 Q63Y11 
BPSL0379 Putative short chain dehydrogenase 1.05224 2.57107 Q63Y10 
BPSL0386 Putative 5-methyltetrahydrofolate--

homocysteine methyltransferase 
-0.581856 2.53045 Q63Y03 

BPSL0394 Uncharacterised protein 0.837897 2.34553 Q63XZ5 
BPSL0397 Type III pantothenate kinase 4.31044 3.41008 Q63XZ2 
BPSL0442 C-terminal processing protease-3 0.247318 2.01072 Q63XU8 
BPSL0451 Malonyl-[acyl-carrier protein] O-

methyltransferase 
-0.61876 2.47106 Q63XT9 

BPSL0453 Cytochrome C oxidase subunit 2 -0.620214 3.47695 Q63XT7 
BPSL0466 Lipoprotein 0.65719 2.23803 Q63XS3 
BPSL0467 Putative exported protein 2.3438 5.67966 Q63XS2 
BPSL0469 ABC transport system ATP-binding 

protein 
5.06116 4.46524 H7C784 

BPSL0473 Uncharacterised protein -7.2373 4.62577 Q63XR7 
BPSL0475 Putative fatty acid desaturase -6.25838 4.72071 Q63XR5 
BPSL0476 Putative diaminobutyrate--2-

oxoglutarate aminotransferase 
-8.77113 4.54472 Q63XR4 

BPSL0478 Putative membrane protein; ABC 
type-2 transporter permease protein 

-6.09908 5.99002 Q63XR2 

BPSL0479 ABC transport system ATP-binding 
protein 

-8.67407 6.11714 Q63XR1 

BPSL0480 TauD domain-containing protein -9.09503 5.24874 Q63XR0 
BPSL0481 Methyltransf_25 domain-containing 

protein 
-7.89923 3.72795 Q63XQ9 

BPSL0482 Uncharacterised protein; citrate 
synthase-related protein 

-9.31176 8.77372 Q63XQ8 

BPSL0483 Uncharacterised protein; Acyl-CoA 
dehydrogenase domain-containing 
protein 

-9.45807 6.71432 Q63XQ7 

BPSL0484 Uncharacterised protein -10.0396 6.30355 Q63XQ6 
BPSL0485 Putative AMP-binding protein 

enzyme 
-9.60555 6.69308 Q63XQ5 

BPSL0486 Putative pyroxidal-dependent 
decarboxylase 

-9.54847 5.22388 Q63XQ4 

BPSL0487 ACP_syn_III domain-containing 
protein 

-9.14931 7.45685 Q63XQ3 

BPSL0488 Uncharacterised protein -6.97628 3.01482 Q63XQ2 
BPSL0489 Uncharacterised protein -6.62238 5.252 Q63XQ1 
BPSL0490 Uncharacterised protein -5.57612 3.62167 Q63XQ0 
BPSL0492 Uncharacterised protein -9.24687 5.49613 Q63XP8 
BPSL0493 Putative AMP-binding enzyme -7.52723 3.56487 Q63XP7 
BPSL0494 LysR family regulatory protein -3.38875 3.97917 Q63XP6 
BPSL0501 Cytochrome D ubiquinol oxidase 

subunit II 
6.55217 3.88632 Q63XN8 
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BPSL0502 Cytochrome D ubiquinol oxidase 
subunit I 

6.3572 6.65154 Q63XN7 

BPSL0507 2-isopropylmalate synthase -3.94494 4.39439 Q63XN2 
BPSL0512;B
PSS1243 

Putative nitrite reductase [NAD(P)H] -5.75073 3.52169 Q63KX0;Q6
3XM7 

BPSL0527 Adenine DNA glycosylase 3.47238 3.71205 Q63XL3 
BPSL0532 Putative PTS system, EIIa 

component 
1.04698 1.95937 Q63XK8 

BPSL0540 Adenine phosphoribosyltransferase 1.12115 1.87564 Q63XK0 
BPSL0543 Formyltetrahydrofolate deformylase 0.871895 2.16559 Q63XJ7 
BPSL0547 Single-stranded DNA-binding 

protein 
0.471191 3.1643 Q63XJ3 

BPSL0569 VWFA domain-containing protein -0.895088 3.72091 Q63XH0 
BPSL0573 Putative exported protein -5.73821 5.0549 Q63XG6 
BPSL0574 Subtilase family protein -7.80149 5.11056 Q63XG5 
BPSL0594 Uncharacterised protein -4.75659 3.2138 Q63XE2 
BPSL0598 Uncharacterised protein -5.47222 2.38647 Q63XD8 
BPSL0599 Uncharacterised protein -4.33513 3.03909 Q63XD7 
BPSL0600 YcaO domain-containing protein -4.51858 3.59882 Q63XD6 
BPSL0605; 
BPSS1835 

Putative LPS biosynthesis 
mannose-1-phosphate 
guanyltransferase 

-7.80515 6.71082 Q63J83; 
Q63XD1 

BPSL0657 APH domain-containing protein 0.767252 2.08687 Q63X80 
BPSL0667 Glycine--tRNA ligase beta subunit 0.385803 2.57846 Q63X70 
BPSL0692 Gamma-glutamyltransferase 2 -1.69972 4.04375 Q63X45 
BPSL0705 DUF4142 domain-containing protein -6.86481 4.30016 Q63X32 
BPSL0707 FAD-binding PCMH-type domain-

containing protein 
-9.28322 5.18441 Q63X30 

BPSL0724 Putative thiamine pyrophosphate 
requiring enzyme 

-8.82453 4.28918 Q63X16 

BPSL0733 Putative exported protein -0.592264 1.94449 Q63X07 
BPSL0743 Abi_C domain-containing protein -1.37321 2.23367 Q63WZ7 
BPSL0747 Uncharacterised protein -1.12428 2.88505 Q63WZ3 
BPSL0751 Uncharacterised protein -1.30503 3.70525 Q63WY8 
BPSL0752 Uncharacterised protein -1.46651 3.95879 Q63WY7 
BPSL0753 Uncharacterised protein -2.09641 2.54285 Q63WY6 
BPSL0765 Putative helicase family protein -0.605787 2.13725 Q63WX6 
BPSL0766 Uncharacterised protein -0.613167 2.62596 Q63WX5 
BPSL0773 Putative transmembrane transport 

protein 
1.80292 2.77608 Q63WW8 

BPSL0779 Succinate--CoA ligase [ADP-
forming] subunit beta 

0.397012 2.52626 Q63WW2 

BPSL0780 Succinate--CoA ligase [ADP-
forming] subunit alpha 

0.326468 2.12215 Q63WW1 

BPSL0790 SnoaL-like domain-containing 
protein (polyketide cyclase) 

1.05528 3.4293 Q63WV1 

BPSL0791 Putative ADP-heptose--LPS 
heptosyltransferase II 

0.956807 2.1303 Q63WV0 

BPSL0793 Branched-chain-amino-acid 
aminotransferase 

0.689903 3.70627 Q63WU8 

BPSL0799 Phosphoribosylaminoimidazole-
succinocarboxamide synthase 

0.440636 2.35372 Q63WU2 

BPSL0801 N5-carboxyaminoimidazole 
ribonucleotide synthase 

0.765467 2.63838 Q63WU0 

BPSL0802 Threonylcarbamoyl-AMP synthase 0.480568 2.94044 Q63WT9 
BPSL0814 Putative RND family acriflavine 

resistance protein A 
0.513124 3.20305 Q63WS8 
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BPSL0851 Peptide methionine sulfoxide 
reductase (repair enyme for proteins 
inactivated by oxidation) 

-0.734283 1.88868 Q63WP0 

BPSL0853 Putative cyclopropane-fatty-acyl-
phospholipid synthase 

-1.59493 2.70542 Q63WN8 

BPSL0912 Quinolinate synthase A 1.31747 3.45637 Q63WH7 
BPSL0914 L-aspartate oxidase 0.803506 1.97201 Q63WH5 
BPSL0922 Putative ABC transporter ATP-

binding protein 
0.766218 2.20742 Q63WG6 

BPSL0923 Putative ABC transporter ATP-
binding ABC transporter protein 

1.14221 3.22446 Q63WG5 

BPSL0937 Putative class II aldolase -4.53886 3.91787 Q63WF1 
BPSL0940 Uncharacterised protein -1.64879 2.72219 Q63WE7 
BPSL0942 Uncharacterised protein -0.687173 3.80967 Q63WE5 
BPSL0944 Putative phage 

integrase/recombinase protein 
3.01987 2.05986 Q63WE3 

BPSL0945 Heicase ATP-binding domain-
containing protein 

-0.753446 2.4202 Q63WE2 

BPSL0946 Uncharacterised protein -0.504815 1.96818 Q63WE1 
BPSL0957 Uncharacterised protein 4.77722 2.77314 Q63WD1 
BPSL0958 Putative phosphoadenosine 

phosphosulfate reductase 
4.01543 1.91112 Q63WD0 

BPSL0959; 
BPSL2217 

Sulfate adenylyltransferase 0.844585 2.20035 Q63WC9; 
Q63SV4 

BPSL0973 EVE domain-containing protein -0.897016 3.09636 Q63WB5 
BPSL0982 Putative membrane protein -3.69527 2.57247 Q63WA6 
BPSL0998 Methionine--tRNA ligase 0.418825 2.86356 Q63W90 
BPSL0999 Putative OmpA family 

transmembrane protein 
-1.15768 1.88746 Q63W89 

BPSL1030 Histidine transport ATP-binding 
protein 

0.680915 1.92748 Q63W60 

BPSL1036 Putative two-component system, 
response regulator 

1.55612 3.78018 Q63W54 

BPSL1037 Putative two-component system, 
sensor kinase 

2.02084 3.2193 Q63W53 

BPSL1044 Trehalose-6-phosphate synthase -2.84172 7.87037 Q63W45 
BPSL1045 AAA_28 domain-containing protein -3.91393 3.46476 Q63W44 
BPSL1046 Putative membrane protein -3.87698 2.35232 Q63W43 
BPSL1057 Putative exported protein -1.34488 2.68926 Q63W35 
BPSL1067 DUF4399 domain-containing protein -1.34188 4.19611 Q63W26 
BPSL1068 Putative ABC transport system, 

ATP-binding protein 
0.540268 2.19739 Q63W25 

BPSL1069 DNA topoisomerase 4 subunit B 0.485242 2.05409 Q63W24 
BPSL1070 DNA topoisomerase 4 subunit A 0.411724 2.69199 Q63W23 
BPSL1080 Putative membrane protein -3.84893 2.31381 Q63W14 
BPSL1083 Putative aminotransferase 0.765731 2.33754 Q63W11 
BPSL1085 Glyoxalase-like_dom domain-

containing protein 
-1.30174 3.04073 Q63W09 

BPSL1091 Uncharacterised protein 0.659806 1.90577 Q63W04 
BPSL1094 3-dmu-9_3-mt domain-containing 

protein 
0.957877 1.92529 Q63W01 

BPSL1122 Putative glycosyl transferase (LPS 
biosynthesis-related) 

1.0621 2.05208 Q63VX3 

BPSL1137 AAA_31 domain-containing protein 5.86543 2.62008 Q63VV8 
BPSL1169 Quinone oxidoreductase -1.38651 3.65 Q63VS5 
BPSL1172 Potassium-transporting ATPase 

ATP-binding subunit 
-4.512 2.90129 Q63VS2 
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BPSL1214 NADH-quinone oxidoreductase 
subunit D 

0.463594 2.37683 Q63VN0 

BPSL1217 NADH-quinone oxidoreductase 0.425292 2.43977 Q63VM7 
BPSL1219 NADH-quinone oxidoreductase 

subunit I 
0.5903 2.33947 Q63VM5 

BPSL1220 NADH-quinone oxidoreductase 
subunit J 

0.546798 2.0852 Q63VM4 

BPSL1228 Putative acyl-CoA dehydrogenase 
family protein 

0.961932 2.07553 Q63VL6 

BPSL1229 Putative acyl-CoA dehydrogenase 
family protein 

0.908653 1.91385 Q63VL5 

BPSL1230 MaoC-like domain-containing 
protein 

0.654113 2.16105 Q63VL4 

BPSL1234 Putative acyl-CoA dehydrogenase 
family protein 

-0.77812 2.1681 Q63VL1 

BPSL1235 Putative phosphotransferase -0.550951 2.47757 Q63VL0 
BPSL1247 Subfamily M24B unassigned 

peptidase 
-2.75717 3.15036 Q63VJ8 

BPSL1252 Putative phosphorous compounds 
metabolism-related protein 

4.73617 4.79077 Q63VJ3 

BPSL1256 Putative cytochrome c 2.80971 4.24655 Q63VI9 
BPSL1257 Putative cytochrome c 4.85832 3.57055 Q63VI8 
BPSL1260 Cytochrome c oxidase subunit 1 3.03917 2.95883 Q63VI5 
BPSL1261 Putative cytochrome c related 

protein 
3.87847 2.78926 Q63VI4 

BPSL1268 Putative transport system, 
membrane protein 

1.41219 2.38185 Q63VH7 

BPSL1273 Putative exported protein -2.99394 5.03474 Q63VH2 
BPSL1278 Putative ABC transport system, 

iron-binding exported protein 
0.702685 3.13254 Q63VG7 

BPSL1290 Phosphomethylpyrimidine synthase 1.07693 2.31172 Q63VF5 
BPSL1299 3',5'-cyclic adenosine 

monophosphate phosphodiesterase 
-1.54306 2.1852 Q63VE5 

BPSL1306 Putative membrane protein -5.79077 2.28296 Q63VD6 
BPSL1316 Putative dehydrogenase -1.43348 2.28765 Q63VC6 
BPSL1323 Putative heat shock protein (hsp20) -1.49604 1.9666 Q63VB9 
BPSL1329 Putative malonate decarboxylase 

alpha-subunit 
-0.842699 2.59252 Q63VB2 

BPSL1331 Putative malonate decarboxylase 
beta-subunit 

-1.35177 3.51716 Q63VB0 

BPSL1359 Phosphate-binding protein -2.02287 5.13633 Q63V82 
BPSL1362 Phosphate import ATP-binding 

protein 
-1.78564 3.72436 Q63V79 

BPSL1363 Phosphate-specific transport system 
accessory protein 

-1.95715 3.38587 Q63V78 

BPSL1370 Uncharacterized protein -3.45021 3.39215 Q63V71 
BPSL1374 Putative hydrolase -3.08347 4.72714 Q63V67 
BPSL1400 Putative MarR-family transcriptional 

regulator 
-2.18441 5.69733 Q63V44 

BPSL1406 Uncharacterized protein (Ribosome 
hibernation factor domain present) 

-1.39911 2.05029 Q63V38 

BPSL1413 Glucose-6-phosphate isomerase 0.726193 3.30668 Q63V31 
BPSL1423 Putative acyl-CoA synthetase 0.898409 2.56664 Q63V21 
BPSL1477 Homoserine dehydrogenase 0.616586 2.6829 Q63UW9 
BPSL1478 Threonine synthase 0.590622 2.3826 Q63UW8 
BPSL1483 Putative DNA-binding protein 

(KEGG-Rrf2 family transcriptional 
regulator, nitric-oxide sensitive) 

-2.67145 5.81151 Q63UW3 



     

399 
 

Gene Protein Fold 
change 

-Log10 p 
value 

UniProt ID 

BPSL1484 Chaperone protein -0.861272 2.49015 Q63UW2 
BPSL1486 Uncharacterised protein -1.76852 2.55722 Q63UW0 
BPSL1501 Putative transferase 0.391529 2.3059 Q63UU5 
BPSL1513 4-hydroxy-3-methylbut-2-en-1-yl 

diphosphate synthase (flavodoxin) 
0.53597 4.22296 Q63UT3 

BPSL1516 Outer membrane protein assembly 
factor 

0.62391 2.54568 Q63UT0 

BPSL1523 ATP phosphoribosyltransferase 
regulatory subunit 

0.472726 3.25163 Q63US3 

BPSL1524 Adenylsuccinate synthetase 0.579566 2.44897 Q63US2 
BPSL1530 Putative ATP-dependent DNA 

helicase-related protein 
0.825825 1.94707 Q63UR6 

BPSL1534 Poly-beta-hydroxybutyrate 
polymerase 

-1.23135 4.96245 Q63UR2 

BPSL1535 Acetyl-CoA acetyltransferase -0.880817 4.27989 Q63UR1 
BPSL1536 Acetoacetyl-CoA reductase -1.13242 3.22268 Q63UR0 
BPSL1540 Putative beta-ketothiolase -0.953998 4.21474 Q63UQ6 
BPSL1549 Uncharacterized protein 

(Burkholderia lethal factor 1) 
-5.72562 5.398 Q63UP7 

BPSL1550 Putative betaine aldehyde 
dehydrogenase 

-0.95756 2.61436 Q63UP6 

BPSL1560 Pyr_redox_2 domain-containing 
protein 

-2.2627 3.90146 Q63UN6 

BPSL1561 Putative metallo-beta-lactamase 
family protein 

-2.60174 5.24802 Q63UN5 

BPSL1577 2-ketogluconate reductase -3.54766 6.01429 Q63UL9 
BPSL1578 Putative LacI-family transcriptional 

regulator 
-4.48948 7.24063 Q63UL8 

BPSL1590 Putative membrane protein -4.92034 5.08075 Q63UL0 
BPSL1591 Uncharacterized protein 0.678869 2.49678 Q63UK9 
BPSL1614 Uncharacterized protein -6.83826 5.58565 Q63UI6 
BPSL1615 Putative iron-sulfur protein -7.47377 3.81106 Q63UI5 
BPSL1617 Putative hydroxylase -11.2916 8.72753 Q63UI3 
BPSL1618 Uncharacterized protein -10.7101 5.55778 Q63UI2 
BPSL1625 MEKHLA domain-containing protein -0.967093 2.51527 Q63UH7 
BPSL1626 Putative fimbrial subunit type 1 -3.14014 4.38699 Q63UH6 
BPSL1627 Putative fimbrial assembly 

chaperone 
-2.10133 2.88957 Q63UH5 

BPSL1695 Putative GntR-family transcriptional 
regulator 

2.36285 3.88311 Q63UB6 

BPSL1711 Putative carbamoyl transferase -3.65684 4.80895 Q63UA5 
BPSL1712 Putative non-ribosomal antibiotic-

related peptide synthase 
-5.10578 2.97939 Q63UA4 

BPSL1713 Putative acetyltransferase -4.52087 5.81304 Q63UA3 
BPSL1714 Putative threonine aldolase -5.2323 2.25113 Q63UA2 
BPSL1715 Putative bifunctional protein (Ligase 

and argininosuccinate lyase) 
-5.42309 4.40479 Q63UA1 

BPSL1716 Putative cysteine synthase -5.42668 3.21335 Q63UA0 
BPSL1717 Uncharacterized protein -3.389 2.14633 Q63U99 
BPSL1719 Putative kinase -3.84511 1.92139 Q63U97 
BPSL1720 Argininosuccinate lyase -5.18869 3.8019 Q63U96 
BPSL1721 Argininosuccinate synthase -3.81862 5.27361 Q63U95 
BPSL1723 Uncharacterized protein -3.90177 4.61652 Q63U93 
BPSL1724 Aminotransferase -6.1475 3.53245 Q63U92 
BPSL1725 JmjC domain-containing protein -5.26917 2.53722 Q63U91 
BPSL1734 Putative AMP-binding enzyme -1.81409 4.04964 Q63U82 
BPSL1736 Putative methyltransferase 0.857451 2.20313 Q63U80 
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BPSL1737 Putative ABC transport system, 
exported protein (KEGG-
osmoprotectant transport system) 

0.466181 2.32061 Q63U79 

BPSL1741 Uncharacterized protein 6.2575 4.6486 Q63U75 
BPSL1742 Arginine/ornithine antiporter 4.49815 5.94186 Q63U74 
BPSL1743 Arginine deiminase 3.49422 6.00819 Q63U73 
BPSL1744; 
BPSS0791 

Ornithine carbamoyltransferase, 
catabolic/Amidohydro-rel domain-
containing protein 

3.08234 5.69924 Q63U72; 
Q63M71 

BPSL1745 Carbamate kinase 3.1012 6.09716 Q63U71 
BPSL1762 Precorrin-3b C17-methyltransferase 0.977589 3.86325 Q63U54 
BPSL1796 Asparagine synthetase domain-

containing protein 
-2.19367 3.61517 Q63U21 

BPSL1797 Putative ABC transport system, 
membrane protein 

-1.88861 2.60941 Q63U20 

BPSL1809 Putative amino acid transport 
system, exported protein 

5.3577 2.92945 Q63U08 

BPSL1826 Uncharacterized protein -0.94311 2.08071 Q63TZ1 
BPSL1827 UPF0229 protein -1.74737 2.75688 Q63TZ0 
BPSL1835 Transcriptional regulator 1.55835 3.31772 Q63TY2 
BPSL1836 Sulfate/thiosulfate import ATP-

binding protein 
2.65 2.27353 Q63TY1 

BPSL1839 Sulfate-binding protein 2.32058 3.29223 Q63TX8 
BPSL1858 Alkanesulfonate monooxygenase 5.80572 5.93754 Q63TV9 
BPSL1870 Putative GntR-family regulatory 

protein 
3.00699 2.56434 Q63TU7 

BPSL1872 Putative N-acetylmuramoyl-L-
alanine amidase 

-1.10296 3.61514 Q63TU5 

BPSL1874 Ribonuclease R 0.356313 2.17704 Q63TU3 
BPSL1876 Putative phospholipase -4.72725 3.81852 Q63TU1 
BPSL1883 Putative acyl-CoA synthetase 0.784823 2.57983 Q63TT4 
BPSL1906 Uncharacterized protein (KEGG-cell 

division protein) 
0.976141 3.23584 Q63TR0 

BPSL1907 Dihydrolipoyl dehydrogenase 0.336782 1.97061 Q63TQ9 
BPSL1914 Putative multidrug resistance 

protein A 
-1.05703 1.99155 Q63TQ2 

BPSL1917 Ribosome-binding factor A 0.396035 2.64984 Q63TP9 
BPSL1948 Putative hydrolase 0.849808 4.13901 Q63TL9 
BPSL1954 Succinyl-CoA:3-ketoacid-coenzyme 

A transferase subunit B 
-2.514 6.14977 Q63TL4 

BPSL1955 Succinyl-CoA:3-ketoacid-coenzyme 
A transferase subunit A 

-2.52916 5.89177 Q63TL3 

BPSL1958 Uncharacterized protein -6.61571 3.55485 Q63TL0 
BPSL1959 Putative thioesterase 0.774349 1.95132 Q63TK9 
BPSL1962 Chorismate synthase 0.310508 2.15029 Q63TK6 
BPSL1963 Putative membrane protein -1.07305 2.84803 Q63TK5 
BPSL1964 Uncharacterized protein -0.553034 2.69109 Q63TK4 
BPSL1971; 
BPSS0755 

Putative LysR-family transcriptional 
regulator 

1.18822 1.9555 Q63TJ7; 
Q63MA5 

BPSL1980 Valine--tRNA ligase 0.366641 3.79728 Q63TI8 
BPSL1989 Putative oxidoreductase 1.10672 2.41646 Q63TH9 
BPSL1991 Putative sugar ABC transport 

system, substrate-binding 
periplasmic protein 

2.13776 2.76951 Q63TH7 

BPSL1993 Putative ABC transport system, 
ATP-binding protein 

1.69323 3.85034 Q63TH5 

BPSL1995 Putative TPP-binding acetolactate 
synthase 

1.72753 2.33395 Q63TH3 
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BPSL2009 Alanine--tRNA ligase 0.457549 2.71718 Q63TF9 
BPSL2010 Putative lipid metabolism-related 

protein 
1.21894 3.38747 Q63TF8 

BPSL2033 Putative transport-related 
membrane protein 

-1.06844 2.0096 Q63TD6 

BPSL2035 Putative regulatory protein -4.97263 4.07943 Q63TD4 
BPSL2039 Putative membrane protein -0.786886 2.20013 Q63TD0 
BPSL2041 Uncharacterized protein (T6SS Vgr) -0.813763 3.12678 Q63TC8 
BPSL2045 Putative lipoprotein -1.05052 3.62369 Q63TC3 
BPSL2049 DUF4123 domain-containing protein 2.82083 2.70467 Q63TB8 
BPSL2050 Uncharacterized protein (T6SS Vgr) -0.67423 2.3996 Q63TB7 
BPSL2074 Alpha-1,4-glucan:maltose-1-

phosphate maltosyltransferase 
-7.16216 4.08128 Q63T93 

BPSL2075 Putative trehalose synthase protein -5.20218 3.54484 Q63T92 
BPSL2076 1,4-alpha-glucan branching enzyme -4.85254 3.18573 Q63T91 
BPSL2079 4-alpha-glucanotransferase -4.56425 4.42275 Q63T88 
BPSL2110 Uncharacterized protein -3.90147 3.22501 Q63T59 
BPSL2111 Putative LysR-family transcriptonal 

regulator 
1.00669 2.39822 Q63T58 

BPSL2112 Putative amino hydrolase -1.2257 2.35769 Q63T57 
BPSL2140 Phosphoenolpyruvate synthase -1.099 4.0899 Q63T31 
BPSL2153 1-deoxy-D-xylulose 5-phosphate 

reductoisomerase 
-0.612476 2.73426 Q63T18 

BPSL2168 Putative aminotransferase 0.883303 3.48968 Q63T03 
BPSL2169 2,3,4,5-tetrahydropyridine-2,6-

dicarboxylate N-succinyltransferase 
0.655385 1.99244 Q63T02 

BPSL2176 Putative ABC transport system, 
ATP-binding protein 

0.631358 3.09603 Q63SZ5 

BPSL2188 Isocitrate lyase -3.26523 4.93698 Q63SY3 
BPSL2189 Universal stress protein family -4.13874 4.78262 Q63SY2 
BPSL2192 Malate synthase -1.65813 5.94405 Q63SX9 
BPSL2197 Glutamate--tRNA ligase 0.462049 2.33392 Q63SX4 
BPSL2214 Putative fusion protein 

(ligase/carboxylase and 
argininosuccinate lyase) 

-2.93854 5.84185 Q63SV7 

BPSL2215 Putative cysteine synthesis-related 
protein 

-2.46808 3.28783 Q63SV6 

BPSL2216 GHMP_kinases_N domain-
containing protein 

-3.36775 3.11523 Q63SV5 

BPSL2218 Glyco_tranf_2_2 domain-containing 
protein 

-2.14149 3.40259 Q63SV3 

BPSL2219 Phosphoserine aminotransferase -1.58391 2.98726 Q63SV2 
BPSL2221 Uncharacterized protein -4.12789 2.78466 Q63SV0 
BPSL2222 Putative transketolase -2.03467 3.02626 Q63SU9 
BPSL2223 Putative transketolase -2.90701 2.21313 Q63SU8 
BPSL2224 Uncharacterized protein -2.17818 3.58111 Q63SU7 
BPSL2225 Uncharacterized protein -2.14986 5.71301 Q63SU6 
BPSL2226 Methyltransf_25 domain-containing 

protein 
-2.30268 2.81385 Q63SU5 

BPSL2227 Putative sulfur metabolism-related 
protein 

-2.22249 2.88593 Q63SU4 

BPSL2228 Uncharacterized protein -2.21021 2.547 Q63SU3 
BPSL2229 Putative siderophore non-ribosomal 

peptide synthase 
-2.16135 2.81319 Q63SU2 

BPSL2232 Putative non-ribosomal peptide 
synthase 

-2.9243 2.74873 Q63ST9 

BPSL2233 Adenylyl-sulfate kinase -4.3228 2.27306 Q63ST8 
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BPSL2234 Putative exported protein -1.36889 2.00095 Q63ST7 
BPSL2245 Peptidyl-prolyl cis-trans isomerase -10.376 7.29415 Q63SS6 
BPSL2246 Peptidyl-prolyl cis-trans isomerase -1.67752 3.18167 Q63SS5 
BPSL2250 Inositol-1-monophosphatase 0.483486 2.44745 Q63SS1 
BPSL2273 AB hydrolase-1 domain-containing 

protein 
1.38024 2.29032 Q63SP7 

BPSL2276 Lipoprotein-releasing system ATP-
binding protein 

0.753232 2.6966 Q63SP4 

BPSL2281 Lysine--tRNA ligase 0.44909 2.07067 Q63SN9 
BPSL2298 Phasin-like protein -2.73007 3.06803 Q63SM2 
BPSL2305 Oligopeptidase A -0.467752 2.20802 Q63SL5 
BPSL2309 Respiratory nitrate reductase alpha 

chain 
6.83488 2.97277 Q63SL1 

BPSL2310 Respiratory nitrate reductase beta 
chain 

3.56454 3.11285 Q63SL0 

BPSL2313 Sensor protein (KEGG-narK family 
nitrate/nitrite sensor histidine kinase 
narX) 

6.91245 2.33945 Q63SK7 

BPSL2314 Putative response regulator protein 
(TCS, nitrate/nitrite response 
regulator) 

6.79179 5.44182 Q63SK6 

BPSL2318 Glutamine synthetase 0.47014 1.94227 Q63SK2 
BPSL2323 Putative exported protein -1.23174 1.90005 Q63SJ7 
BPSL2346 Hydrolase_4 domain-containing 

protein 
1.37738 3.87585 Q63SH4 

BPSL2361 Uncharacterized protein 5.00383 2.0172 Q63SG2 
BPSL2362 Family U32 unassigned peptidase 4.15058 2.87373 Q63SG1 
BPSL2363 Putative 2-nitropropane 

dioxygenase 
3.29301 4.54961 Q63SG0 

BPSL2365 Putative regulatory protein 1.08397 2.41391 Q63SF8 
BPSL2366 Coproporphyrinogen-III oxidase 1.20954 2.48333 Q63SF7 
BPSL2367 Putative methyl-accepting 

chemotaxis protein 
1.87359 2.23631 Q63SF6 

BPSL2383 Putative histidine-binding 
periplasmic protein 

0.657486 2.19045 Q63SE0 

BPSL2385 Succinylglutamate desuccinylase 0.591014 2.11938 Q63SD9 
BPSL2386 N-succinylarginine dihydrolase 0.701825 3.39038 Q63SD8 
BPSL2387 N-succinylglutamate 5-

semialdehyde dehydrogenase 
0.478495 3.7165 Q63SD7 

BPSL2388 Putative arginine N-
succinyltransferase, beta chain 

0.73415 3.31791 Q63SD6 

BPSL2389 Putative arginine N-
succinyltransferase, alpha chai 

1.06054 4.20629 Q63SD5 

BPSL2390 Acetylornithine aminotransferase 1.0632 2.52247 Q63SD4 
BPSL2392 Histidine transport ATP-binding 

protein 
1.02606 2.5329 Q63SD2 

BPSL2404 Periplasmic ligand binding 
lipoprotein 

1.59666 2.11614 Q63SC0 

BPSL2410 Trehalose-6-phosphate synthase 0.936496 2.1632 Q63SB4 
BPSL2415 N-acetyltransferase domain-

containing protein 
4.09637 2.87524 Q63SA9 

BPSL2459 Putative 2-ketogluconate reductase 1.0246 2.65737 Q63S66 
BPSL2462 Nicotinate 

phosphoribosyltransferase 
0.883619 2.32372 Q63S63 

BPSL2470 Long-chain acyl-CoA thioester 
hydrolase 

-1.2695 4.13711 Q63S55 

BPSL2498 Putative acyl-CoA dehydrogenase 0.730029 4.00005 Q63S24 



     

403 
 

Gene Protein Fold 
change 

-Log10 p 
value 

UniProt ID 

BPSL2499 Electron transfer flavoprotein alpha-
subunit 

0.50327 3.19575 Q63S23 

BPSL2501 Putative exported protein 0.793923 2.44768 Q63S21 
BPSL2503 Methionine import ATP-binding 

protein 
0.970704 2.97995 Q63S19 

BPSL2506 Putative exported transglycosylase 0.896018 1.87805 Q63S16 
BPSL2519 Phosphoserine aminotransferase 0.46047 2.37549 Q63S02 
BPSL2521 DNA gyrase subunit A 0.503576 2.86967 Q63S00 
BPSL2532 Putative oxygenase -1.11527 2.69178 Q63RY9 
BPSL2545 5-

methyltetrahydropteroyltriglutamate-
-homocysteine methyltransferase 

-6.1975 2.67403 Q63RX6 

BPSL2557 Cold shock-like protein -2.3878 2.48194 Q63RW3 
BPSL2559 Outer membrane porin protein -1.56263 3.4916 Q63RW1 
BPSL2596 Site-determining protein -0.336619 2.00543 Q63RS5 
BPSL2599 Uncharacterized protein -5.63448 4.85005 Q63RS2 
BPSL2605 Thioredoxin reductase 0.540914 2.71501 Q63RR6 
BPSL2617; 
BPSL2921 

Glutamate/aspartate transport ATP-
binding protein 

1.06776 2.09833 Q63QV3; 
Q63RQ4 

BPSL2623 Glutamate-1-semialdehyde 2,1-
aminomutase 

0.59931 2.62016 Q63RP8 

BPSL2624 Riboflavin biosynthesis protein 0.695582 2.7462 Q3V7S8 
BPSL2625 Riboflavin synthase alpha chain 0.655141 2.00961 Q63RP7 
BPSL2629 Aminotransferase 1.49687 2.68343 Q63RP3 
BPSL2646 Coproporphyrinogen-III oxidase 6.55926 4.05625 Q63RM6 
BPSL2685 Glucose-1-phosphate 

thymidylyltransferase 
-0.476763 1.9983 H7C760 

BPSL2689 Dihydroorotase-like protein 0.432336 2.02947 Q63RI3 
BPSL2694 Uncharacterized protein -2.72409 1.99375 Q63RH8 
BPSL2701 Probable alcohol dehydrogenase -1.25362 2.35405 Q63RH1 
BPSL2703 Putative exported protein -3.75986 4.08193 Q63RG9 
BPSL2704 Putative OmpW-family exported 

protein 
-2.77313 5.26775 Q63RG8 

BPSL2705 Putative lipoprotein -2.76141 4.95691 Q63RG7 
BPSL2706 Putative lipoprotein -3.01347 5.19633 Q63RG6 
BPSL2715 Putative lipoprotein -10.3765 5.60807 Q63RF7 
BPSL2716 D-(-)-3-hydroxybutyrate oligomer 

hydrolase 
-2.80299 3.05985 Q63RF6 

BPSL2727 Putative xanthine dehydrogenase 
large subunit 

-4.71526 2.22765 Q63RE5 

BPSL2733 Putative LysR-family transcriptional 
regulator 

-4.25125 6.93273 Q63RD9 

BPSL2743 Putative oxidoreductase -0.929561 2.29335 Q63RC9 
BPSL2748 Putative oxidoreductase -0.914577 2.5175 Q63RC4 
BPSL2788 UDP-3-O-acyl-N-acetylglucosamine 

deacetylase 
-1.04956 2.14445 Q63R85 

BPSL2795 Phosphoheptose isomerase -0.551626 2.44703 Q93UJ2 
BPSL2799 Putative capsular polysaccharide 

biosynthesis protein 
-1.38023 2.84912 Q63R74 

BPSL2802 Putative capsule polysaccharide 
biosynthesis protein 

-0.540246 2.10556 Q63R71 

BPSL2810 Putative GDP-mannose 
pyrophosphorylase 

-0.668439 2.9173 H7C781 

BPSL2811 Glutamine amidotransferase type-2 
domain-containing protein 

-1.38683 1.97714 Q63R62 

BPSL2837 Putative carbon-nitrogen hydrolase 
protein 

-0.449121 2.3092 Q63R37 
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BPSL2840 Flavohemoprotein 1.6639 3.42407 Q63R34 
BPSL2842 Putative FAD-binding oxidase 0.563915 2.13238 Q63R32 
BPSL2843 Putative glycolate oxidase subunit 0.665858 1.98675 Q63R31 
BPSL2844 Putative glycolate oxidase subunit 0.948219 2.42098 Q63R30 
BPSL2863 Putative ferritin DPS-family DNA 

binding protein 
-1.09117 2.11763 H7C747 

BPSL2865 Catalase-peroxidase -0.977211 3.68824 Q939D2 
BPSL2872 Protein-export membrane protein 0.370496 2.22221 Q63R02 
BPSL2881 Putative membrane protein 0.382247 2.04044 Q63QZ3 
BPSL2885 NAD(P) transhydrogenase subunit 

beta 
-1.39271 4.22548 Q63QY9 

BPSL2887 NAD(P) transhydrogenase subunit 
alpha 

-1.44383 4.08588 Q63QY7 

BPSL2889 tRNA-specific 2-thiouridylase 0.646131 2.02208 Q63QY5 
BPSL2896 Bifunctional purine biosynthesis 

protein 
0.70777 4.77933 Q63QX8 

BPSL2897 Crossover junction 
endodeoxyribonuclease 

2.44536 2.85381 Q63QX7 

BPSL2907 Putative glutathione S-transferase 
like protein 

-1.17893 3.26052 Q63QW7 

BPSL2914 Dihydroorotase 0.374383 2.59679 Q63QW0 
BPSL2917 Putative heat shock Hsp20-related 

protein 
-2.7389 1.87433 Q63QV7 

BPSL2918 Putative heat shock Hsp20-related 
protein 

-2.18039 1.87233 Q63QV6 

BPSL2922 Glutamate/aspartate transport 
system permease protein 

2.93134 2.04132 Q63QV2 

BPSL2923 Glutamate/aspartate transport 
system permease protein 

1.59956 2.17454 Q63QV1 

BPSL2924 Glutamate/aspartate periplasmic 
binding protein 

0.382139 1.90501 Q63QV0 

BPSL2935 Gamma-glutamyl phosphate 
reductase 

0.500269 2.52699 Q63QT9 

BPSL2941 4-hydroxy-tetrahydrodipicolinate 
reductase 

0.683494 1.98116 Q63QT3 

BPSL2942 Outer membrane protein assembly 
factor 

0.544042 2.48019 Q63QT2 

BPSL2966 L-arabinose transport system, 
permease protein 

2.1869 2.70943 Q63QQ8 

BPSL2973 Putative exported protein -4.33044 2.97401 Q63QQ1 
BPSL2974 Phenylacetate-coenzyme A ligase -5.55994 4.57227 Q63QQ0 
BPSL2978 Uncharacterized protein -0.607921 1.98657 Q63QP6 
BPSL2991 Ribonucleoside-diphosphate 

reductase subunit beta 
1.01465 2.41531 Q63QN3 

BPSL2992 Ribonucleoside-diphosphate 
reductase 

0.71549 2.5576 Q63QN2 

BPSL3020 Cell division protein 0.302325 2.47466 Q63QK2 
BPSL3036 Outer membrane porin -0.99787 2.37641 Q63QI6 
BPSL3043 Probable enoyl-CoA hydratase -0.899801 3.36696 Q63QI0 
BPSL3045 Phenylacetate-coenzyme A ligase 1.03695 2.13207 Q63QH8 
BPSL3056 FMN-dependent NADH-

azoreductase 
-1.07048 2.70789 Q63QG7 

BPSL3057 Family M61 unassigned peptidase 0.460727 1.94143 Q63QG6 
BPSL3058 Thiol:disulfide interchange protein 0.713579 3.6728 Q63QG5 
BPSL3069 Putative hydrolase -0.858685 2.19526 Q63QF4 
BPSL3072 Glutamyl-tRNA reductase 0.643927 1.86836 Q63QF1 
BPSL3073 Peptide chain release factor 1 0.84369 4.09867 Q63QF0 
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BPSL3085 Methyltranfer_dom domain-
containing protein 

0.817871 3.41238 Q63QD8 

BPSL3089 Aminopeptidase -2.72472 5.1349 Q63QD4 
BPSL3095 Putative membrane protein -1.18598 2.29686 Q63QC8 
BPSL3096 Putative bacteriophage-related 

peptidase 
-2.89274 3.21185 Q63QC7 

BPSL3097 Putative membrane protein (similar 
to V. cholerae lcmF which is 
involved in cell surface 
reorganisation which results in 
increased adherence to epithelial 
cells) 

-0.675123 2.3279 Q63QC6 

BPSL3098 Uncharacterized protein (TagF 
which is a post-translational 
repressor and is associated with 
T6SS)(impM) 

-0.824909 1.87326 Q63QC5 

BPSL3111 Putative membrane protein (dotU, 
part of T4SS and T6SS of different 
bacteria) 

-0.794123 1.95258 Q63QB2 

BPSL3121 Cytochrome c1 -1.27918 2.4087 Q63QA4 
BPSL3123 Ubiquinol-cytochrome c reductase 

iron-sulfur subunit 
-1.59718 2.91615 Q63QA2 

BPSL3135 Imidazole glycerol phosphate 
synthase subunit 

0.5081 2.06238 Q63Q90 

BPSL3141 UDP-N-acetylglucosamine 1-
carboxyvinyltransferase (involved in 
cell wall formation) 

1.48051 2.35952 Q63Q84 

BPSL3154 Putative thiamine biosynthesis 
oxidoreductase 

0.910877 1.9024 Q63Q71 

BPSL3160 Y1_Tnp domain-containing protein -1.36422 3.33429 Q63Q65 
BPSL3161 Putative outer membrane protein 1.93503 5.25087 Q63Q64 
BPSL3176 Diaminopimelate decarboxylase 0.490768 4.15947 Q63Q48 
BPSL3184 Thiol:disulfide interchange protein 0.804686 1.99438 Q63Q40 
BPSL3216 Elongation factor G 2 0.399727 2.38726 Q63Q08 
BPSL3230 Phenylacetic acid degradation 

protein 
0.822093 2.66734 Q63PZ4 

BPSL3234 Probable phenylacetic acid 
degradation NADH oxidoreductase 

0.946198 2.22732 Q63PZ0 

BPSL3235 Uncharacterized protein (protein 
domain with homology to protein 
from Brucella invovled in cell 
envelope homeostasis) 

1.28657 3.36289 Q63PY9 

BPSL3241 4Fe-4S ferredoxin-type domain-
containing protein 

3.23762 4.04125 Q63PY3 

BPSL3242 NADP-dependent malic enzyme 0.687902 2.84569 Q63PY2 
BPSL3243 Orotate phosphoribosyltransferase 0.441576 2.13055 Q63PY1 
BPSL3246 N-acetyl-gamma-glutamyl-

phosphate reductase 
0.438876 2.03257 Q63PX8 

BPSL3284 Putative secreted substrate binding 
protein 

4.69281 4.03163 Q63PT8 

BPSL3288 Methylenetetrahydrofolate 
reductase 

-1.19834 4.68942 Q63PT4 

BPSL3290 Adenosylhomocysteinase -1.12063 2.91492 Q63PT2 
BPSL3291 RNA polymerase sigma factor 2.43163 3.19501 Q63PT1 
BPSL3312 Putative glycosyltransferase -1.10498 2.56949 Q63PR1 
BPSL3313 HNS-like transcriptional regulator -1.66662 2.92566 Q63PR0 
BPSL3322 Putative TPR domain protein 2.81066 3.95025 Q63PQ1 
BPSL3327 Putative short chain dehydrogenase 1.50646 2.27101 Q63PP6 
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BPSL3333 Acid phosphatase 0.7286 2.60662 Q63PP0 
BPSL3334 Putative lipoprotein 4.67858 2.25734 Q63PN9 
BPSL3335 Putative lipoprotein 3.23443 2.07924 Q63PN8 
BPSL3336 Putative lipoprotein 2.4061 4.6812 Q63PN7 
BPSL3338 Putative methyl-accepting 

chemotaxis protein 
1.2585 3.59362 Q63PN5 

BPSL3340 Putative chitin-binding protein -8.85396 4.48554 Q63PN3 
BPSL3362 Glycine dehydrogenase 

(decarboxylating) 
1.26425 2.74827 Q63PL2 

BPSL3366 Acetolactate synthase isozyme II 
large subunit 

-0.871582 4.03599 Q63PK8 

BPSL3376 Putative membrane protein -2.83823 4.87646 Q63PJ8 
BPSL3379 MerR family regulatory protein -2.7402 1.96306 Q63PJ6 
BPSL3388 Putative periplasmic amino acid 

binding transport protein 
-0.462165 2.91379 Q63PI9 

BPSL3390 Primosomal protein N' 2.03038 1.93784 Q63PI6 
BPSL3391 Uroporphyrinogen decarboxylase 0.645823 2.31299 Q63PI5 
BPSL3394 Putative long-chain-fatty-acid--CoA 

ligase 
5.31471 4.58186 Q63PI2 

BPSL3396 ATP synthase subunit beta 1 0.225115 2.0052 Q63PI0 
BPSL3412 Putative branched-chain amino acid 

ABC transporter periplasmic protein 
0.69785 1.97114 Q63PG4 

BPSL3420 Methylmalonic acid semialdehyde 
dehydrogenase 

0.741139 2.53747 Q63PF6 

BPSL3431 Putative MarR-family transcriptional 
regulator 

0.283042 2.31763 Q63PE5 

BPSS0005 2-amino-3-ketobutyrate coenzyme A 
ligase 

0.865379 2.75991 Q63PE0 

BPSS0014 Putative glutathione S-transferase 
like protein 

-1.06234 2.76136 Q63PD1 

BPSS0018 Probable acetoacetate 
decarboxylase 

-1.29297 2.48726 Q63PC7 

BPSS0024 Uncharacterized protein -5.59757 3.4723 Q63PC1 
BPSS0031 Putative anaerobic growth 

regulatory protein 
4.78353 5.73644 Q63PB4 

BPSS0033 Uncharacterized protein -4.01625 2.24652 Q63PB2 
BPSS0034 Putative fatty aldehyde 

dehydrogenase 
-2.33184 4.72208 Q63PB1 

BPSS0035 Putative gluconolactonase -4.50983 1.95397 Q63PB0 
BPSS0043 3-oxoadipate CoA-transferase 

subunit A 
-2.01152 2.9262 Q63PA2 

BPSS0045 3-carboxy-cis,cis-muconate 
cycloisomerase 

-1.56828 3.16648 Q63PA0 

BPSS0046 Putative lactone hydrolase -1.92147 4.33255 Q63P99 
BPSS0060B Putative H-NS-like DNA-binding 

protein 
-3.38173 3.39964 Q63P84 

BPSS0064 Putative membrane protein -0.783432 1.95351 Q63P80 
BPSS0073 Putative regulatory protein -3.90694 1.9322 Q63P74 
BPSS0077 Putrescine-binding periplasmic 

protein 
-4.92338 4.75618 Q63P70 

BPSS0079 Uncharacterized protein 1.7853 2.91357 Q63P67 
BPSS0080 Uncharacterized protein 0.673707 2.253 Q63P66 
BPSS0098; 
BPSS0172 

Uncharacterized protein (VipB 
domain, part of T6SS) 

-3.17314 3.46649 Q63NX6; 
Q63P48 

BPSS0130 Putative peptide synthase protein -8.43646 4.10505 Q63P18 
BPSS0131 Putative dehydratase -5.33439 4.42214 Q63P17 
BPSS0132 SnoaL-like domain-containing 

protein 
-6.11971 3.72545 Q63P16 
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BPSS0133 Putative methyltransferase -7.63162 4.63843 Q63P15 
BPSS0139 Putative pyridine nucleotide-

disulphide oxidoreductase 
-2.26927 2.55034 Q63P09 

BPSS0140 Putative sugar ABC transport 
system, lipoprotein 

-0.98922 2.85346 Q63P08 

BPSS0148 Subfamily M20D non-peptidase 
homologue 

1.24196 2.00119 Q63P00 

BPSS0153 Glutamate/aspartate periplasmic 
binding protein 

-0.61888 2.09452 Q63NZ5 

BPSS0164 Putative quinone oxidoreductase -4.76968 3.1941 Q63NY4 
BPSS0171 Uncharacterized protein (T6SS Hcp-

1 protein) 
-4.87549 3.21195 Q63NX7 

BPSS0203 Putative lipoprotein -3.27821 2.41851 Q63NU6 
BPSS0206 2-methylisocitrate lyase 0.944312 3.383 Q63NU3 
BPSS0207 Citrate synthase 1.1889 4.79778 Q63NU2 
BPSS0208 Aconitate hydratase 1 1.15454 3.59967 Q63NU1 
BPSS0209 Putative membrane protein (prpF 

like domain which is involved in 
catabolism of short chain fatty 
acids) 

0.721836 2.01222 Q63NU0 

BPSS0212 Uncharacterized protein -10.8728 4.86273 Q63NT7 
BPSS0213 Uncharacterized protein -11.7467 5.64095 Q63NT6 
BPSS0214 Putative heme/metallo cofactor 

biosynthesis related protein 
-6.57433 3.71784 Q63NT5 

BPSS0225 Putative exported protein -0.575648 1.89454 Q63NS4 
BPSS0226 Putative lipoprotein -0.877437 1.98599 Q63NS3 
BPSS0230 Glyoxalase/Bleomycin resistance 

protein/Dioxygenase superfamily 
protein 

-7.46762 3.68425 Q63NR9 

BPSS0236 L-allo-threonine aldolase 0.640242 2.614 Q63NR4 
BPSS0253 Putative DNA-binding protein -0.735575 3.63194 Q63NP7 
BPSS0257 Putative ribose ABC transport 

system, substrate-binding exported 
protein 

-1.81158 4.37553 Q63NP3 

BPSS0260 Putative kinase -1.47778 2.26468 Q63NP0 
BPSS0263 Putative membrane protein 0.879969 2.50849 Q63NN7 
BPSS0265 Putative porin-related protein 3.28919 6.45853 Q63NN5 
BPSS0266 Lipoprotein 3.50312 3.74918 Q63NN4 
BPSS0275 Beta-ketoadipyl CoA thiolase -1.17142 3.12347 H7C731 
BPSS0277 Putative methyltransferase -6.49524 4.24646 Q63NM2 
BPSS0278 Putative oxygenase -6.82989 4.24145 Q63NM1 
BPSS0288 Putative lipoprotein -4.66601 4.25776 Q63NL1 
BPSS0292 Putative multidrug efflux system 

exported protein 
-4.59997 1.9065 Q63NK7 

BPSS0294 Putative multidrug efflux system 
lipoprotein 

-3.48205 2.15431 Q63NK5 

BPSS0295 Putative transport related 
membrane protein 

-0.925619 2.58472 Q63NK4 

BPSS0296 Putative GntR-family transcriptional 
regulator 

-1.06416 2.5047 Q63NK3 

BPSS0355 Aminotransferase 0.783803 2.88315 Q63NE4 
BPSS0358 Putative exported protein (Copper-

related protein) 
1.4718 2.19528 Q63NE1 

BPSS0365 Putative LysR-family transcriptional 
regulator 

0.898996 2.42157 Q63ND4 

BPSS0367 Putative bipolymer transport protein 2.41885 4.32743 Q63ND2 
BPSS0368 Protein TonB 1.70483 4.03748 Q63ND1 
BPSS0372 Fumarate hydratase class I 0.782763 3.50932 Q63NC7 
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BPSS0375 Acetyl-coenzyme A synthetase 0.819403 2.34621 Q63NC4 
BPSS0414 Putative acetolactate synthase -3.1185 2.17705 Q63N82 
BPSS0417 Uncharacterized protein (Capsule 

polysaccharide export system 
periplasmic protein) 

-7.0277 7.13778 Q63N78 

BPSS0418 Putative transport-related 
membrane protein 

-6.3849 3.86469 Q63N77 

BPSS0419 Glucose-1-phosphate 
cytidylyltransferase (O-antigen-
related) 

-6.66842 2.80914 Q63N76 

BPSS0420 CDP-glucose 4,6-dehydratase (O-
antigen-related) 

-7.4359 3.56295 Q63N75 

BPSS0422 Putative aminotransferase -7.50806 5.39182 Q63N73 
BPSS0426 Putative heptosyltransferase (O-

antigen related) 
-4.91487 3.7804 Q63N69 

BPSS0428 Putative glycosyl transferase (O-
antigen related) 

-4.63059 5.02743 Q63N67 

BPSS0441 Amidohydro_3 domain-containing 
protein 

0.74408 2.13448 Q63N55 

BPSS0462 Putative oxidoreductase 3.81858 1.91751 Q63N35 
BPSS0473 Putative aldehyde dehydrogenase -0.764794 1.99024 Q63N24 
BPSS0485 Putative metallo-beta lactamase-

related protein 
0.682931 3.16733 Q63N12 

BPSS0487 Uncharacterized protein 0.898398 2.03878 Q63N10 
BPSS0492 Alkyl hydroperoxide reductase C -1.48479 3.58418 Q63N06 
BPSS0493 Putative chitin-binding protein -2.8908 3.6853 Q63N05 
BPSS0507 2-aminoethylphosphonate--pyruvate 

transaminase 
0.672465 1.92184 Q63MZ1 

BPSS0574 Putative FAD dependent 
oxidoreductase 

1.92042 2.64827 Q63MS4 

BPSS0575 Leucine-, isoleucine-, valine-, 
threonine-, and alanine-binding 
protein 

2.3494 4.74286 Q63MS3 

BPSS0577 High-affinity branched-chain amino 
acid transport system permease 
protein 

4.83822 2.74589 Q63MS1 

BPSS0578 High-affinity branched-chain amino 
acid transport ATP-binding protein 

3.0404 4.34232 Q63MS0 

BPSS0579 High-affinity branched-chain amino 
acid transport ATP-binding protein 

2.94675 4.37806 Q63MR9 

BPSS0608 TauD/TfdA family dioxygenase -1.6416 2.26859 Q63MP2 
BPSS0614 Putative membrane protein -3.2225 3.25293 Q63MN6 
BPSS0617 Acyl-CoA dehydrogenase 1.00984 2.38644 Q63MN3 
BPSS0618 AMP-binding enzyme 1.24527 2.70127 Q63MN2 
BPSS0619 Methylmalonate-semialdehyde 

dehydrogenase 
0.720533 2.96158 Q63MN1 

BPSS0620 3-hydroxyisobutyrate 
dehydrogenase 

0.868379 4.15204 Q63MN0 

BPSS0621 Enoyl-CoA hydratase/isomerase 
family protein 

0.842975 2.9894 Q63MM9 

BPSS0622 Enoyl-CoA hydratase/isomerase 
family 

1.07496 2.69844 Q63MM8 

BPSS0624 Macrolide export ATP-
binding/permease protein 

1.19907 2.61223 Q63MM6 

BPSS0627 Putative ribonuclease 2.72694 2.11342 Q63MM3 
BPSS0628 Glutaminase 0.615724 2.73837 Q63MM2 
BPSS0677 Putative asparagine synthetase -7.41621 3.61247 Q63MI0 
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BPSS0679 Putative oxidoreductase beta 
subunit 

-1.48504 3.94126 Q63MH9 

BPSS0680 Putative oxidoreductase alpha 
subunit 

-1.37108 2.23283 Q63MH8 

BPSS0683 Uncharacterized protein -4.30426 2.22858 Q63MH5 
BPSS0700 Putative zinc-binding 

dehydrogenase 
-3.68442 3.90451 Q63MF7 

BPSS0704 Putative periplasmic solute-binding 
protein 

1.76801 1.91562 Q63MF3 

BPSS0708 Putative porin protein 2.17722 4.39623 Q63ME9 
BPSS0712 NTP_transf_9 domain-containing 

protein 
-2.46423 4.24209 Q63ME5 

BPSS0713 Uncharacterized protein -3.21206 4.56471 Q63ME4 
BPSS0714 Methyltransf_33 domain-containing 

protein 
-2.17164 5.34765 Q63ME3 

BPSS0715 Putative exported protein -1.36189 2.58966 Q63ME2 
BPSS0719 Family C56 unassigned peptidase -1.79362 2.23141 Q63MD8 
BPSS0721 Enoyl-[acyl-carrier-protein] 

reductase [NADH] 
-1.8354 3.71088 Q63MD6 

BPSS0725 Putative short-chain dehydrogenase -0.673734 1.982 Q63MD3;R
EV__Q63X2
8 

BPSS0731 Putative AMP-binding enzyme 5.18923 2.96078 Q63MC9 
BPSS0748 Putative exported protein -4.42281 4.75464 Q63MB2 
BPSS0767 Uncharacterized protein -6.14825 4.78628 Q63M93 
BPSS0808; 
BPSS2200 

Aminotransferase/Aromatic-amino-
acid aminotransferase 

0.689498 2.9424 Q63M53; 
Q63I70 

BPSS0810 N-acetyltransferase domain-
containing protein 

-5.80729 3.30053 Q63M51 

BPSS0811 Fe2OG dioxygenase domain-
containing protein 

-2.37594 4.51672 Q63M50 

BPSS0812 Uncharacterized protein -2.89519 3.47706 Q63M49 
BPSS0818 Uncharacterized protein -3.98198 2.82673 Q63M42 
BPSS0834 Uncharacterized protein -1.33764 2.27064 Q63M26 
BPSS0837 Uncharacterized protein (uspA) -1.73259 2.77138 Q63M23 
BPSS0838 Universal stress protein (uspA) -1.726 2.84262 Q63M22 
BPSS0839 Uncharacterized protein (uspA) -1.93706 2.87681 Q63M21 
BPSS0840 Zinc-binding dehydrogenase -1.63044 2.389 Q63M20 
BPSS0846 HNS domain-containing protein 2.07795 2.76757 Q63M13 
BPSS0852 Putative inosine-uridine preferring 

nucleoside hydrolase 
-1.12331 2.519 Q63M07 

BPSS0853 Ribokinase -2.02324 3.67662 Q63M06 
BPSS0864 Aldo/keto reductase family protein -0.889465 2.55757 Q63LZ8 
BPSS0879 Putative porin protein 0.423656 2.83031 Q63LY3 
BPSS0882 Uncharacterized protein -1.98914 4.26357 Q63LY0 
BPSS0913 Putative cystathionine gamma-

synthase 
-1.33696 2.15387 Q63LU9 

BPSS0915 Putative exported protein -3.85292 2.66224 Q63LU7 
BPSS0935 Response regulatory domain-

containing protein 
4.57297 3.28411 Q63LS7 

BPSS0938 Family S33 non-peptidase 
homologue 

-1.30495 2.11077 Q63LS4 

BPSS0943 Putative porin protein 1.17403 5.40997 Q63LR9 
BPSS0946 Beta-lactamase 0.700439 2.06192 H7C785 
BPSS0962 Extracellular serine protease -1.04574 1.95429 Q63LQ1 
BPSS0964 Periplasmic solute-binding protein -1.73636 3.43612 Q63LP9 
BPSS0965 Putative oxalate decarboxylase -7.54889 4.55808 Q63LP8 
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BPSS0987 Putative exported protein -4.66832 2.52568 Q63LM6 
BPSS1045 Uncharacterized protein -3.57828 2.66502 Q63LH0 
BPSS1059 Putative bacteriophage gp31 protein 0.644518 2.31389 Q63LF1 
BPSS1076 Hypothetical bacteriophage protein -4.36099 3.46383 Q63LD3 
BPSS1101 Putative exported protein -2.01619 2.40138 Q63LA7 
BPSS1102 Methyltranfer_dom domain-

containing protein 
-3.45869 3.55356 Q63LA6 

BPSS1109 Putative methyltransferase -4.38456 4.8143 Q63L99 
BPSS1121 Putative GTP cyclohydrolase 

protein 
-3.31597 2.50771 Q63L87 

BPSS1122 Putative WD-repeat family protein -10.9434 4.89137 Q63L86 
BPSS1125 Riboflavin biosynthesis protein -3.8648 2.43378 Q63L83 
BPSS1126 Putative O-methyltransferase -2.96646 2.95915 Q63L82 
BPSS1127 Putative glyoxylase/bleomycin 

resistance protein/dioxygenase 
superfamil protein 

-3.07976 2.70595 Q63L81 

BPSS1128 Major facilitator superfamily 
transporter homolog 

-5.56081 4.51067 Q63L80 

BPSS1130 Uncharacterized protein -8.47681 4.71965 Q63L78 
BPSS1140 Putative universal stress family 

protein (uspA) 
-2.62567 3.88475 Q63L68 

BPSS1168 Putative acetyltransferase protein 1.80708 2.23198 Q63L40 
BPSS1169 Lactamase_B domain-containing 

protein 
1.34381 2.52923 Q63L39 

BPSS1170 Putative non-ribosomal peptide 
synthase/polyketide synthase 

1.14725 3.04684 Q63L38 

BPSS1171 Putative non-ribosomal peptide 
synthase/polyketide synthase 

1.77467 2.20357 Q63L37 

BPSS1172 Putative non-ribosomal peptide 
synthase/polyketide synthase 

1.43956 2.87224 Q63L36 

BPSS1173 Putative non-ribosomal 
peptide/polyketide synthase protein 

1.51892 3.11398 Q63L35 

BPSS1174 Putative non-ribosomal 
peptide/polyketide synthase 

1.50204 2.55439 Q63L34 

BPSS1175 Oligopeptidase A 2.95849 2.46725 Q63L33 
BPSS1177 Hydrolase_4 domain-containing 

protein 
1.72788 2.32427 Q63L31 

BPSS1190 Putative monooxygenase -8.00998 5.24791 Q63L21 
BPSS1191 Putative 1-aminocyclopropane-1-

carboxylate deaminase 
-8.61824 5.48051 Q63L20 

BPSS1192 Uncharacterized protein -6.9418 5.92637 Q63L19 
BPSS1193 Putative non-ribosomal 

peptide/polyketide synthase 
-8.44575 6.36195 Q63L18 

BPSS1194 Putative peptide 
synthase/polyketide synthase 

-7.04306 5.47377 Q63L17 

BPSS1195 Putative non-ribosomal peptide 
synthase 

-5.23451 5.63699 Q63L16 

BPSS1196 Putative SyrP-like protein -8.02788 3.69313 Q63L15 
BPSS1197 Putative non-ribosomal peptide 

synthase 
-4.44911 4.59916 Q63L14 

BPSS1198 Putative exported protein -6.12524 3.1231 Q63L13 
BPSS1199 Uncharacterized protein -6.43141 3.42349 Q63L12 
BPSS1204 Putative iron transport receptor 

protein 
1.6083 2.61959 Q63L07 

BPSS1206 PKHD-type hydroxylase 1.81805 3.30395 Q63L05 
BPSS1211 Putative membrane protein 1.23818 2.61649 Q63L02 
BPSS1213 Uncharacterized protein (T6SS Vgr 

protein) 
1.32024 2.18233 Q63L00 
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BPSS1214 Putative transcriptional regulator 
(luxR) 

-3.03866 3.5854 Q63KZ9 

BPSS1216 Putative thiamine-phosphate 
pyrophosphorylase 

-3.48349 3.78134 Q63KZ7 

BPSS1218 Putative methyl-accepting 
chemotaxis protein 

4.59945 2.84376 Q63KZ5 

BPSS1220 L-arabinose-binding periplasmic 
protein 

-2.16642 4.43655 Q63KZ3 

BPSS1221 Putative short-chain 
dehydrogenase/oxidoreductase 

-1.01501 2.35694 Q63KZ2 

BPSS1241 Putative bifunctional reductase -2.47302 1.8774 Q63KX2 
BPSS1249 Putative lipoprotein -1.42352 4.24067 Q63KW4 
BPSS1250 Putative acetylpolyamine 

aminohydrolase 
-4.44276 4.9447 Q63KW3 

BPSS1251 Putative N-carbamoyl-L-amino acid 
amidohydrolase 

-5.60389 2.76002 Q63KW2 

BPSS1266 Putative peptide/siderophore 
synthetase 

-11.9872 5.87137 Q63KU8 

BPSS1269 Putative peptide 
synthase/polyketide synthase 

-11.5292 9.23771 Q63KU5 

BPSS1270 Uncharacterized protein -8.50337 4.62377 Q63KU4 
BPSS1272 Putative acyl-CoA dehydrogenase -10.4055 6.15288 Q63KU2 
BPSS1273 Putative acyl-CoA dehydrogenase -8.32518 4.24929 Q63KU1 
BPSS1274 Putative polyketide synthase related 

protein 
-10.289 6.09793 Q63KU0 

BPSS1275 Putative RNA polymerase sigma 
factor 

-3.88775 3.06562 Q63KT9 

BPSS1281 PPK2 domain-containing protein -3.03556 5.94441 Q63KT2 
BPSS1288 Gamma-glutamyltransferase 1 -0.812131 2.81375 Q63KS4 
BPSS1306 Putative ABC transporter substrate-

binding protein 
1.57865 4.38241 Q63KQ6 

BPSS1307 Putative ATP-binding ABC 
transporter protein 

3.18561 3.00307 Q63KQ5 

BPSS1308 Asparaginase 0.920141 2.18917 Q63KQ4 
BPSS1309 RpiR family regulatory protein 2.86841 4.22845 Q63KQ3 
BPSS1311 Putative esterase -0.618641 1.8704 Q63KQ1 
BPSS1317 Putative alanyl-tRNA synthetase 

related protein 
0.876347 2.04003 Q63KP4 

BPSS1333 S-adenosyl-L-methionine-
dependent methyltransferase 

-0.598223 2.43542 Q63KM8 

BPSS1356 Uncharacterized protein -4.76049 5.80212 Q63KK6 
BPSS1361 Putative stress-induced protein 1.39107 2.43608 Q63KK1 
BPSS1374 Putative glutathione-S-transferase -0.859875 2.06854 Q63KI7 
BPSS1423 Putative glycine betaine/L-proline-

binding protein ABC transporter 
component 

3.24022 4.76114 Q63KD7 

BPSS1445 Putative biotin carboxylase 0.955555 3.50025 Q63KB9 
BPSS1447 Putative biotin-dependent carboxyl 

transferase 
1.11613 3.94941 Q63KB7 

BPSS1448 Putative acyl-coA dehydrogenase 0.970993 2.47941 Q63KB6 
BPSS1449 Putative TetR family transcriptional 

regulator 
1.6894 2.5276 Q63KB5 

BPSS1453 Putative bifunctional protein -6.18399 3.49636 Q63KB3 
BPSS1454 Uncharacterized protein -4.81006 2.25257 Q63KB2 
BPSS1464 Putative transmembrane NADPH 

flavoprotein 
2.38612 3.16382 Q63KA2 

BPSS1466 Putative aldehyde dehydrogenase 
family protein 

0.717415 3.07458 Q63KA0 
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BPSS1468 DUF1338 domain-containing protein 3.47687 2.49172 Q63K98 
BPSS1484 UPF0261 protein -1.13998 2.74769 Q63K81 
BPSS1554 Uncharacterized protein 1.4696 2.31135 Q63K12 
BPSS1561 Putative carboxypeptidase -1.88494 3.1535 Q63K05 
BPSS1569 Putative N-acylhomoserine lactone-

dependent regulatory protein 
-4.47649 4.9267 Q63JZ7 

BPSS1570 Acyl-homoserine-lactone synthase -5.11059 2.8517 Q63JZ6 
BPSS1588 Putative exported protein 1.37277 3.95718 Q63JX6 
BPSS1631 TauD domain-containing protein -6.13552 2.74961 Q63JT3 
BPSS1632 Probable non-ribosomal peptide 

synthetase 
-5.358 7.5889 Q63JT2 

BPSS1633 Probable non-ribosomal peptide 
synthetase 

-6.1016 4.4168 Q63JT1 

BPSS1636 Pyruvate dehydrogenase 
[cytochrome] 

-5.38141 3.6757 Q63JS8 

BPSS1637 4-hydroxybutyrate CoA transferase -5.08332 6.17772 Q63JS7 
BPSS1638 Putative hydratase -6.84744 4.6244 Q63JS6 
BPSS1639 Putative citrate lyase beta chain -7.29981 4.52177 Q63JS5 
BPSS1654 Cytochrome P450 -4.00567 3.21712 Q63JR2 
BPSS1658 Uncharacterized protein -2.14221 2.63143 Q63JQ8 
BPSS1666 Formate dehydrogenase-O, iron-

sulfur subunit 
-1.58829 2.68607 Q63JQ0 

BPSS1667 Formate dehydrogenase-O, major 
subunit 

-2.33285 5.21439 Q63JP9 

BPSS1679 Putative porin related exported 
protein 

-1.50488 4.73877 Q63JN8 

BPSS1682 UTP--glucose-1-phosphate 
uridylyltransferase 

-1.42525 3.63835 Q63JN5 

BPSS1686 Putative exported protein -6.05068 3.37328 Q63JN1 
BPSS1688 GDP-mannose 4,6-dehydratase -10.2317 8.33623 Q63JM9 
BPSS1689 Putative UDP-glucose 4-epimerase -8.13632 5.48873 Q63JM8 
BPSS1695 FolC bifunctional protein [includes: 

folylpolyglutamate synthase 
dihydrofolate synthase] 

0.459303 2.24986 Q63JM2 

BPSS1708 Putative nitrilotriacetate 
monooxygenase 

-2.85676 2.19244 Q63JK8 

BPSS1711 Pyruvate dehydrogenase E1 
component 

-1.65357 3.30964 Q63JK5 

BPSS1721 Putative GntR-family transcriptional 
regulator 

-0.908207 1.92239 Q63JJ5 

BPSS1737 Putative ABC transport system, 
exported protein 

2.45171 2.46968 Q63JH9 

BPSS1742 Putative outer membrane copper 
receptor 

1.40842 2.68291 Q63JH4 

BPSS1753 Methyltranfer_dom domain-
containing protein 

-5.22333 2.53452 Q63JG3 

BPSS1756 DNA primase -0.609157 2.58127 Q63JG0 
BPSS1761 GTP cyclohydrolase 1.32672 2.1399 Q63JF5 
BPSS1765 Putative osmotic adaptation-related 

protein 
4.08559 2.09834 Q63JF1 

BPSS1767 Putative 
carboxymethylenebutenolidase 

0.721552 2.29864 Q63JE9 

BPSS1769 NADH dehydrogenase -1.0478 2.88851 Q63JE7 
BPSS1779 Homoserine kinase 0.796029 2.33078 Q63JD9 
BPSS1782 Organic hydroperoxide resistance 

protein 
-0.789864 1.9337 Q63JD6 

BPSS1807 4-hydroxy-2-oxovalerate aldolase -3.59453 2.24646 Q63JB1 
BPSS1808 Acetaldehyde dehydrogenase -1.79796 2.27972 Q63JB0 
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BPSS1810 Branched-chain-amino-acid 
aminotransferase 

-1.61695 1.98202 Q63JA8 

BPSS1811 Putative transferase -1.63092 2.93796 Q63JA7 
BPSS1813 Putative non-ribosomal peptide 

synthase related protein 
-2.02457 3.60401 Q63JA5 

BPSS1815 Putative non-ribosomal peptide 
synthase 

-1.39699 2.01512 Q63JA3 

BPSS1825 Putative glycosyltransferase -6.5214 5.6797 Q63J93 
BPSS1826 Putative glycosyltransferase -4.30898 2.31576 Q63J92 
BPSS1828 Putative glycosyltransferase group 1 

protein 
-2.90001 4.70222 Q63J90 

BPSS1829 Putative glycosyltransferase -7.22359 4.33007 Q63J89 
BPSS1830 Putative exopolysaccharide 

biosynthesis related tyrosine-protein 
kinase 

-8.30534 5.37612 Q63J88 

BPSS1831 Putative exopolysaccharide (EPS) 
biosynthesis related polysaccharide 
lipoprotein 

-7.58948 4.74776 Q63J87 

BPSS1833 UDP-glucose 6-dehydrogenase -8.12649 6.36742 Q63J85 
BPSS1844 YCII domain-containing protei -1.03431 2.80751 Q63J74 
BPSS1846 Putative membrane protein (has a 

role in protecting cells against 
oxidative and heat shock stress) 

-2.23575 2.65563 Q63J72 

BPSS1847 Putative lipoprotein -1.82959 2.17898 Q63J71 
BPSS1854 Putative short-chain dehydrogenase -2.23392 2.68811 Q63J64 
BPSS1856 Putative phosphotransferase -2.24747 2.50194 Q63J62 
BPSS1857 Putative acyl-CoA dehydrogenase -3.63647 5.21505 Q63J61 
BPSS1859 Uncharacterized protein 0.353193 2.18368 Q63J59 
BPSS1861 Uncharacterized protein 0.684132 2.14411 Q63J57 
BPSS1869 Putative dehalogenase -1.14325 2.06907 Q63J48 
BPSS1878 Putative dehydrogenase 0.861684 2.84944 Q63J38 
BPSS1887 Putative aromatic oxygenase -1.38946 4.46532 Q63J29 
BPSS1888 Putative aromatic oxygenase -1.58712 5.13745 Q63J28 
BPSS1892 Catechol 1,2-dioxygenase -1.32131 2.49519 Q63J24 
BPSS1902 Putative LysR-family transcriptional 

regulator 
-1.42243 3.26994 Q63J14 

BPSS1903 Benzoate 1,2-dioxygenase alpha 
subunit 

-4.88482 3.26967 Q63J13 

BPSS1904 Benzoate 1,2-dioxygenase beta 
subunit 

-6.07187 3.34721 Q63J12 

BPSS1915 Putative metallo-beta-lactamase 
family protein 

-1.67761 2.24698 Q63J01 

BPSS1916 Acetoacetyl-CoA reductase -3.3781 4.85117 Q63J00 
BPSS1918 Putative alcohol dehydrogenase -4.34 3.41396 Q63IZ8 
BPSS1924 Uncharacterized protein -2.74118 4.0121 Q63IZ2 
BPSS1934 Universal stress protein 0.801284 2.00791 Q63IY2 
BPSS1936 Putative outer membrane efflux 

protein 
0.631439 1.95068 Q63IY0 

BPSS1937 Putative ABC transport system, 
exported protein 

0.674187 1.92965 Q63IX9 

BPSS1962 Deoxyribose-phosphate aldolase -0.940582 3.15175 Q63IV4 
BPSS2003 Putative conserved periplasmic 

protein 
4.96019 4.25223 Q63IR4 

BPSS2025 Putative decarboxylase -6.79089 3.65048 Q63IP4 
BPSS2036 Putative AMP-binding acetyl-CoA 

synthetase 
-3.98806 5.36086 Q63IN3 

BPSS2039 Putative cyclopropane-fatty-acyl-
phospholipid synthase 

-3.61591 4.08385 Q63IN0 
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BPSS2043 4HBT domain-containing protein -1.88028 3.33161 Q63IM6 
BPSS2099 Uncharacterized protein (VipB 

domain, part of T6SS) 
-3.4739 3.56292 Q63IH4 

BPSS2133 Putative membrane protein -1.69881 2.60871 Q63ID8 
BPSS2136 Family S43 non-peptidase 

homologue 
3.81647 4.54298 Q63ID5 

BPSS2141 Putative periplasmic oligopeptide-
binding protein 

1.52982 3.23894 Q63ID0 

BPSS2142 Putative MerR family transcriptional 
regulator 

1.24225 2.36236 Q63IC9 

BPSS2172 Uncharacterized protein -3.09283 2.4582 Q63I99 
BPSS2175 Putative hydrolase -1.28293 2.49031 Q63I95 
BPSS2211 Putative ATP-dependent DNA 

ligase 
-4.05172 2.63334 Q63I59 

BPSS2214 Catalase -3.68065 4.62941 Q63I56 
BPSS2218 RNA polymerase sigma-54 factor -5.1085 3.17457 Q63I52 
BPSS2221 DUF892 domain-containing protein -8.94926 5.33014 Q63I49 
BPSS2222 Uncharacterized protein -4.37608 3.07861 Q63I48 
BPSS2223 Putative exported protein -4.60418 2.44936 Q63I47 
BPSS2225 Uncharacterized protein -1.56574 2.29026 Q63I45 
BPSS2229 Uncharacterized protein -9.2522 4.80856 Q63I40 
BPSS2230 PRC domain-containing protein -10.7022 6.35258 Q63I39 
BPSS2231 Putative response regulator (CheY-

like domain) 
-4.86886 5.07978 Q63I38 

BPSS2233 Putative DNA glycosylase -4.24788 3.53924 Q63I36 
BPSS2235 Putative Zinc-binding 

dehydrogenase 
-5.10257 3.57276 Q63I34 

BPSS2236 Uncharacterized protein -7.79902 4.06654 Q63I33 
BPSS2237 Putative exported protein -6.03509 3.32329 Q63I32 
BPSS2238 Putative short-chain dehydrogenase -7.24827 2.33078 Q63I31 
BPSS2240 Uncharacterized protein -5.05281 2.7856 Q63I29 
BPSS2243 Putative lipoprotein 

(hyperosmotically iduced 
periplasmic protein) 

-10.0859 5.33091 Q63I26 

BPSS2249 Putative sigma-54 interacting 
response regulator 

-4.64977 3.89173 Q63I20 

BPSS2250 Putative sigma-54 interacting 
transcriptional regulator 

-4.70855 4.97217 Q63I19 

BPSS2251 Putative LPS biosynthesis related 
transferase 

-4.39848 2.5321 Q63I18 

BPSS2254 Putative carbamoyltransferase -7.22651 3.49237 Q63I15 
BPSS2257 Putative short chain dehydrogenase -7.03712 3.39057 Q63I12 
BPSS2260 BON domain-containing protein -7.05609 4.30899 Q63I09 
BPSS2261 Putative phosphatidylserine 

decarboxylase 
-6.49928 3.41425 Q63I08 

BPSS2262 Succinate dehydrogenase iron-
sulfur protein 

-3.47137 3.17386 Q63I07 

BPSS2264 Putative dehydrogenase -1.85612 2.05775 Q63I05 
BPSS2270 Dihydrolipoyl dehydrogenase 2.54347 7.6539 Q63HZ9 
BPSS2271 Dihydrolipoamide acetyltransferase 

component of pyruvate 
dehydrogenase complex 

2.19447 5.45372 Q63HZ8 

BPSS2272 2-oxoisovalerate dehydrogenase 
beta subunit 

2.99344 3.56128 Q63HZ7 

BPSS2273 2-oxoisovalerate dehydrogenase 
alpha subunit 

2.59256 5.99876 Q63HZ6 

BPSS2284 Nitroreductase domain-containing 
protein 

-0.978791 2.11781 Q63HY5 



     

415 
 

Gene Protein Fold 
change 

-Log10 p 
value 

UniProt ID 

BPSS2293 Putative quinone oxidoreductase -2.81818 5.54693 Q63HX6 
BPSS2305 Putative lipoprotein -1.11404 2.08753 Q63HW4 
BPSS2307 Putative amidase 1.78633 3.60407 Q63HW2 
BPSS2339 Squalene--hopene cyclase 0.584867 2.26628 Q63HT1 
BPSS2345 Sensory kinase protein -2.20984 1.91049 Q63HS5 
BPSS2346 FMN_red domain-containing protein -1.3072 4.02276 Q63HS4 
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Figure A4.2 Volcano plot of proteomic changes in complement strain, Bps∆ppiA/ppiA, 
compared to BpsWT. Relative fold change of proteins is indicated by individual dots. 
Highlighted in blue is BPSL2245, or PpiA. 
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Figure A4.3 Volcano plot of proteomic changes in complement strain, Bps∆ppiA/ppiA, 
compared to the mutant Bps∆ppiA. Relative fold change of proteins is indicated by individual 
dots. 
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Appendix 5 – Characterisation of BpsΔppiAppiB 

Table A5.1 Proteins significantly changed in Bps∆ppiAppiB relative to BpsWT. 
Gene Protein Fold 

change 
 -Log10 p 
value 

UniProt 
ID 

BPSL0002 Putative membrane protein -3.41013 1.44291 Q63Z35 

BPSL0019 Outer membrane efflux lipoprotein -3.56785 2.90572 Q63Z18 

BPSL0064 Alpha-methylacyl-CoA racemase -4.1321 1.43287 Q63YX6 

BPSL0097 Putative exported protein -3.09504 3.11982 Q63YU2 

BPSL0348 Uncharacterised protein -2.07993 2.74309 Q63Y40 

BPSL0364 Biotin synthase -2.93885 1.79173 Q63Y25 

BPSL0473 Uncharacterised protein -3.23707 3.09982 Q63XR7 

BPSL0475 Putative fatty acid desaturase -4.23604 3.66682 Q63XR5 

BPSL0476 Putative diaminobutyrate--2-
oxoglutarate aminotransferase 

-4.77986 1.38157 Q63XR4 

BPSL0478 Putative membrane protein (ABC 2 
type transport system permease 
protein) 

-3.9329 2.95302 Q63XR2 

BPSL0479 ABC transport system ATP-binding 
protein 

-4.02516 2.19978 Q63XR1 

BPSL0480 TauD domain containing protein 
(TauD is required for utilisation of 
taurine as a sulfur source and is only 
expressed under sulphate starvation 
conditions) 

-4.46341 2.97562 Q63XR0 

BPSL0481 Methyltransf_25 domain containing 
protein 

-2.6587 3.75576 Q63XQ9 

BPSL0482 Uncharacterised protein -2.90127 2.56518 Q63XQ8 

BPSL0483 Uncharacterised protein -2.38726 3.34799 Q63XQ7 

BPSL0484 Uncharacterised protein -4.35189 2.77356 Q63XQ6 

BPSL0485 Putative AMP-binding enzyme -3.02428 3.6833 Q63XQ5 

BPSL0486 Putative pyridoxal-dependent 
decarboxylase 

-2.96961 2.68023 Q63XQ4 

BPSL0487 ACP_syn_III domain containing 
protein 

-5.7293 2.07252 Q63XQ3 

BPSL0488 Uncharacterised protein -3.02675 3.00825 Q63XQ2 

BPSL0489 Uncharacterised protein -2.55378 4.19596 Q63XQ1 

BPSL0490 Uncharacterised protein -4.18441 3.2515 Q63XQ0 

BPSL0492 Uncharacterised protein -3.2595 1.90568 Q63XP8 
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BPSL0493 Putative AMP-binding  protein -3.80444 2.74949 Q63XP7 

BPSL0549A Putative DNA binding protein -3.26166 1.41912 Q63XJ1 

BPSL0573 Putative exported protein -5.6318 4.48595 Q63XG6 

BPSL0574 Subtilase family protein -3.28504 3.37625 Q63XG5 

BPSL0626 MarR family regulatory protein -2.82731 1.51809 Q63XB0 

BPSL0636 DUF971 domain containing protein -2.89202 1.5495 Q63XA1 

BPSL0724 Putative thiamine pyrophosphate 
requiring enzyme 

-7.01056 2.84886 Q63X16 

BPSL0750 Uncharacterised protein -3.43164 3.07722 Q63WY9 

BPSL0752 Uncharacterised protein -4.63166 1.05413 Q63WY7 

BPSL0753 Uncharacterised protein -3.14702 4.82619 Q63WY6 

BPSL0764 Uncharacterised protein -3.02913 1.53077 Q63WX7 

BPSL0773 Putative transmembrane transport 
protein 

-3.5077 2.01871 Q63WW
8 

BPSL0897 Putative multicopper oxidase -4.72495 3.88419 Q63WJ3 

BPSL0918 Peptidyl-prolyl cis-trans isomerase -2.84921 2.59843 Q63WH1 

BPSL0931 Putative copper resistance protein -3.55256 2.3647 Q63WF7 

BPSL0940 Uncharacterised protein -3.29766 4.40077 Q63WE7 

BPSL0941 Uncharacterised protein -6.12616 4.82522 Q63WE6 

BPSL0942 Uncharacterised protein -2.72723 3.44286 Q63WE5 

BPSL1012 Putative biotin biosynthesis related 
protein 

-3.31721 1.80059 Q63W76 

BPSL1044 Trehalose-6-phosphate synthase -2.44406 7.01377 Q63W45 

BPSL1045 AAA_28 domain containing protein -4.67724 3.19224 Q63W44 

BPSL1059 Uncharacterised protein -5.44918 3.89794 Q63W34 

BPSL1061 Uncharacterised protein -5.29311 2.90015 Q63W32 

BPSL1067 DUF4399 containing uncharacterised 
protein 

-2.49126 2.06026 Q63W26 

BPSL1137 AAA_31 domain containing protein 6.79843 2.82101 Q63VV8 

BPSL1138 RelA SpoT domain containing protein 4.76333 2.57795 Q63VV7 

BPSL1270 Putative exported alkaline 
phosphatase 

2.00824 3.2103 Q63VH5 

BPSL1316 Putative short chain dehydrogenase -2.88054 1.6403 Q63VC6 
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BPSL1329 Putative malonate decarboxylase 
alpha-subunit 

-2.0946 4.36358 Q63VB2 

BPSL1330 Putative malonate decarboxylase 
delta-subunit 

-3.36509 2.06164 Q63VB1 

BPSL1331 Putative malonate decarboxylase 
beta-subunit 

-2.66382 2.71411 Q63VB0 

BPSL1332 Putative malonate decarboxylase 
gamma-subunit 

-2.24774 2.87782 Q63VA9 

BPSL1370 Uncharacterised protein -3.88911 2.40404 Q63V71 

BPSL1390 Uncharacterised protein -4.95603 4.00401 Q63V53 

BPSL1399 Putative reductase -2.46919 1.8203 Q63V45 

BPSL1447 Putative exported protein 6.67783 1.80736 Q63UZ7 

BPSL1549 Uncharacterised protein (BFL1-
Burkholderia lethal factor 1 protein) 

-2.05264 3.18956 Q63UP7 

BPSL1561 Putative metallo-beta-lactamase 
family protein 

-1.69328 4.14914 Q63UN5 

BPSL1566 Putative outer membrane lipoprotein -4.30513 2.57602 Q63UN0 

BPSL1577 2-ketogluconate reductase -3.02684 2.01977 Q63UL9 

BPSL1614 Uncharacterised protein -4.76748 3.07554 Q63UI6 

BPSL1615 Putative iron-sulfur protein -3.3261 2.1907 Q63UI5 

BPSL1617 Putative hydroxylase -5.04549 4.64851 Q63UI3 

BPSL1618 Uncharacterised protein -4.50535 4.85836 Q63UI2 

BPSL1622 Putative exported protein 1.84151 5.25845 Q63UI0 

BPSL1886 Putative exported protein -5.72327 3.06177 Q63TT0 

BPSL1914 Putative multidrug resistance protein 
A 

-3.29069 2.68436 Q63TQ2 

BPSL1937 Putative exported protein -3.76947 1.42702 Q63TN0 

BPSL1958 Uncharacterised protein -3.71489 2.46687 Q63TL0 

BPSL1959 Putative thioesterase 1.90428 4.15174 Q63TK9 

BPSL1988 Putative oxidoreductase -4.38677 4.07115 Q63TI0 

BPSL1990 Putative transcriptional regulatory 
protein 

-4.93988 3.79453 Q63TH8 

BPSL1991 Putative sugar ABC transport system 
substrate-binding periplasmic protein 

-3.46912 4.23121 Q63TH7 

BPSL1993 Putative ABC transport system, ATP-
binding protein 

-4.60896 4.93166 Q63TH5 
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BPSL1994 Putative carbohydrate kinase -4.79645 1.75596 Q63TH4 

BPSL1995 Putative TPP-binding acetolactate 
synthase 

-4.52839 4.26311 Q63TH3 

BPSL1996 Putative amine catabolism-related 
protein 

-2.6654 3.84252 Q63TH2 

BPSL1997 5-deoxy-glucuronate  isomerase -4.05384 2.51031 Q63TH1 

BPSL2035 Putative regulatory protein (DNA 
binding protein H-NS) 

-3.56446 2.36556 Q63TD4 

BPSL2074 Alpha-1,4-glucan:maltose-1-
phosphate maltosyltransferase 

-6.25072 4.46648 Q63T93 

BPSL2075 Putative trahalose synthase protein -5.26351 2.84542 Q63T92 

BPSL2076 1,4-alpha-glucan branching enzyme -3.26829 2.14055 Q63T91 

BPSL2079 4-alpha-glucanotransferase -5.8606 3.88938 Q63T88 

BPSL2082 Uncharacterised protein -5.00797 4.19504 Q63T85 

BPSL2187 Putative ATP-dependent RNA 
helicase 

-3.08583 1.6688 Q63SY4 

BPSL2226 Methyltransf_25 domain containing 
protein 

-3.23343 2.11187 Q63SU5 

BPSL2232 Putative non-ribosomal peptide 
synthase 

-2.88394 1.76433 Q63ST9 

BPSL2245 Cyclophilin A -10.388 5.28725 Q63SS6 

BPSL2246 Cyclophilin B -10.2143 5.53095 Q63SS5 

BPSL2275 Putative TatD related Dnase -2.8091 2.2582 Q63SP5 

BPSL2323 Putative exported protein -2.18531 2.15921 Q63SJ7 

BPSL2403 Non-hemolytic phospholipase C -3.55199 1.96252 Q9RGS8 

BPSL2404 Periplasmic ligand binding lipoprotein -3.61896 3.04999 Q63SC0 

BPSL2530 NAD-dependent formate 
dehydrogenase alpha subunit 

-4.20219 2.25372 Q63RZ1 

BPSL2561 Guanosine-3',5'-bis(diphosphate) 3'-
pyrophosphohydrolase 

-2.1673 2.69425 Q63RV9 

BPSL2568 Lysozyme -2.13044 3.68152 Q63RV2 

BPSL2569 Putative exported protein -5.02547 3.41582 Q63RV1 

BPSL2712 Putative hydrolase -3.15557 1.5431 Q63RG0 

BPSL2715 Putative lipoprotein -7.69061 4.66248 Q63RF7 

BPSL2716 D-(-)-3-hydroxybutyrate oligomer 
hydrolase 

-5.00442 3.68789 Q63RF6 
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BPSL2727 Putative xanthine dehydrogenase 
large subunit 

-2.08522 3.39939 Q63RE5 

BPSL2968 L-arabinose binding periplasmic 
protein 

-3.82717 3.35476 Q63QQ6 

BPSL2973 Putative exported protein -3.19504 1.70548 Q63QQ1 

BPSL2974 Putative lipoprotein -4.57736 3.97657 Q63QQ0 

BPSL3079 Cold shock-like protein -3.35852 1.31714 Q63QE4 

BPSL3256 Putative amino acid permease -3.41233 2.13168 Q63PW6 

BPSL3258 AAA_13 domain containing protein -3.76105 3.42443 Q63PW4 

BPSL3282 Uncharacterised protein (heme iron 
utilisation protein) 

-3.11073 2.06648 Q63PU0 

BPSL3340 Putative chitin-binding protein -3.56015 1.32102 Q63PN3 

BPSL3359 Putative lipoprotein -5.2798 2.77535 Q63PL5 

BPSL3369 Acetaldehyde dehydrogenase -2.14059 4.16365 Q63PK5 

BPSL3416 Putative branched-chain amino acid 
ABC transporter periplasmic 
substrate binding protein 

-3.2052 2.32711 Q63PG0 

BPSS0024 Uncharacterised protein -4.87312 2.53545 Q63PC1 

BPSS0077 Putrescine binding periplasmic 
protein 

-4.91736 4.52083 Q63P70 

BPSS0082 Putative thioredoxin -3.01636 3.53185 Q63P63 

BPSS0098; 

BPSS0172 

Type VI sectretion system protein 
ImpC 

-3.13524 2.04344 Q63NX6;
Q63P48 

BPSS0130 Putative peptide synthase protein -4.04779 2.43417 Q63P18 

BPSS0132 SnoaL-like domain containing protein 
(polyketide synthase) 

-4.47479 2.20122 Q63P16 

BPSS0133 Putative methyltransferase -2.82063 1.72048 Q63P15 

BPSS0139 Putative pyridine nucleotide-disuphide 
oxidoreductase 

-5.36514 4.12126 Q63P09 

BPSS0140 Putative sugar ABC transport system 
lipoprotein 

-2.15065 3.44767 Q63P08 

BPSS0148 Hippurate hydrolase -3.62966 3.88622 Q63P00 

BPSS0200 Putative penicillin amidase -2.57504 5.39214 Q63NU9 

BPSS0203 Putative lipoprotein -2.66794 2.24712 Q63NU6 

BPSS0214 Putative heme/metallo cofactor 
biosynthesis related protein 

-2.64547 1.84524 Q63NT5 
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BPSS0257 Putative ribose ABC transport 
system, substrate binding exported 
protein 

-4.72832 3.98465 Q63NP3 

BPSS0258 Putative dehydrogenase (short chain 
dehydrogenase) 

-3.18752 3.18539 Q63NP2 

BPSS0259 Putative dehydrogenase (erythritol/L-
threitol dehydrogenase) 

-5.81324 2.90011 Q63NP1 

BPSS0260 Putative kinase -4.67571 4.55165 Q63NP0 

BPSS0277 Putative methyltransferase -5.74819 3.90571 Q63NM2 

BPSS0278 Putative oxygenase -2.89011 2.43491 Q63NM1 

BPSS0279 Putative rieske iron-sulfur protein -4.37035 2.84688 Q63NM0 

BPSS0288 Putative lipoprotein -3.04504 2.10649 Q63NL1 

BPSS0292 Putative multidrug efflux system 
exported protein 

-3.9069 1.93039 Q63NK7 

BPSS0294 Putative multidrug efflux system 
lipoprotein 

-4.6756 2.42362 Q63NK5 

BPSS0321 Uncharacterised protein (L-lactate 
dehydrogenase complex protein lldE) 

-3.41807 1.76456 Q63NH8 

BPSS0329 Putative fatty aldehyde 
dehydrogenase 

-3.61673 2.58082 Q63NH0 

BPSS0331 Putative dihydrodipicolinate synthase -5.74588 3.24672 Q63NG8 

BPSS0363 Uncharacterised protein -3.42646 2.18105 Q63ND6 

BPSS0417 Uncharacterised protein -3.91554 3.53738 Q63N78 

BPSS0422 Putative aminotranferase -1.71462 4.06011 Q63N73 

BPSS0426 Putative heptosyltranferase (O 
antigen related) 

-2.88826 3.52163 Q63N69 

BPSS0428 Putative glycosyl tranferase (O 
antigen related) 

-3.8923 2.65726 Q63N67 

BPSS0441 Aminohydro_3 domain containing 
protein 

-2.52919 4.99487 Q63N55 

BPSS0442 Uncharacterised protein -4.85956 2.7243 Q63N54 

BPSS0444 Non-heme chloroperoxidase -3.7777 1.81008 Q63N52 

BPSS0493 Putative chitin binding protein 2.01192 2.47587 Q63N05 

BPSS0517 Uncharacterised protein (T6SS impC) 3.24314 1.88098 Q63MY1 

BPSS0571 Putative exported protein 2.83951 2.05599 Q63MS7 

BPSS0614 Putative membrane protein -3.59152 3.12064 Q63MN6 

BPSS0677 Putative asparganine synthetase -2.68556 2.40503 Q63MI0 
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BPSS0713 Uncharacterised protein -1.95599 3.68439 Q63ME4 

BPSS0714 Methyltranf_33 domain containing 
protein 

-4.11911 2.43941 Q63ME3 

BPSS0721 Enoyl-[acyl-carrier-protein] reductase 
I [NADH] 

-2.08712 3.23092 Q63MD6 

BPSS0748 Putative exported protein -3.61612 2.86105 Q63MB2 

BPSS0810 N-acetyltransferase domain-
containing protein 

-4.31079 4.88122 Q63M51 

BPSS0860 Flagellar hook associated protein 2 -2.74949 2.21316 Q63M01 

BPSS0915 Putative exported protein -3.06024 2.18653 Q63LU7 

BPSS0964 Periplasmic solute-binding protein 
(peptide/nickel transport system 
substrate-binding protein) 

-3.4825 4.1969 Q63LP9 

BPSS1057 Putative bacteriophage gp29 protein -4.85405 3.24535 Q63LF3 

BPSS1059 Putative bacteriophage gp31 protein -6.06593 3.74302 Q63LF1 

BPSS1076 Hypothetical bacteriophage protein -12.3983 6.84213 Q63LD3 

BPSS1121 Putative GTP cyclohydrolase II -3.87799 2.15733 Q63L87 

BPSS1122 Putative WD-repeat family protein 
(toxoflavin biosynthesis protein toxC) 

-7.54711 1.41245 Q63L86 

BPSS1126 Putative O-methyltransferase -3.37358 1.93805 Q63L82 

BPSS1127 Putative glyoxylase/bleomycin 
resistance protein/dioxygenase 
superfamily protein 

-2.7468 2.17967 Q63L81 

BPSS1175 Oligopeptidase A -2.8386 2.14453 Q63L33 

BPSS1220 L-arabinose-binding periplasmic 
protein 

-3.38568 1.77066 Q63KZ3 

BPSS1249 Putative lipoprotein -1.81605 4.12091 Q63KW4 

BPSS1253 Putative LysR family transcriptional 
regulator  

-3.34666 1.59446 Q63KW0 

BPSS1266 Putative peptide/siderophore 
synthase (non-ribosomal peptide 
synthase) 

-12.0171 6.36489 Q63KU8 

BPSS1269 Polyketide synthase -10.3662 7.10349 Q63KU5 

BPSS1270 Uncharacterised protein -7.9479 4.73782 Q63KU4 

BPSS1271 Putative phosphopantetheine binding 
protein 

-4.61292 1.75313 Q63KU3 

BPSS1272 Putative acyl-CoA dehydrogenase -6.76646 1.46658 Q63KU2 
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BPSS1273 Acyl-CoA dehydrogenase -7.86406 4.15315 Q63KU1 

BPSS1274 Putative polyketide synthase related 
protein 

-6.6288 3.4357 Q63KU0 

BPSS1275 RNA polymerase sigma-70 factor -2.97513 2.40075 Q63KT9 

BPSS1315 Isoleucine--tRNA ligase 2 -5.12167 1.9232 Q63KP6 

BPSS1364a 30S ribosomal protein S21 2 -5.35798 3.56887 Q63KJ7 

BPSS1367 Putative sarcosine oxidase alpha 
subunit 

-3.91558 5.22881 Q63KJ4 

BPSS1453 Putative difunctional protein 
(Carboxynorspermidine 
decarboxylase) 

-3.54817 2.90343 Q63KB3 

BPSS1516 Uncharacterised protein -3.45747 1.34361 Q63K50 

BPSS1525 Guanine nucleotide exchange factor -3.34926 1.42152 Q63K41 

BPSS1542 Surface presentation of antigens 
protein (T3SS chaperone) 

-2.78047 1.95507 Q63K24 

BPSS1570 Acyl-homoserine-lactone synthase -2.65823 1.69851 Q63JZ6 

BPSS1631 TauD domain containing protein 
(TauD is required for utilisation of 
taurine as a sulfur source and is only 
expressed under sulphate starvation 
conditions) 

-2.42451 2.49977 Q63JT3 

BPSS1654 Cytochrome p450 -2.65333 1.93903 Q63JR2 

BPSS1686 Putative exported protein -5.05097 4.37337 Q63JN1 

BPSS1729 Putative cytochrome C -3.87234 2.29092 Q63JI7 

BPSS1765 Putative osmotic adaptation-related 
protein 

3.17534 1.6924 Q63JF1 

BPSS1831 Putative exopolysaccharide (EPS) 
biosynthesis related polysaccharide 
lipoprotein 

-2.49962 3.2054 Q63J87 

BPSS1854 Putative short chain dehydrogenase -3.67881 3.47327 Q63J64 

BPSS1856 Putative phosphotransferase -2.35854 2.22098 Q63J62 

BPSS1857 Acyl-CoA dehydrogenase -5.3572 5.75234 Q63J61 

BPSS1903 Benzoate 1,2-dioxygenase alpha 
subunit 

-3.02596 1.79445 Q63J13 

BPSS1918 Putative alcohol dehydrogenase -2.36053 2.14068 Q63IZ8 

BPSS1924 Uncharacterised protein (osmY-like 
protein, osmotically inducible protein 
Y) 

-1.87673 3.68344 Q63IZ2 
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BPSS1958 Uncharacterised protein -1.71171 4.80275 Q63IV8 

BPSS1992 Xaa-pro dipeptidyl-peptidase -3.01834 1.45036 Q63IS4 

BPSS2007 Uncharacterised protein -2.72852 2.1009 Q63IR1 

BPSS2036 Putative AMP-binding acetyl-CoA 
synthetase 

-2.84747 3.23219 Q63IN3 

BPSS2039 Putative cyclopropane-fatty-acyl-
phospholipid synthase 

-3.49217 2.95904 Q63IN0 

BPSS2045 Nudix hydrolase domain containing 
protein 

-2.75477 1.93833 Q63IM4 

BPSS2048 Putative glutathione S-transferase -4.20135 3.1446 Q63IM1 

BPSS2071 Putative exported protein -3.2398 2.04811 Q63IJ8 

BPSS2136 Family S43 non-peptidase homologue -2.22648 3.29375 Q63ID5 

BPSS2211 Putative ATP-dependent DNA ligase -4.81698 3.15753 Q63I59 

BPSS2212 Non-homologous end joining protein -3.96286 1.97038 Q63I58 

BPSS2214 Catalase -3.30004 4.17565 Q63I56 

BPSS2218 RNA polymerase sigma-54 factor -4.82572 3.02512 Q63I52 

BPSS2221 DUF892-containing protein -8.21826 3.66811 Q63I49 

BPSS2222 Uncharacterised protein -5.37189 2.30072 Q63I48 

BPSS2223 Putative exported protein (mipA 
domain, binds with PBP1B and 
mediates the assembly of MltA to 
PBP1B to form a complex) 

-3.01054 2.65637 Q63I47 

BPSS2229 Uncharacterised protein -7.63781 4.22318 Q63I40 

BPSS2230 PRC domain-containing protein 
(involved in ribosomal maturation and 
processing of 16S rRNA) 

-6.01022 4.62657 Q63I39 

BPSS2231 Putative response regulator (CheY-
like?) 

-5.39257 2.73193 Q63I38 

BPSS2233 Putative DNA glycosylase (Uracil 
DNA glycosylase) 

-3.74713 2.11622 Q63I36 

BPSS2235 Putative zinc-binding dehydrogenase -3.75128 2.12643 Q63I34 

BPSS2236 Uncharacterised protein -7.90742 4.03667 Q63I33 

BPSS2237 Putative exported protein -6.52259 3.34859 Q63I32 

BPSS2238 Putative short chain dehydrogenase -8.73963 3.92935 Q63I31 

BPSS2240 Uncharacterised protein -5.30889 2.92176 Q63I29 

BPSS2243 Putative lipoprotein (hyperosmotically 
inducible periplasmic protein) 

-7.99702 4.48627 Q63I26 
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BPSS2249 Putative sigma-54 interacting 
transcriptional regulator (Fis family) 

-3.84092 2.72415 Q63I20 

BPSS2250 Putative sigma-54 interacting 
transcriptional regulator (Fis family) 

-3.28414 2.22606 Q63I19 

BPSS2251 Putative LPS biosynthesis related 
transferase 

-3.5927 2.20149 Q63I18 

BPSS2254 Putative carbamoyltransferase -4.1931 2.02453 Q63I15 

BPSS2257 Putative short chain dehydrogenase -6.85443 3.7873 Q63I12 

BPSS2260 BON domain-containing protein 
(osmY-like, protects against osmotic 
shock by shrinking the cell) 

-6.96809 3.77482 Q63I09 

BPSS2261 Putative phosphatidylserine 
decarboxylase 

-5.78971 2.77054 Q63I08 

BPSS2262 Succinate dehydrogenase iron-sulfur 
protein 

-3.7905 1.92429 Q63I07 

BPSS2295 Uncharacterised protein -2.97217 1.57349 Q63HX4 

BPSS2303 Putative exported protein -5.01223 3.45867 Q63HW6 

BPSS2305 Putative lipoprotein, thioredoxin-
containing protein 

-4.21571 3.22656 Q63HW4 

BPSS2345 Sensory kinase protein -3.11292 1.38316 Q63HS5 
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Figure A5.1 Volcano plot of proteomic changes in complement strain, Bps∆ppiAppiB/ppiA, 
compared to Bps∆ppiAppiB. Relative fold change of proteins is indicated by individual dots. 
Highlighted in red is BPSL2245, or PpiA indicating that although PpiA protein is now present there 
is no shift in the proteome. 
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