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ABSTRACT 

 

Peritoneal dialysis-associated peritonitis is a life-threatening complication for patients undergoing 
renal replacement therapy using peritoneal dialysis (PD). Poor outcomes for peritoneal dialysis 

patients are driven by the unacceptably high risk of morbidity and mortality associated with 
peritonitis: dialysis technique failure and patient death are a common outcome from a peritonitis 
episode.  

 

Current approaches for diagnosing peritonitis rely on microbiology techniques that require lengthy 

delays to grow bacteria into pure culture before confirmation of infection, and antimicrobial 
susceptibilities, can be provided to treating clinicians. This delay is unacceptable for peritoneal 
dialysis patients: every hour of delay in commencing effective antimicrobial therapy results in a 
6.4% increased risk of technique failure and death. This is further compounded by the fact that 

≈15-20% of all PD peritonitis cases are classified as “culture negative”: clear evidence of peritonitis 
is seen but there is no culturable microbial cause. 

 

Other areas of diagnostic medicine have been revolutionised by the speed and precision by which 
culture-independent microbiology tools can provide actionable results to clinicians. These tools 

(such as PCR assays and flow cytometry) do not rely on the slow growth of microbial cells to 
produce endpoints: these tests typically rely on the detection and/or amplification of nucleic acid 
and some form of optics to make their assessments.  

 

The International Society for Peritoneal Dialysis provides guidelines for the diagnosis and 
management of PD-associated peritonitis and their most recent published update included a call to 

action on the need for evidence supporting the use of culture-independent microbiology tools for 
diagnosis of peritonitis. Following an examination of the literature, I have developed new acoustic-
enhanced flow cytometry methods for the detection and viability status assignment of microbial 

populations within PD peritonitis effluent and offer the most rigorous investigation of microbial load 
in PD peritonitis effluent to date. I provide evidence supporting a paradigm-shifting hypothesis that 
all effluent specimens from suspected PD peritonitis cases contain putatively viable microbes that 
offers a potential explanation for the problem of culture negative peritonitis cases.   

I used gene expression profiling to measure transcript-level changes in mesothelial cell gene 

expression following 1-hour exposure to Staphylococcus epidermidis isolated from PD peritonitis 
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cases. Overall, the early response is dominated by canonical pathways associated with pathogen 
recognition and inflammation, with a strong bias towards TNF mediated signaling, however I report 
a novel finding that pathways associated with programmed cell death are also represented at this 
early time point. I found reproducible, bacterial-strain specific discordance in genes associated with 

chemokine and cytokine production that highlight the complexity in the early response of 
mesothelial cells to S. epidermidis. 

 

This strain-level heterogeneity was recapitulated when I examined the ability of S. epidermidis cells 
to persist and grow in traditional microbiological growth medium, unused PD fluid, and effluent from 

PD patients. Eighty percent of the isolates tested showed a decrease in viability when exposed to 
unused PD fluid for 4 hours, strong growth in microbiological medium, and weak growth in PD 
patient effluent. Twenty percent of isolates tested showed no reduction in viability in unused PD 

fluid, weak growth in traditional microbiological growth medium, and strong growth in PD patient 
effluent. The improved persistence in unused fluid, and growth in patient effluent, is associated 
with an extreme resistance to multiple categories of antimicrobials. Multidrug resistance was not 
seen in the other isolates tested. Contextualised with the literature, I present a hypothesis of 

antimicrobial resistance-facilitated persistence and adaptation to the artificial niche found in a PD 
fluid exposed peritoneal cavity. 

 

Effective antimicrobial therapy is the cornerstone of strategies required to reduce negative 
outcomes in PD patients suffering peritonitis. Current techniques of assessing antimicrobial 

susceptibility profile are too slow (2-5 days to result) to provide actionable results to clinicians when 
every hour of delay to effective antimicrobial therapy results in a cumulative risk of death. I present 
FAST: a new antimicrobial susceptibility test capable of producing quantitative susceptibility results 
within 2-5 hours of samples arriving in the clinical laboratory. 

. 
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1.0 Introduction 
Chronic kidney disease (CKD) is diagnosed as urine abnormalities with associated structural and 

functional changes to the kidneys that persist for greater than 3 months1. Severity is classified 
based on remaining kidney function. Estimated glomerular filtration rate (eGFR) in healthy 
individuals is ≥90 mL/min per 1.73 m2 (i.e. expressed as relative body surface area)2,3. Patients are 

classified as suffering from end-stage kidney disease (ESKD) when their eGFR drops below 15 
mL/min per 1.73 square meters2,3. Common causes of ESKD are: 

 

• Uncontrolled diabetes4,5 

• Chronic uncontrolled hypertension6,7 

• Chronic glomerulonephritis1,5,7 

• Polycystic kidney disease8–10 

 

Previous global estimates have suggested as many as 2.6 million people were living with ESKD, 
but the prevalence is increasing rapidly5,11–16. In Australia and New Zealand alone, there were 

29,396 identified patients suffering ESKD in 201711. The increasing rate of CKD and ESKD is 
attributed to the ageing population in developed countries and increases in the comorbidities 
shown to lead to ESKD5,13,17. Lifestyle factors common with low socioeconomic groups (obesity, 
drug and alcohol abuse, chronic tobacco use, etc.) correlate with co-morbidities that are associated 

with a high-risk of ESKD11. The global burden of ESKD is unknown due to poor surveillance and 
treatment access in resource poor, low socioeconomic regions and developing nations18.  

 
ESKD is a leading cause of morbidity and mortality globally – ANZDATA place mortality statistics 

at between 14.4 and 15.3 per 100 patient years19. To contextualise these numbers, all cancers 
treated as a single entity show 13.3 deaths per 100 patient years20. 

  

1.1 Renal Replacement Therapy 

ESKD results in accumulation of toxic metabolic by-products in body fluids and requires 
intervention with renal replacement therapy (RRT). Patients requiring RRT have three potential 
avenues of therapy available. Firstly, and preferably, transplantation allows for a new organ to 

supplant the function of the diseased kidney, and to restore kidney function. While kidney 
transplantation is associated with reduced risk of death, better quality of life, and reduced on-going 
treatment costs, many co-morbidities (such as chronic health issues associated with advanced 
age, active or recent cancer, dementia, or substance abuse) can render a patient ineligible for 
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transplantation11,21,22. Successful transplantation is predicated on the availability of an 
immunologically compatible donor kidney and demand always outstrips supply. 

 
In lieu of transplantation, or while a patient is awaiting a donor organ, dialysis therapies must be 
used to support patients. Dialysis is therapy which relies on the movement of water and solutes 

across a membrane where a concentration gradient differential exists23. Dialysis supplements or 
replaces normal kidney function and allows removal of toxic metabolic by-products from the 
bloodstream of a patient by osmotic effects. There are two main forms of dialysis: 

 

1. Haemodialysis (HD) relies on inserted cannulas to remove blood from a patient’s body, 
conduct dialysis through synthetic membranes in tubules external to the body, and then 
return of the blood to the cardiovascular system. 

2. Peritoneal dialysis (PD) utilises a surgically implanted catheter to allow patients to instil 
hypertonic buffered glucose solutions into the peritoneal cavity, use the mesothelial 
membrane lining the cavity to perform the dialysis, and then remove the fluid after a dwell 
period of 4 hours to overnight. 

 

1.2 Peritoneal dialysis 

In brief summary, PD can be performed in two ways: continuous ambulatory peritoneal dialysis 

(CAPD) is performed by instilling approximately 2L of fluid into the abdomen 2-6 times daily24. 
Automatic peritoneal dialysis (APD) relies on a constant connection to an automated pump that 
renews and refreshes fluids as is needed25. These fluids remain in the peritoneal cavity for a period 
(typically 4 hours – overnight) and allow for passive exchange of toxins and metabolic waste 

products across the peritoneal membrane. These fluids vary in composition between 
manufacturers but use carbonate or lactate-based buffering systems to ensure pH balance in the 
cavity and contain varying concentrations of glucose to facilitate the osmotic effects that drive 

PD26. 

 
PD offers a range of benefits over HD that make it attractive to patients. While HD patients are 
tethered to a chair (either in dialysis centres, or with costly home-HD systems) for their sessions, 
PD patients are free to move once fluid is instilled and can resume work, study, or family tasks as 

their circumstances dictate. PD patients experience a greater degree of autonomy and has been 
associated with greater patient satisfaction27. PD patients also have greater survival during the first 
years of treatment when compared with patients on HD19,24. 
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From an economic perspective, PD is superior. In Australia, the average cost per patient for in-
centre HD is 79,072 AUD, compared with 53,112 AUD for PD patients. In rural and remote 
settings, if possible, costs for HD patients increase (with medical transfers and accommodation 

near HD centres)28. The projections from 2009 estimate that, to provide treatment for all current 
and projected cases of ESKD in Australia until 2020 will cost between 11.3 and 12.1 billion AUD28. 
In many cases, HD is impossible, leaving patients and clinicians to rely on PD as the only viable 

mode of RRT. In spite of clinical and financial incentives to the adoption to PD, utilisation of the 
therapy in many Western countries is declining: in Australia rates have declined 12% over the past 
15 years29. This decrease in utilisation is associated with increased rates of technique failure30. 

The overwhelming majority of PD technique failure is due to PD-associated peritonitis23. 

 

1.3 PD-associated peritonitis 

PD peritonitis is a potentially life-threatening complication of PD therapy. Uncontrolled inflammation 

in the peritoneal cavity can result from chemical irritation of the tissues from dialysis solutions, but 
the more serious risk to patient health and life is infectious peritonitis. The presence of an in-
dwelling surgical catheter into the abdomen presents the risk of introduction of micro-organisms 

into the peritoneal cavity, resulting in infection. Rates of peritonitis have decreased when rigorous 
hygiene and technical performance training programs were introduced, but active or recent 
peritonitis still accounts for approximately 50% of all death-censored PD technique failures23. 
Patients undergoing PD are educated to be mindful for warning signs of infectious peritonitis, and 

are encouraged to seek immediate medical intervention when any of the following symptoms 
occur31: 

 

• Persistent abdominal pain, especially when exacerbated by movement or pressure 

• Redness, swelling, irritation or purulent discharge from the catheter tunnel-site 

• Nausea and vomiting 

• Febrility 

• Turbid, cloudy or highly discoloured effluent following PD exchange 

 

When these symptoms are present, and particularly when multiple symptoms occur, clinicians will 

routinely collect specimens of PD effluent and send them to pathology for microscopy, culture, and 
antimicrobial susceptibility testing. Due to the imminent risk of death posed by bacterial peritonitis, 
presumptive empirical antimicrobial therapy is initiated at this time31.  
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Infectious peritonitis is often segregated into 3 main categories: bacterial peritonitis, fungal 
peritonitis, and culture-negative peritonitis. While bacterial and fungal causes of infectious disease 
are common in other settings, here we reach the first major diagnostic challenge in PD peritonitis: 

 

While clinical guidelines suggest that it should not occur in more than 15% of cases, it is 
recognised that a proportion of PD peritonitis samples will not culture a causative 
organism. 

 

Bacterial peritonitis is the most common type of culture-positive peritonitis. The epidemiology of 
specific causative organisms has shown mild-moderate centre-specific effects, but most cases of 

PD peritonitis (≥ 70%) are caused by Gram positive organisms usually regarded as normal skin 
flora32–34. Of these cases, greater than half are caused by coagulase negative staphylococci 
(CoNS). In Gram positive peritonitis cases, CoNS infections show a general trend towards less 
severe outcomes, whereas other Gram positive organisms such as Staphylococcus aureus 

(especially methicillin-resistant S. aureus – MRSA) and Streptococcus spp. are more likely to result 
in PD technique failure and death32,33. For PD patients, identified risk factors for culture-positive, 
Gram positive peritonitis include peritoneal dialysis (i.e. all patients on therapy are at risk), time 

since technique and hygiene education, recent tunnel-site or exit-site infection with a Gram positive 
organism35,36 (i.e. an infection associated with their PD catheter), cardiovascular co-morbidities, 
uncontrolled diabetes, and drug/alcohol abuse34,37,38. 

 

Culture-positive, Gram negative peritonitis is caused by a range of organisms usually considered to 
be environmental organisms, or normal flora of the digestive tract. Klebsiella pneumoniae, 

Escherichia coli, and Pseudomonas aeruginosa are the most common Gram negative species 
involved, with many of the remaining organisms coming from the genera Acinetobacter, 
Stenotrophomonas, Citrobacter and Serratia. Risk factors for culture-positive, Gram negative 

peritonitis are similar to those of Gram positive infections: peritoneal dialysis, time since technique 
and hygiene education, recent tunnel-site or exit-site infection with a Gram negative organism35,36, 
cardiovascular co-morbidities, uncontrolled diabetes and drug/alcohol abuse34,37,38. Outcomes for 

patients with Gram negative peritonitis are inherently worse, with increased risk of technique 
failure, transfer to HD, catheter removal, and death32,34,39,40. 
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Culture-positive polymicrobial infections are infrequent (≈ 5-8%), and most commonly associate 
with leakage from the gastrointestinal tract. Fastidious and anaerobic bacterial infections are also 
rare but have poor outcome rates similar to those of Gram negative infections. Fungal peritonitis 
occurs in ≈3-5% of cases, has indigenous race status and recent antibiotic therapy as the main risk 

factors41, and is associated with extremely poor outcomes: outcomes are so poor that best-practice 
guidelines recommend immediate removal of the PD catheter and transfer to HD in the case of a 
fungal infection31. 

 

Clinical guidelines recommend that culture-based techniques be used to diagnose PD peritonitis31. 

Microscopy is routinely performed, with count and differentiation of white cells used to provide 
confirmatory evidence of peritonitis. Following a peritonitis dwell time of greater than two hours, 0.1 
× 109 white cells/mL, with ≥ 50% of them being polymorphonuclear cells, is considered 

confirmatory of peritonitis. Gram stains are performed to look for the presence of bacteria or fungi, 
but their sensitivity is exceedingly poor. PD effluent specimens are sedimented and inoculated on 
to microbiological growth medium and into blood-culture bottles, with incubation in aerobic, 
anerobic and micro-aerophilic conditions recommended for optimal chances to provide a culture 

positive specimen. This brings us to the second great diagnostic challenge: 

 

Culture based microbiology fails patients with culture negative peritonitis and is too slow to 
produce clinically useful information for clinicians treating exceedingly high-risk patients. 

 

1.4 Effective antimicrobial therapy is key to peritonitis cure and avoiding 
negative outcomes 

Empirical antimicrobial therapy is initiated upon suspicion of peritonitis for PD patients. Best-
practice guidelines31 recommend broad-spectrum coverage for both Gram positive and Gram 

negative infections, with specific recommendations including third-generation cephalosporins and 
aminoglycosides. In our centre, typical of common practice the region, we use intra-peritoneal 
vancomycin and gentamicin – adherence to prescription guidelines varies widely across 
geographical regions internationally31. Each hour between presentation at a hospital facility and 

administration of effective antimicrobial therapy increases the risk of PD technique failure or death 
by 6.8%42. By comparison, similar data from sepsis patients showed that each hour before 
commencement of effective microbial therapy increased risk of death by 7.6%43,44. 
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Further complicating the rapid delivery of effective therapy is antimicrobial resistance. This is an 
increasing phenomenon by which micro-organisms previously susceptible to antimicrobial agents, 
acquire genes, often through horizontal gene transfer, which enable them to withstand therapy with 
those antimicrobial agents45–47. While bacterial enzymes capable of degrading penicillin were 

recognised as early as the 1940s48, the rate at which resistance is spreading is accelerating 
rapidly47,49. A consequence of increased levels of antimicrobial resistance is that patients are at 
greater risk of failing to respond to empirical antibiotic therapy.  

 

While resistance to broad-spectrum antimicrobials used for empirical antimicrobial therapy for PD 

peritonitis patients is still low, bacterial resistance to antimicrobials is increasing globally45,47,49. 
Ensuring effective antimicrobial therapy for PD patients requires rigorous antimicrobial-
susceptibility testing. Currently, it can take 1-5 days for clinical services to provide definitive 

susceptibility results to clinicians using culture based testing methods. This brings us to the third 
key challenge of PD peritonitis diagnostics: 

 

Antimicrobial susceptibility tests are too slow to provide useful information during the time 
in which clinicians must act to safeguard patient lives. 

 

1.5 Aims of this thesis 

Culture-independent microbiology is an emerging field that employs diagnostic techniques that do 
not require lengthy growth and culture steps to produce clinically significant endpoints50. Some 
techniques use detection and amplification of DNA from the microbes or the patient to indicate the 

presence of disease51. Others rely on the direct detection of micro-organisms using optics and 
fluorescent probes52–54. While many fields of microbiology have been revolutionised by culture 
independent microbiology, there is a dearth of evidence regarding the practical use of these 

techniques to address the diagnostic complexities of PD peritonitis. The International Society for 
Peritoneal Dialysis guidelines on peritonitis prevention and management say the following about 
culture independent microbiology tests: 

 

“We suggest that there is insufficient evidence to currently support the use of novel 
techniques for the diagnosis of peritonitis … Further studies in this area are necessary.”31 
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Through the following presented chapters, we seek to provide evidence for the use of culture 
independent microbiology tools to elucidate complexity surrounding PD peritonitis in the following 
ways: 

 

1. Identify and improve existing tools that may allow for rapid diagnosis of PD peritonitis from 
PD effluent without lengthy culture delays. 

2. Provide evidence surrounding fundamental weaknesses in the existing microbiology of 
peritonitis, especially with regards to the nature of culture negative peritonitis. 

3. Use the most common CoNS, Staphylococcus epidermidis, to demonstrate and interrogate 

complexity that exists in the interactions between micro-organisms and host immune 
defences. 
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Chapter Two: Materials and Methods 
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2.0 Materials and Methods 
 

2.1 Bacterial Culture 

2.1.1 Culture media used 

For general bacterial culture, trypticase soy broth (TSB) was the chosen as the medium for 
overnight growth of bacterial suspensions, and provided sterile by a commercial supplier 
(PathWest Media, Perth, Western Australia). TSB media used was prepared according to the 

formulation found in Appendix 1. For antibiotic related challenge experiments, cation-adjusted 
Mueller-Hinton broth (MHB) was selected in accordance with existing validated testing standard for 
antibiotic susceptibility test (AST) assays. MHB used was provided by a commercial supplier 

(PathWest Media, Perth, Western Australia) according to the formulation found in Appendix 1. 

 

2.1.2 General conditions 

Unless specifically stated otherwise, bacterial isolates were retrieved from -80°C cryopreserved 
glycerol stocks by streaking cryopreserved material across 5% sheep blood agar plates (PathWest 

Media, Perth, Western Australia) and incubated overnight (12-20 hours) at 37°C. Individual 
colonies were aseptically picked and inoculated into appropriate growth medium (as per 2.1.1) and 
incubated overnight at 37°C with 200 RPM shaking. Following inoculation, bacterial suspensions 

were used on the same day, ensuring cultures were returned to 37°C prior to use. 

 

2.1.3 Species specific conditions 

Staphylococcus genus isolates were incubated at 35°C unless specifically stated otherwise. For 
AST-tests involving Staphylococci, MHB used for testing was supplemented with 2% NaCl, in line 

with best practice in EUCAST and CLSI guidelines (REF). 

 

2.1.4 Culture Collections Used 

Where control microbial strains were required these isolates were obtained, via PathWest 

Laboratory Medicine, from the American Type Culture Collection. The strains used were as follows: 
Staphylococcus epidermidis (ATCC® 14990), Staphylococcus aureus (ATCC® 29213), Escherichia 

coli (ATCC® 25922), and Klebsiella pneumoniae (ATCC® 700603, ATCC® BAA1705, ATCC® 

BAA1706). 
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PathWest Laboratory Medicine maintains a collection of microorganisms acquired from 
anonymised clinical specimens that are preserved for research purposes. For clarity, 
microbiological information has been preserved, but information capable of tracing the 
microbiology information to a patient record have been removed. These isolates are collectively 

referred to as the Sterile Site Culture Collection (SSCC) and have been accessed for some work 
present in this thesis. These isolates are referred to by their SSCC isolate codes, or by sub-
collection codes, and will be identified in the relevant chapters as necessary. 

 

Isolates collected from CAPD specimens were preserved (as per protocol in 2.1.5) and curated into 
the Translational Renal Research Group Culture Collection (TRRGCC). These isolates represent a 

wholly contiguous subset of SSCC isolates and are referred to within this thesis by their TRRGCC 
codes – the code C, followed by a 3-digit numerical identifier e.g. C010. 

 

Isolates provided by the European Committee of Antimicrobial Susceptibility Testing Development 
Laboratories (EUCAST – Växjö, Sweden), Antimicrobial Resistance and Healthcare Associated 
Infections, Public Health England (AMRHAI – London, England), Norwegian Institute of Public 
Health (NIPH – Oslo, Norway), and University of Colombo (Colombo, Sri Lanka) have been 

collected and stored by PathWest Laboratory Medicine, (PathWest Laboratory Medicine, Perth, 
Western Australia) as the Flow Cytometry-Assisted Antimicrobial Susceptibility Test Calibration 
Collection. 

2.1.5 Cryopreservation of isolates 

To preserve bacterial isolates at -80°C, glycerol stocks were created. The isolate to be preserved 
was plated out onto 5% sheep blood agar to ensure purity. Identity was confirmed by Matrix-
Assisted Laser Desorption/Ionisation – Time of Flight (MALDI-TOF) Biotyper analysis (see 2.1.6). 

Using a sterile cotton swab (Copan, Murrieta, California, USA) the bacterial material on the agar 
plate was collected and inoculated directly into a solution of 15% glycerol in Brain-Heart Infusion 
Broth (Appendix 1) in -80°C resistant cryovials (PathWest Media, Perth, Western Australia). 

Isolates were stored at -80° C.  

 

2.1.6 Bacterial isolate identification by MALDI-TOF Biotyper 

MALDI-TOF Biotyper analysis (Bruker Daltronic, Bremen, Germany) was used to confirm identity 
for microbial organisms used.  In the absence of an organism identity, all samples were handled 
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with appropriate PPE and all extractions performed in a class 2 biosafety cabinet. A single colony 
was selected from cultures on 5% sheep blood agar plates (PathWest Media, Perth, Western 
Australia. This colony was emulsified into a sterile 1.5mL microcentrifuge tube (TSI Fisher 
Scientific, Hampton, New Hampshire, USA) containing 300µL of sterile deionized H2O and 

vortexed vigorously. To this mixture, 900 µL of absolute ethanol (Rowe Scientific, Wacol, 
Queensland, Australia) and further vortexing was applied. The suspension was centrifuged at 3000 
× g for 2 minutes. The supernatant was discarded, and the pellet resuspended in 50 µL of 70% 

(v/v) formic acid (Sigma Aldritch, St. Louis, Missouri, USA) and then 50 µL of acetonitrile (Sigma 
Aldritch, St. Louis, Missouri, USA) was added. The mixture was vortexed again and centrifuged at 
3000 × g for 2 minutes. Two subsamples of 1 µL each were spotted onto the MALDI-TOF target 

and allowed to air-dry at ambient temperature. One microliter spots of α-cyano-4-hydroxycinnamic 
acid (HCCA) matrix (Bruker Daltronic, Bremen, Germany) were added, and allowed to air dry at 
ambient temperature. The software (BioTyper 3.1 - Bruker Daltronic, Bremen, Germany) was set to 
analyse all ≤ 18 kDa proteins and compared with the spectra compiled from Biotyper and 

PathWest internal databases. An identification score of 2.00 was used as a cut off for positive 
identification. 

 

2.2 Mesothelial Cell Culture 

2.2.1 Human primary mesothelial cells 

Human primary mesothelial cells (HPMC), derived from adult omental tissue and pooled from 

multiple donors, were obtained from Zen-Bio Inc. (Research Triangle Park, NC, USA; Cat. No. 
DMES-F-SL).  

 

2.2.2 ATCC® MeT-5A mesothelial cells 

The immortalised mesothelial cell line MeT5A (ATCC® CRL-9444) were obtained from the 
American Type Culture Collection (Manassas, Virginia, United States).  

 

2.2.3 Cell culture media 

Unless specifically indicated otherwise, mesothelial cells were grown in Dulbecco's Modified 

Eagle's Medium (DMEM) containing 4500 mg/L glucose (Sigma-Aldrich, St. Louis, MO USA) and 
supplemented with 4 mM L-glutamine (Sigma-Aldrich), 200U/mL penicillin, and 0.2 mg/mL 
streptomycin (Sigma-Aldrich). DMEM for MeT5A cells was supplemented with 10% FBS (Bovogen 

Biologicals Pty Ltd, Keilor East, Victoria, Australia; Cat. No. SFBS-F). DMEM for HPMC was 
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supplemented with 15% FBS and 0.4 μg/mL hydrocortisone (Sigma-Aldrich, St. Louis, Missouri, 
USA). 

 

2.2.4 Retrieval from cryopreservation 

Vials containing 1.0 × 106 cells were stored in liquid N2. These vials were transferred from liquid N2 

to solid CO2 containing vessels for transport directly to tissue culture laboratories. These tubes 
were sealed with Parafilm (Bemis, Neenah, Wisconsin, USA), and placed into 37°C water baths to 
rapidly thaw. The contents of the vial were transferred to a sterile 15mL tube (Greiner, 

Kremsmünster, Austria). The empty cryo-vessel was washed with 37°C pre-warmed Dulbecco’s 
Modified Eagle’s Medium (DMEM – Gibco, ThermoFisher Scientific, Waltham, Massachusetts, 
USA and Sigma Aldritch, St. Louis, Missouri, USA) supplemented with 20% foetal calf serum (FCS 

– Bovogen, Keilor East, Victoria, Australia) and pooled with the vessel contents. These fluids were 
centrifuged at 400 × g for 5 minutes, had the supernatant discarded, and supplemented with fresh 
DMEM with 10% FBS for MeT5A cells or Mesothelial Cell Growth Medium (Zen-Bio Inc.; Cat. No. 
MSO-1), Medium 199, foetal bovine serum (FBS), human epidermal growth factor, penicillin, 

streptomycin, and amphotericin B (proprietary formula - Zen-Bio Research Triangle Park, North 
Carolina, USA) for HPMCs. This cell mixture was then inoculated into a T25 cell culture flask 
(Greiner, Kremsmünster, Austria) and incubated at 37°C with 5% CO2.  

 

2.2.5 Cell husbandry 

HPMC and MeT5A cells were used, with continuous subculture, from cryopreserved stocks. 
HPMCs were inoculated for experiments at passage numbers 2-6. MeT5A cells were generally 
more robust and used from passage numbers 7-16. 

 

Flasks were sub-cultured once visual estimation were made that cell culture vessels had reached 

≥85% confluency by phase contrast microscopy (Nikon Eclipse TS1 – Nikon, Tokyo, Japan). 
Routine culture was performed in T75 cell culture flasks (Greiner, Kremsmünster, Austria), 
however 6 and 24 well plates (Corning, New York, New York, USA) were also used. Culture vessel 

supernatants were discarded, cell monolayers were washed with PBS pre-warmed to 37°C and 
incubated with 0.5% trypsin EDTA solution at 37°C. Percussive manual handling (i.e. bags were 
mixed by repeated and forceful shaking/striking of contents by hand) was applied until all cells 
visible by microscopy were no longer adhered to the vessel and then no less than 3 volumes of 

complete culture medium (containing FBS) was added to inactive the trypsin. For routine 
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passaging, cells were split at ranges from 1:2 to 1:4, with the contents of a single confluent flask 
split equally between all vessels.  

 

For experimental conditions, aliquots of cell suspension were mixed 1:1 v/v with 0.4% trypan blue 
(ThermoFisher Scientific, Waltham, Massachusetts, USA), and enumerated using a Neubauer 
counting chamber (Marienfeld, Lauda-Königshofen, Germany). Inocula were standardised such 

that initial seeding cells should cover 40%-60% of the well surface diameter. Once ≥90% 
confluency was reached, well media were removed, with antibiotic free growth media containing no 
FBS serum was added for greater than 16 hours to ensure synchronization of growth phase. 

 

2.3 Assessment of microbial culture, and microbes in clinical fluids, by AFC 

2.3.1 Overnight growth 

Bacterial species were retrieved from cryopreserved stocks as listed in 2.1.5. Single colonies were 
inoculated into 10mL of TSB in glass bijou bottles (PathWest Media, Perth, Western Australia, 
Australia) and incubated overnight (16-24 hours) at 37°C. Culture vessels were shaken at 200 

RPM in a warm room to ensure aeration of media during growth. 

 

2.3.2 Culture harvest 

From this overnight suspension, 1mL aliquots were pipetted into 1.5mL microcentrifuge tubes (TSI 
Fisher Scientific, Hampton, New Hampshire, USA). These aliquots were centrifuged at 9000 × g in 

a centrifuge (Heraeus Pico21 – ThermoFisher Scientific, Waltham Massachusetts, USA) to pellet 
cells from media. Cell free supernatants were removed and discarded. Pellets were resuspended 
with 1mL of sterile Dulbecco’s PBS (Gibco – ThermoFisher Scientific, Waltham, Massachusetts, 

United States).  

 

2.3.3 Preparation of viable and non-viable cell standards 

Aliquots of overnight grown (stationary phase) and 2-6 hour pre-incubated cultures (actively 
dividing) bacterial suspensions were standardised to between 1.0 × 104 and 1.0 × 106 cells per mL 

(by AFC cell enumeration). These aliquots were subjected to 70°C for 2 hours in a heating block 
with double distilled H2O filling the wells of the block. Viability status of microbial suspensions 
following this treatment was assessed for each microbial isolate used. Non-viability was defined as 
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no colonies produced, from 900 µL of suspension on a BA plate after 48 hours in an incubator at 
37°C.   

 

2.3.4 Staining 

All bacterial suspensions were stained with 10 µM SYTO® 9 (Life Technologies, Carlsbad, 

California, USA) and 2 µL/mL Live/DEAD Fixable (Violet or Near Infra-Red) Amine Viability 
Reagent (Life Technologies, Carlsbad, California, USA), in HBSS (PathWest Media, Perth, 
Western Australia, Australia). Samples were shielded from ambient laboratory light conditions 

through use of light impermeable, polycarbonate plastic containers. Samples were incubated with 
dye for no less than 30 minutes. 

 

2.3.5 Attune™ NxT Settings 

Using the AttuneTM NxT Software v2.6 (Life Technologies, ThermoFisher Scientific, Carlsbad, 

California, USA) PMT voltages are set to allow for discrimination of bacterial events from 
background (FSC: 310, SSC: 300, BL1 (Blue Laser Detector 1): 300, VL1 (Violet Laser Detector 1): 
400). Hardware thresholds were set at FSC 0.2 × 1000, SSC 0.2 × 1000 and BL1 0.2 × 1000. 

Instrument flow rate was set at 25 µL / minute. Acquisition stop conditions was set at 2 minutes per 
tube (total collected volume 50 µL). This resulted in ≥500 bacterial events collected from a 
suspension of 1.0 × 104 bacteria/mL. In this context an event is defined as a discrete recorded data 

entry associated with a measured particle. 

 

2.3.6 Viability Determination 

Viability of bacterial stained was assessed by rational gating of AFC data using the Attune™ NxT 
Flow Cytometer Software version 2.6 (Life Technologies, Carlsbad, California, USA). Using an 

unstained aliquot of 5.0 × 105/mL of cells of S. epidermidis ATCC® 14990 or Klebsiella pneumoniae 

ATCC® 700603 bacterial suspension, positive/negative boundaries were set on 488 nm excited, 
530/30 nm emitted (SYTO® 9), and 405 nm excited, 440/50 nm (Live/DEADTM Fixable Violet) 

emitted signal. Using these data, positive selection of only those events demonstrating SYTO® 9 
fluorescence (i.e. those events containing nucleic acid) was used to identify the bacterial 
population. Of the DNA containing events, events were gated to divide single positive (viable) and 
double positive (non-viable) events on the basis of Live/DEADTM Fixable Violet staining. 
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2.3.7 Preparation of inocula 

Overnight bacterial suspensions were assayed for total viable cell determinations as per 2.3.4 and 
diluted in appropriate resuspension buffer according to the growth challenge performed. Cells were 

harvested and washed as per 2.3.2 and serially diluted to achieve the desired initial inoculum 
density.  

 

2.3.8 Seeding of plates 

Prior to growth incubation, 100 µL aliquots of inocula prepared as per 2.3.6 were pipetted into 
NuncTM MicroWellTM 96 well plates (ThermoFisher Scientific, Waltham, Massachusetts, USA). Prior 
to inoculation, tubes containing inocula were vortexed vigorously for 2-5 seconds. Each inoculum 

was seeded in triplicate wells into paired plates (i.e. 3 wells per plate, 2 plates total). Negative 
control wells of all growth media used in the challenge were filled with 100 µL aliquots of the fluid. 

 

2.3.9 Comparison of time points 

At t=0 (i.e. both plates within a pair inoculated according to the experiment specific plate map) one 

plate was placed within an incubator (Versatile Environment Chamber, Sanyo, Osaka, Japan), 
protected from light, at 37°C. The second plate is immediately inoculated with 200 µL of 10 µM 
SYTO® 9 and 2 µL/mL Live/DEAD Fixable Violet. This plate is incubated, protected from light, for 

30 minutes at ambient temperature and then loaded into an AttuneTM NxT Autosampler (Life 
Technologies, ThermoFisher Scientific, Carlsbad, California, USA). Once the appropriate window 
of time has elapsed, the paired plate is removed from the incubator, stained as per the previous 
plate, and read with an AttuneTM NxT Autosampler.  

 

2.3.10 AttuneTM NxT Autosampler settings 

Using the AttuneTM NxT Software v2.6 (Life Technologies, ThermoFisher Scientific, Carlsbad, 
California, USA) an acquisition plate map is set to instruct the cytometer to collect all relevant 

wells. Instrument flow rate was set at 25 µL per minute. Acquisition stop conditions were set at 24 
µL per well, a delay on recording data of 6 seconds, and 2 rinse cycles between each well. This 
results in a collection time of approximately 76 seconds per well (with variations accounted for by 
software delays), for a total collection time of approximately 122 minutes for a complete 96 well 

plate.  
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2.3.11 Biofilm formation assay 

Overnight TSB cultures of bacterial isolates were grown at 37°C with shaking at 200 RPM. One mL 
aliquots were centrifuged at 9000 × g for 5 minutes, had their supernatants removed, and were 

resuspended in MHB. This suspension was diluted 1:100, to give an approximate concentration of 
1.0 × 106 cells/mL. For each bacterial isolate tested, 100 µL of the diluted suspension was 
inoculated into 6 wells on a NunclonTM 96-well microtiter plate (Life Technologies, ThermoFisher 

Scientific, Carlsbad, California, USA). Once inoculated plates were covered and incubated at 37°C 
for 48 hours. 

 

Liquid suspensions were removed from each well. Wells were washed twice with sterile water, with 
care taken to ensure no liquid remained in the wells after washing. 125 µL of crystal violet 

suspension (Merck and Co. Kenilworth, New Jersey, United States) was added to each well and 
incubated, covered, for 10 minutes at room temperature. The crystal violet suspension was then 
removed from each well, the whole plate rinsed by submerging it in a beaker of water, and then 
dried. Each well was visually inspected to ensure no crystal violet remained except in the bottom of 

the walls. If it was seen, a further wash step was repeated. Plates were left to dry completely at 
room temperature overnight. 

 

When plates were completely dry, 200 µL of 30% acetic acid suspension (Merck and Co. 
Kenilworth, New Jersey, United States) was added to each well and allowed to sit at room 

temperature for 10 minutes. After the incubation, the contents of the wells were pipetted up and 
down to ensure thorough mixing. 125 µL of the mixed crystal violet/acetic acid suspension was 
transferred to a clean 96-well plate. Absorbance in each plate was measured at 595nm, with the 
spectrophotometer (Spectramax Plus 384, Molecular Devices, Japan) blanked on wells containing 

PBS. 

 

2.4 Gene expression studies 

2.4.1 Variation to preparation of bacterial strains 

S. epidermidis reference isolates ATCC® 14990 and ATCC® 12228 (American Type Culture 
Collection and clinical S. epidermidis from the TRRG collection (C015 to C019) were selected. 

Bacteria were recovered from cryopreservation as per 2.1.2, with single colony picks incubated 
overnight in lysogeny broth (LB; LB-Miller, BD Difco™, Cat. No. 244620) at 37°C at 200 rpm. 
Overnight cultures were standardised to a density 1.0±1.5 x 108 colony forming units (CFU)/mL 
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using the approximation 0.1 OD600 = 1 x 108 CFU/mL using a spectrophotometer 
(NanoPhotometer™, Implen, Munich, Germany), or to 0.5 McFarland Standard, using the 
approximation that 0.5 McFardland is equal to 1.5 x 108 CFU/mL, using a Sensititre™ 
Nephelometer (Thermo Fisher Scientific). Viable counts were determined by serial dilution in 

phosphate buffered saline (PBS) and plating on BA plates. 

 

2.4.2 Bacterial challenge conditions 

Confluent cells were serum starved in the absence of antibiotics for 18 hours prior to incubation 

with bacteria. Standardised bacterial suspensions (approximately 1 x 108 CFU/mL) were diluted 
1:10 in the appropriate antibiotic-free cell culture media to give approximately 1 x 107 CFU/mL. 
From this suspension, 2 mL was co-incubated with cells for 1 hour at 37°C/5% CO2. For dose-

response experiments, bacterial suspensions were standardized to ~1 x 109 CFU/mL, serially 
diluted in LB broth then diluted 1:10 in cell-culture media, as described above. Met-5A cells were 
also exposed to lipoteichoic acid (LTA) from Staphylococcus aureus (Sigma; Cat. No. L2515), the 
primary component of the Gram positive cell wall, at 10 μg/mL in antibiotic-free DMEM. All test 

conditions were set up in triplicate in 6 well plates (Falcon® by Corning, Corning, New York, USA). 
Control wells contained mesothelial cells with media alone, or media containing 10% LB. 

 

2.4.3 RNA isolation from human mesothelial cells 

Following co-incubation with bacteria, mesothelial cell monolayers were washed with PBS pre-
warmed to 37°C. Mesothelial cells for RT2 PCR array and qPCR experiments were treated with 
RNAprotect Cell Reagent (Qiagen GmbH, Hilden, Germany), with 300 μL PBS and 1.5 mL 
RNAprotect added per well. RNA was isolated using the RNeasy Plus Mini kit (Qiagen) with gDNA 

Eliminator spin columns. RNA was quantified using the Caliper LabChip GXII (Perkin Elmer, 
Waltham, MA, USA) at the Australian Genome Research Facility (AGRF, Perth, Australia) or a 
NanoDrop 2000 (Thermo Fisher Scientific Inc., Wilmington, DE, USA). RNA quality was 

determined by assessment of A260/A280 and A260/A230 ratios. 

 

2.4.4 Viability of mesothelial cells by flow cytometry 

Following co-incubation with bacteria, cell monolayers were washed with warm PBS and harvested 
using a 0.05% trypsin-EDTA solution (Sigma-Aldrich). Cells were stained with LIVE/DEADTM 

Fixable Near-IR Dead Cell Stain Kit (Life Technologies, ThermoFisher Scientific, Eugene, Oregon) 
as per the manufacturer's protocols, fixed in 4% paraformaldehyde, and acquired in technical 
triplicate using a FACSCanto™ II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Data 



19 
 

were exported in FCS version 3.1, and analysis was completed using FlowJo Version 10.0.08 
(FlowJo LLC., Ashland, Oregon, USA) and Prism Version 6.0b (GraphPad Software, San Diego, 
California, USA). Comparisons between unexposed and bacteria-exposed samples were made 
using unpaired t-tests. 

 

2.4.5 Illumina HT-12 v4 human genome microarray 

RNA samples (biological triplicates) from S. epidermidis-infected primary mesothelial cells (and 
controls) that met quality control requirements were sent to AGRF, Melbourne, Australia for 

microarray processing using the HT-12 v4 human genome microarray (Illumina, Inc., San Diego, 
CA USA). A total hybridisation volume of 15 μL was prepared for each sample and loaded per 
microarray on the Ilumina HumanHT-12 Expression BeadChip. Hybridisation was at 58°C for 16 

hours on a rocking platform. Following hybridisation, samples were washed as per manufacturer's 
instructions, coupled with Cy3, and scanned in the Illumina iScan Reader, with output produced by 
GenomeStudio version 1.9.0. using R (version 3.1.2). The data underwent quality control through 
the Bioconductor [19] packages arrayQualityMetrics, made4, lumi and limma. The detectable probe 

ratio of each probe was calculated (a measure of the detection efficiency of a known supplied 
quantity of probe), and all probes with a detection p-value of less than 0.01 were removed, and 
relative quality weights were estimated for each microarray. A linear model was fitted contrasting 

the control samples relative to the S. epidermidis samples, resulting in differentially expressed 
genes under a false discovery rate of 5%. Significantly differentially regulated genes had a 
Benjamini-Hochberg adjusted p-value < 0.05.  

 

2.4.6 Human antibacterial response RT2 PCR array 

0.5 μg RNA from primary mesothelial cells and Met-5A cells exposed to 107 CFU/mL bacteria, LTA 
(10 μg/mL) or controls for 1 hour was processed for the Qiagen `Human Antibacterial Response' 
RT2 PCR array (Cat. No. PAHS-148Z) according to the manufacturer's instructions. 

 

Real-time PCR cycling was performed using a StepOnePlus™ Real-Time PCR System 

(ThermoFisher Scientific). Data were normalised to the reference gene, RPLP0. Data were 
presented as fold change, with > 2-fold considered up-regulation and < 2-fold considered down-
regulation. 
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2.4.7 qPCR validation of gene expression 

cDNA was synthesized from 1 μg total RNA using the iScript™ cDNA Synthesis kit (Bio-Rad; Cat. 
No. 1708891) in a 20 μL reaction volume, according to the manufacturer's instructions. Gene 

expression findings of key genes identified by microarray and RT2 PCR arrays were validated by 
qPCR using a StepOnePlus™ real-time PCR system (Thermo Fisher Scientific), wet-lab validated 
PrimePCR™ Gene Expression Probe assays (Bio-Rad) and were conducted following MIQE 

guidelines. Genes assayed by qPCR were TNF (unique assay ID dHsaCPE5190842; Bio-Rad), 
TLR4 (dHsaCPE5030581), CCL5 (dHsaCPE5050154), ZFP36 (dHsaCPE5191899), EDN1 
(dHsaCPE5053386) and ITLN1 (dHsaCPE5041777). The reference gene was RPLP0 

(dHsaCPE5031575). Samples were assayed in a minimum of biological triplicates, assayed in 
technical triplicate, and data were analysed using the comparative Ct method (ΔΔCt), with results 
reported as the fold-change in gene expression (2-ΔΔCt) relative to the DMEM/10% LB control. 

 

2.4.8 Analysis of differentially expressed genes using Ingenuity Pathway Analysis 

Genes identified by microarray analysis as significantly differentially expressed (fold change > 
±1.5, adj. p-value < 0.05) were subjected to Qiagen's Ingenuity1 Pathway Analysis (IPA1, Qiagen 
Redwood City, www.qiagen.com/ingenuity, IPA v1.07) to determine canonical pathways, upstream 

regulators and networks significantly enriched for these genes. Ten of the 38 differentially 
expressed genes were excluded from IPA (5 duplicate genes, 4 uncharacterized genes, and 1 
gene below the IPA default criteria for pathway analysis). The remaining 28 genes were mapped 
using the Hugo Gene Nomenclature Committee (HGNC) database and expression differences 

were uploaded to IPA as fold changes. The Core Analysis function was performed, and a right-
tailed Fisher's exact-test was used to calculate the significance of each pathway or biological 
function. A Benjamini-Hochberg adjusted p < 0.01 was treated as significant. 

 

2.4.9 Analysis of released IL-8 by MeT5A mesothelial monolayers by ELISA 

Monolayers of MeT5A mesothelial monolayers were exposed to suspensions of S. epidermidis at 
MOI 1 (i.e. 1 bacterium per mesothelial cell) in 24-well plates (Corning, New York, New York, 

USA). Live organism challenges were incubated at 37°C for 4 hours, and then inactivated using 
200 µg/mL gentamicin (Pfizer, New York, New York, USA). After overnight incubation (16-20 
hours), supernatants were harvested, centrifuged at 9, 800 × g to remove any cells, and then 
analysed by IL-8 ELISA kit according to the manufacturer’s instruction (R&D Systems, 

Minneapolis, Minnesota, USA. 
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2.5 Detection of micro-organisms in peritoneal dialysis effluent by AFC 

2.5.1 Specimen collection 

Clinical specimens were provided to researchers via PathWest Laboratory Medicine after sampling 
for routine clinical pathology testing had been performed. Samples were provided within the 

existing decanting bag provided as part of the commercial product (Fresenius, Bad Homburg vor 
der Höhe, Germany). Samples were decanted into 50 mL centrifuge tubes (Greiner, 
Kremsmünster, Austria) for immediate use or for storage at 4°C prior to use. Prior to decanting, 

samples were placed in a Class II Biosafety Cabinet (Baker, Sanford, Maine, USA) and allowed to 
equilibrate to room temperature. Bags were massaged manually for no less than 10 seconds (to 
minimise clumping and adherence inside the bag). The injection port of the bag was swabbed with 
a solution of 70% ethanol (Rowe Scientific, Wacol, Queensland, Australia) liberally and was then 

cut at a 45° angle using sterile surgical scissors. Fluid from the bag was decanted via means of a 
long pour (i.e. no contact of the clipped injection port with any other surface) into collection tubes. 
Patient and specimen identification numbers were recorded digitally. At this time, patient details 

(such as name, DOB, etc.) were removed from the bag, and the clipped injection ports were used 
to introduce 10% hypochlorite solution (Chem-Supply, Gillman, South Australia, Australia) into the 
bag prior to disposal. 

 

2.5.2 Separation of sample components 

Different components within the effluent specimens were collected using differential centrifugation 
techniques. For macroscopic agglutinations of fibrin, visible to the naked eye, specimen tubes were 
allowed to settle under the force of gravity prior to transfer of supernatant to a fresh centrifuge 

vessel. To remove most human cells and large (i.e. larger than molecular scale, yet smaller than 
macroscopic scale) fibrin agglutinations, 50mL centrifuge tubes were subjected to 200 × g for 5-20 
minutes before supernatants were transferred to fresh tubes. These supernatants (containing 

putative micro-organisms) were then centrifuged at 3,000 × g for ≥ 20 minutes. The supernatant 
was discarded, and the pelleted material was resuspended in HBSS (Appendix 1). In cases where 
sample degradation was suspected (either through mishandling or confirmed presence of 
antibiotics prior to harvest) cell populations were resuspended in prewarmed (37° C) medium 

(DMEM for human cells, MHB for bacteria - both solutions were supplemented with 20% v/v FBS to 
stabilise cell envelope damage). These processes were standardised across all samples prepared, 
to ensure any potential loss of microbial cells applied equally to all specimens. 
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2.5.3 Staining of sample components 

For those experiments identifying and quantifying microbial populations in PDE, 10 µM SYTO® 9 
and 2 × Live/DEADTM Fixable Violet or Near-IR (Life Technologies, Eugene, Oregon, USA) were 

used. Stains were mixed into a working-stock solution (dye components in DMSO) prior to addition 
and incubation, protected from light beneath light-impermeable polycarbonate plastic containers, 
for no less than 30 minutes.  

 

For those experiments establishing the identity of human leucocyte populations, sample 

suspensions were stained with 10 µM SYTO® 9 (Life Technologies, Eugene, Oregon, USA) and 1 
µL/mL Mouse Anti-Human CD45 APC-H7 (BD Biosciences, Franklin Lakes, New Jersey, United 
States). Antibody aliquots were added to the suspension, permitted to bind for 30 minutes and then 

washed twice – this entailed centrifugation at 9,000 × g for 5 minutes, removal and discarding of 
the supernatant, addition of 0.1 µm filtered PBS containing 0.1% v/v FBS, and vigorous mixing by 
centrifugation for no less than 2 seconds. Following the washing steps, SYTO® 9 was added and 
stained for no less than 5 minutes, protected from light beneath light-impermeable polycarbonate 

plastic containers. In those experiments where both human cell information and bacterial cell 
information was desired, staining windows were harmonised between both specimens (i.e. if 
additional staining was required for human cells, microbial staining cell windows were increased to 

ensure consistent handling across all specimens). 

 

For the experiments detailing the efficacy of the Pan-Staphylococcal antibody for detecting 
Staphylococci in clinical specimens, anti-Staphylococcus aureus antibody ([704] (ab37644) Abcam, 
Cambridge, United Kingdom) was used at 0.1 ng/mL (1 µL of 100 µg/mL of antibody suspension in 
1mL of sample suspension) and allowed to bind for 30 minutes. Specimens were then washed 

twice, as described above, and then incubated with approximately 0.5 ng/mL (1µL of a 1:2000 
dilution of approximately 2mg/mL suspension) goat anti-mouse IgG H&L Alexa Fluor® 647 
(ab150115 Abcam, Cambridge, United Kingdom) for 30 minutes, protected from light beneath light-

impermeable polycarbonate plastic containers. Samples were then washed as described 
previously, stained with 10 µM SYTO® 9 and 2 × Live/DEADTM Fixable Violet for greater than 30 
minutes, and acquired using the Attune NxT flow cytometer. Instrument settings were identical as 

those used in M3.4, with the exception of the RL1 (670/14 nm) PMT set at 300, with no hardware 
threshold.  
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2.6 AST Methods 

2.6.1 Antimicrobial agent preparation 

Lyophilised antimicrobials were dissolved in sterile 0.85% saline to produce 5120 mg/L stock 
solutions, syringe-filtered at 0.1 μm (polyether sulfone filter units - Sartorius, Göttingen, Germany)  

and stored below −20 °C. Antibiotics used were as follows:  meropenem (Ranbaxy, Haryana, India, 
and Sigma-Aldrich, St. Louis, Missouri, United States), imipenem, ertapenem (Sigma-Aldrich, 
Missouri, USA), oxacillin, cefoxitin (Sigma-Aldrich, St. Louis, Missouri, United States), ceftriaxone 

and gentamicin (Pfizer, New York, New York, USA). Antibiotic working stocks were made by serial 
1:2 dilutions in 0.1 µM filtered sterilised (polyether sulfone filter bottles – Merck Millipore, 
Burlington, Massachusetts, USA) MHB to produce 1 mL aliquots ranging from 2560 µg/mL to 2.5 
µg/mL 

2.6.2 Ad hoc broth micro-dilution 

Broth microdilution plates were prepared according to published methods55, with modifications 
compliant with EUCAST guidelines on AST. In brief, bacterial suspensions were grown overnight 

(16+ hours) to stationary phase in TSB. Three to five were suspended in 0.85% saline or HBSS 
and standardised to an estimated concentration of 5.0 × 105 CFU/mL by use of a nephelometer 
(ThermoFisher Scientific, Waltham, Massachusetts, USA) and a 0.5 MacFarland Standard 

(PathWest Media, Perth, Western Australia) or by staining of an aliquot of the suspension with 0.5 
µM SYTO® 9, and enumeration with an Attune Classic or Attune NXT on the basis of FSC, SCC 
and 488nm excited, 530/30nm fluorescence (nucleic acid bound SYTO® 9 fluorescence) in 
accordance with published methods for microbial enumeration. The standardised suspensions 

were then mixed in 96-well plates (ThermoFisher Scientific, Waltham, Massachusetts, USA, and 
Eppendorf, Hamburg, Germany) with suspensions of working stocks of antimicrobial agents in 
MHB to give appropriate final concentrations to give a serial two-fold dilution of the antimicrobial 

agent across the desired range. Typically, this range was 0.25 µg/mL to 256 µg/mL. 

  

2.6.3 Broth Microdilution – Sensititre™ plates 

Sensititre BMD plates were used in pairs for antibiotic exposure prior to analysis by AFC and 
traditional BMD assay. Inocula were prepared in the manner described in 2.6.2 with the following 

modification: suspensions were standardised using AFC counts and diluted directly into CAMHB 
and diluted microbial suspensions were inoculated directly into Sensititre plates and mixed by 
gentle vortexing to allow the lyophilised antimicrobials in the plate to dissolve. The plate layouts 

used were: SEMPA01 (EUCAST Gram Negative MIC plate), SEMSE3 (EUCAST Gram Positive 
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MIC Plate), SEMSE4 (EUCAST GRAM Positive MIC Plate), GN3F (Gram Negative Profiling Plate), 
and GNP3F (Gram Positive Profiling Plate), and included the following antibiotics: amikacin, 
aztreonam, cefepime, ceftazidime, ceftriaxone, chloramphenicol, ciprofloxacin, colistin, 
daptomycin, ertapenem, erythromycin, gentamicin, imipenem, kanamycin, levofloxacin, lincomycin, 

linezolid, meropenem, nitrofurantoin, penicillin, piperacillin-tazobactam, quinupristin/dalfopristin, 
streptomycin, tetracycline, tigecycline, tobramycin, tigecycline, trimethoprim/sulfamethoxazole, and 
vancomycin..   

 

2.6.4 Curation of AFC Data 

Data from Attune Classic and Attune NXT AFC were exported in the FCS 3.1 file format. Data were 
analysed using FlowJo versions 10.0 – 10.3 (FlowJo, Ashland, Oregon, USA). Data were analysed 

by a single user via the application of standardised analysis templates.  

 

2.6.5 Alignment of AFC AST with BMD AST  

Assessment of the performance of AST methods was made using Pearson R correlation tests, 
Mann-Whitney U tests, and comparison of the following performance criteria under Food & Drug 

Administration (FDA – Silver Spring, Maryland, USA) definitions and criteria: essential agreement, 
categorical agreement, minor error rate, major error rate, very major rate. In brief, essential 
agreement is numerical concordance between two methods within one doubling dilution of each 

other and categorical agreement is agreement between two methods such that the same 
susceptibility category is reached (sensitive vs sensitive, resistant vs resistant, etc.). Minor errors 
are where the reference method calls an isolate intermediate and the test method calls is sensitive 
or resistant, or where the reference method calls it sensitive or resistant and the test method calls it 

intermediate. Major errors are where the reference method calls an isolate sensitive and the test 
method calls it resistant (i.e. a false positive). Very major errors are where the reference method 
calls the isolate resistant and the test method calls it sensitive (i.e. a false negative). Clinical cut-

offs for sensitive, intermediate, and resistant used were drawn from EUCAST and CLSI guidance 
documents. 

 

2.7 Microscopy 

2.7.1 Digital Fluorescence Microscopy 

One mL aliquot of bacterial suspensions was harvested into a 1.5 mL microcentrifuge tube (TSI - 

Fisher Scientific, Hampton, New Hampshire, USA) centrifuged at 7800 × g for 5 minutes, had their 
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supernatants discarded, and were resuspended in 10 μL of HBSS. A 0.1 μL aliquot of SYTO® 9 
(Life Technologies, Carlsbad, CA, USA) was added to each tube (final concentration 50 μM) and 
incubated for 5 minutes. Two microliters of the stained suspension were placed on a poly-L-lysine 
slide (PolySciences Inc., Warrington, Pennsylvania, USA), sealed beneath a coverslip, and 

observed at 60x magnification by digital fluorescence microscopy. Samples were observed on the 
EVOS-FL digital fluorescence microscopy platform (Thermo Fisher, Eugene OR), with white light 
LED and GFP (Ex 470/22 nm, Em 510/42 nm) fluorescence cubes. Representative fields of view 

were captured and exported as .TIF files. High-resolution images were acquired using a Nikon 
Ts2R Eclipse inverted digital fluorescence microscope (Nikon, Tokyo, Japan).  

 

2.7.2 Transmission Electron Microscopy 

One mL aliquots of cell-containing fluid were harvested in a 1.5 mL microcentrifuge 
tube, centrifuged at 9000 × g for 5 minutes. Supernatants were removed and fixed overnight at 
room temperature by resuspending with 1 mL of 2.5% gluteraldehye (Pro Sic Tech, Thuringowa, 
Queensland) in phosphate buffered saline. Fixation suspensions were centrifuged at 9000 × g for 5 

minutes. Supernatants were discarded, and pellets were rehydrated in PBS at room temperature 
for 15 minutes. Suspensions were centrifuged at 9000 × g for 5 minutes. Supernatants were 
discarded and then pellets gelled in 250 µL of 10% albumin (bioCSL, Parkville, Victoria) for 1 

minute. Gelled pellets were centrifuged at 9000 × g for 5 minutes. Supernatants were discarded 
and then 100 µL of fixative was gently added without disturbing the pellets. Pellets were incubated 
at 4 hours at room temperature, and then overlaid with an additional 250 µL of fixative until 
processing. 

 

Cell pellets were processing using an automated Leica EM Tissue Processor (Leica Microsystems, 

Vienna) in brief: pellets were stained with 1% osmium tetroxide (Pro Sic Tech, Thuringowa, 
Queensland) for 1 hour, then sequentially dehydrated in ethanol (25%, 50%, 70%, 90%, 100%, Pro 
Sic Tech, Thuringowa, Queensland). Dehydrated pellets were incubated in sequential solutions for 

infiltration with araldite resin (Sigma Aldrich, Steinheim, Germany) dissolved in the propylene oxide 
solvent: 35% araldite + 65% propylene oxide, 65% araldite + 35% propylene oxide embedding 
resin (5 hours). Resin was polymerised at 70°C overnight to solidify the sample into blocks. 

 

Block were sections to 1 µm and 100 nm thicknesses on a PT-PC ultramicrotome (RMC Products, 
Boekeler Phoenix, Arizona). The 1 µm sections were applied to glass slides and stained with 1% 

toludine blue (Ted Pella, Tustin, California) for light microscopy. These specimens were used to 
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select fields for observation by EM. Selected 100nm sections were mounted onto a copper 
transmission electron microscopy grid (Pro Sic Tech, Thuringowa, Queensland). They were 
stained with 1% uranyl acetate (British Drug House, Pool, England) and 1% lead citrate (British 
Drug House, Pool, England). Selected sampled grids were imaged using a JEM1400 transmission 

electron microscope (JEOL, Akishima, Tokyo) operating at 80 keV. Images were recorded in digital 
.RAW format with an Orius 11Mp digital camera (GATAN, Pleasanton, California). 
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3.0 Assaying bacterial viability in a rapid, culture-independent 
manner using amine-reactive fluorophores and AFC 

 

3.1 Introduction 

To begin to elucidate the biological complexity of the interaction between microbial pathogens and 
the human immune system in a case of PD peritonitis, we require precise and efficient 

microbiological tools and model systems. Of importance, tools to determine microbial viability (i.e. 
the capacity to sustain cell function long enough to reproduce and produce biologically functional 
daughter cells) and vitality (i.e. the capacity to sustain cellular metabolism and reach functional 

homeostasis with environmental conditions) at a single cell level are needed if any attempt to 
comprehend the functional dynamism of population level metabolic and reproductive phenomena is 
to be made.  

 

Traditional microbiology techniques have focused almost exclusively on assessments made of 
entire populations and communities as the functional unit of description. The event of nucleic acid-

based technologies has paradoxically reinforced this: nucleic amplification strategies such as 
qPCR and whole genome sequencing have reached single cell level resolution for eukaryotic cells, 
but the best available methods for microbial nucleic acid assessment still rely on as many as 16 

individual cells56 to produce sufficient signal to reach the lower limits of detection of these 
experimental models.  

 

These techniques are unpinned by a fundamental assumption that the microbes of interest can be 
cultured and that the resulting homogenous isolate is representative of the organism in the 
environment it was cultivated from. If our goal is to understand the biological complexity of PD 

peritonitis through the PD effluent specimens provided by patients during a peritonitis episode, we 
must always remember that current international guidelines31  accept that, despite rigid adherence 
to best-practice pathology methods, as many as 20% of all cases of peritonitis (confirmed by 

clinical indices of patient immune activation) can be culture negative. This knowledge underscores 
the necessity for the development for rapid, culture-independent, tools for assessment of microbial 
cells within PDE. The latest revisions of the ISPD guidelines31 specifically call for development of 
new tools to diagnose and manage PD peritonitis. To understand what an ideal tool must be, we 

must understand the limitations of existing technologies.  
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3.1.1 Traditional Methods – Colony Counting Methods 

Plate count methods are widely considered to be the “gold standard” for enumeration of viable 
bacteria57–61. A suspension containing microbes is diluted across a series of concentrations, and 

small aliquots are “spotted” onto solid media for growth and counting of colonies produced. They 
are predicated on a series of assumptions that are often disregarded in experimental designs using 
this method57. Firstly, the microbes in question must be capable of forming colonies on solid media. 

In the context of organisms causing PD peritonitis, many organisms will be capable of producing 
colonies on routinely used blood agar plates following overnight incubation at 37°C, however there 
are many medically significant microbial genera that have complex growth requirements not 

provided for by this strategy. Assumptions made regarding selection of media required either a 

priori knowledge of the organisms of interest and have the potential to strongly bias any 
conclusions made on the basis of cultured organisms – bioprospecting in other body sites have 
revealed the presence of many medically significant organisms that are unculturable using 

conventional pathology workflows59,61. 

 

Secondly, using naked-eye enumeration of colony spots on solid medium as a method by which 
absolute enumerations of the density of microbial cells in a suspension is made is rife with potential 
sources of error. To achieve an accurate count, a homogenous suspension must contain a number 

of microbes such that the numbers of colonies formed from the uniform dispersal of single cells on 
a plate is less than or equal to the area of the area of the dispersed suspension droplet divided by 
the average area of the colony formed. In practical terms, this means that the borders of the 
colonies within the spot on the plate cannot touch if accurate enumeration is desired. Many users 

choose to incubate their plates for shorter periods of time encapsulated in the definition of 
overnight (e.g. 12 hours rather than 20 hours), but this introduces a potential bias in that slow-
growing colonies may not yet be discernible by the naked eye.  A variant of this method exists in 

which a solid media plate is flooded with a dilute DAPI solution and fluorescent light is used to 
enumerate micro-colonies62,63, however this method can be confounded by accumulation of dye on 
imperfections in the media that appear indistinguishable from genuine microbial micro-colonies. 

 

Further complications to this method exist: an assumption is made that a single colony is the result 

of single microbial cell. In many cases this is true, but the most pertinent representative example of 
where this has been demonstrated to be problematic is the case of Staphylococcus spp. and the 
complexities regarding clustering of multiple cells in various stages of growth64–66. Without a priori 

knowledge of growth phase, and proportions of cells existing in a clustered phenotype, it becomes 

impossible to know if a colony arises from a single cell, or many cells clustered together. Given the 
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prevalence of Staphylococcus spp. as the causative organism in PD peritonitis cases33,34, these 
limitations are more poignant in this setting than they may be in other areas of research. 

 

The most significant limitation to this method may also be the most obvious in that this method 
does not allow for quantification of non-viable, and/or non-culturable micro-organisms. The most 
pertinent consequence of this limitation to the setting of PD peritonitis is established evidence that 

the physical structures arising from non-viable microbial cells are powerful immune activators67–70. 
This knowledge is sufficiently well supported that positive controls in many immunological assays 
are cell envelope components (such as LTA, LPS and zymosan) derived from non-viable 

microbes71. Aligning investigations of PD peritonitis to a method that cannot model the presence of 
non-viable/non-culturable microbes will heavily bias observations – in this case we are best served 
to remember the aphorism that “the absence of evidence is not evidence of absence”. We require 

a tool that will detect all microbes, regardless of their capacity of growth on solid media. There is a 
dearth of literature addressing the possibility that viable, but not culturable organisms may be 
associated with the peritoneal cavity and PD-associated peritonitis. Evidence is needed. 

 

3.1.2 Traditional Methods – Optical density measurements 

The most widely used method to overcome the limitations of growth-based enumeration of micro-
organisms is the use of OD600 measurements as a proxy measure to estimate the density of 
microbes in suspension72–74. The biological underpinning of this assay is the known phenomenon 

that many proteinaceous and other components of microbial cell envelopes absorb 600 nm light in 
a manner that can be used to make reproducible estimations regarding the number of organisms 
existing in the suspension75,76. It overcomes the one of the primary limitations of growth-based 
methods in that it makes no discrimination between live and dead microbial cells. Some published 

literature refers to the ability to identify microbial culture growth phase in controlled laboratory 
experiments, but these comparisons are pinned to growth on solid medium and build the same 
problematic assumption into their experimental design77–79. This invites another suite of limitations 

that are pertinent in the setting of PD peritonitis. 

 

Published reports on the use of OD600 measurements stress the necessity of building standard 
curves for the specific application the researcher intends for use. The factors suggested to be 
accounted for are biologically derived media component, cell density, cell shape, production of 
capsule/slime, and production of extra-cellular polysaccharides (EPS)73,74,76–79. With specific 

regarding to CAPDE specimens, many of the same problems encountered in using growth on solid 
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media are equally represented here – a priori knowledge of microbial densities and identities is 
required when attempting to design experiments.  

 

While production of capsule, slime and EPS are definable and controllable using widely accepted 
applied microbiology techniques, complex biological matrices found in CAPDE specimens further 
complicate this problem. It is not uncommon to find macro and micro-fibrin agglutinates, blood 

cells, immune cells, and other accretions of biological debris derived from the patient in PD effluent 
specimens80. The proportions of these constituent components vary greatly and will confound 
measurement. Furthermore, to reach a level of rigour in which comparisons between PD effluent 

specimens would be appropriate, extensive characterisation of the macroscopic and biochemical 
properties of every specimen would be required. To date, there are no reports in the literature 
elucidating light absorption from chemical and biological components in PD effluent. 

 

The lack of specificity between live and dead microbial cells, and the potential confounding factors 
introduced by non-microbial biological particles in the fluid suspension necessitates assessment of 

technology, with single-cell level resolution, capable of discriminating microbial cells from non-
microbial biological particles, and capable of determining the viability status of individual particles. 

 

3.1.3 Flow Cytometry – General principles 

Flow cytometry is a technique that has developed over decades to allow for precision 
measurement of individual particles in liquid suspension81. The simplest systems use the light-
scattering properties of biological particles to determine the most basic of parameters. A light 
source (either a filtered lamp, or a laser) is used to provide a steady input of photons. These 

photons pass through, or are scattered by, a particle moving through the path of input light. 
Detectors are placed in an array to capture transmitted and scattered photons, and the energy 
from these signals is collected and amplified into an electrical signal. The parameters usually 

derived from these signals are Forward Scatter (FSC) and Side Scatter (SSC). These parameters 
can be used to make generalisations about the size (FSC) and internal complexity (SSC) of 
particles in suspension. With sufficiently intricate hardware instrumentation, complex interplays 

between these parameters can be used to generate complex indices of particle density and three-
dimensional shape/orientation, however these applications are considered niche and not readily 
commercially available82–84. 
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Greater dimensionality can be afforded to data collected via flow cytometry with the inclusion of 
fluorescent markers of varying specificity. The least specific options available are untargeted 
fluorescent dyes. These allow for enhanced particle detection but offer no additional information 
regarding the nature of the particle assayed. Targeted fluorescent dyes, such as those that 

selectively bind nucleic acid, have been routinely employed to enhance detection of biological 
particles and discriminate between cells and background. Eukaryotic applications of flow cytometry 
(such as immunophenotyping) have reached high degrees of complexity (12-20 specific markers 

being relatively common) using fluorescently tagged mono-clonal antibodies. Given the vast 
degree of microbial surface antigen complexity and variability, such resources are rarely available 
to microbiologists employing FCM – complex protocols are needed to generate and validate 

specific antibodies85,86. 

 

3.1.4 Bacterial FCM – Challenges 

It is a commonly held misconception that FCM cannot be effectively applied to small particles (in 
general) and bacteria (specifically). This can generally be broken down into three specific areas of 

criticism: 

 

1. Bacterial particles are very small compared with the immune cells traditionally analysed by FCM 
(approximately 10-30-fold smaller). These influences both optical measurement (FSC/SSC) and 
fluorescent markers that target cell components (nucleic acids etc.). It is an appropriate 

generalisation to make that, as particle size decreases, signal intensity also decreases. More 
recent developments in detector and photomultiplier hardware ameliorate this effect, with 
discrimination of non-biological particles as small as 100nm possible, and discrimination of sub-
micron biological particles possible in rigorously controlled experimental conditions83,84. 

 

Experimental design, and instrument configuration, can be used to further improve detection. 

Optimisation of sample preparation to remove as many non-sample particles (filtration of buffers 
and washing steps are common) can help to yield better discrimination between bacterial particles 
and background events87,88. Increasing voltage to detectors can be selectively employed to 

increase the limits of detection on some optical and fluorescence channels, but this often has a 
negative impact on signal-noise ratios of events detected89.      

 

2. The way most FCM instruments provide a stream of single cells to the interrogation focus of the 
flow cell is hydrodynamic focusing. In simple terms, the sample suspension is injected into a 
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moving vortex of carrier fluid (focusing fluid) that relies on transmission of force from the moving 
fluid to the particles in suspension to drive them to the centre of the moving stream90. This effect is 
defined by Stokes’ drag and is summarized such that the amount of force (determined by the 
density of the fluid, and the speed at which the fluid is moving) exerted on a spherical particle is 

directly proportional to the radius of the particle91. In practical terms, this means that a 
hydrodynamic FCM will preferentially focus (and subsequently provide better resolution on) larger 
particles. Two practical solutions exist to gain better resolution on bacterial-sized particles: firstly, 

using a dilute particle suspension (lowering the overall density of the suspension) in a slow-moving 
suspension gives a greater probability that the events measured will be in an appropriate alignment 
of the stream to give optimal resolution. This is sub-optimal in practical terms as slow, dilute 

suspension are require large amounts of time per sample to collect large, rigorous data sets. 

 

Better results are obtained using acoustic flow cytometry (AFC). In this case, hydrodynamic 
focusing effects are minimal, and a piezo-electric acoustic device is used to focus particles to the 
centre of the moving fluid stream. In this case, the force applied to the particle is inversely 
proportional to particle radius, and smaller particles are preferentially focused92. 

 

3. The dearth of appropriately specific antibodies for microbial applications limits many of the 

applications traditionally used for eukaryotic FCM. Many antibodies for detection of particles in 
eukaryotic FCM are targeted at densely clustered cell envelope surface markers that can be used 
to exponentially magnify the signal strength and provide multiple fluorescence markers to provide 

improved certainty of particle identity. To date, this criticism is the most poorly addressed: work 
contained within this thesis will strive to develop new methods to aid in surety of identification of 
microbial population in complex biological fluids. 

 

3.1.5 Existing methods of measuring bacterial viability by flow cytometry 

The most commonly used method for assessing bacterial viability by FCM is the use of a two 
nucleic acid binding dye combination. One nucleic acid-binding dye is freely cell envelope 
permeable, and acts as an all-cell counterstain. A second nucleic acid dye, that is not freely cell 

envelope permeable and relies on cell envelope compromise to access cytoplasmic nucleic acids, 
is used to detect non-viable cells53,93,94. The most commonly used combination is the Live/DEADTM 
BacLightTM Kit, which uses a combination of SYTO® 9 and propidium iodide. 
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Developments in the field have raised questions over the validity of cell viability assays that rely 
solely on cellular permeability to permeable/non-permeable nucleic acid-binding viability dyes, with 
erroneous viability determinations attributed to complex and variable microbial cell wall structures 
95–97. Sub-lethal damage of a bacterium with sufficient remaining physical and metabolic integrity to 

allow for envelope repair often leads to a “zombie” phenotype: cells that are still metabolically 
active and capable of division despite a non-viable assay result 97. 

 

Some success has been achieved increasing specificity between non-viable cells and positive 
staining by cell envelope-impermeable nucleic acid-binding dyes by using dyes (such as TO-PRO-

3-iodide and YO-PRO-1-iodide)98 with a larger molecular size. This strategy decreases the 
potential for positive staining in viable cells, however it reduces the sensitivity of detection of non-
viable cells. 

 

The absence of published structures for most nucleic acid-binding fluorophores further complicates 
rigorous investigations into interactions present between multiple dyes in simultaneous routes. 

Published data have shown competitive binding inhibition between nucleic acid fluorophores99 that 
can alter the user-determined viability status of FCM events from the same biological suspension 
by altering staining conditions (such as staining times, staining concentrations and order of stain 

addition). For these reasons, targeting structures other than nucleic acid for viability testing may 
yield more robust results.  

 

3.2 Activity of Live/DEAD Fixable Amine dyes in bacteria  

Amine reactive viability dyes function by fluorescently labelling free amine groups in the peptide 
and polypeptide molecules of cellular proteins100. In eukaryotic cells, the dye molecule is not 
membrane permeable and produces a binary staining phenotype distinguishing viable from non-

viable cells 100. In uncompromised cells, the dye molecule is excluded from the cytoplasm, so that 
only surface protein is stained, and a relatively dim fluorescence signal is observed. In contrast, the 
cytoplasm of non-viable cells equilibrates with the amine reactive dye molecule, resulting in 

staining of all cellular protein and a brighter fluorescence signal. This technique has been widely 
adopted for viability determination in eukaryotic cells but has not been previously demonstrated in 
bacteria. 
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3.2.1 Correlation of AFC count with traditional plate counts 

Historical criticisms of FCM have centred around the necessity of using internal standards (such as 
fluorophore labelled polystyrene beads) to allow for semi-quantitative results. The AttuneTM Classic 

and AttuneTM NxT AFC used for the following experiments make use of an optimized fluidics setup 
that draws internally consistent, known volumes of sample suspension, mixes it with focusing fluid, 
and injects the resulting suspension into the flow cell at a known rate. This allows for direct 

quantification of event concentrations in suspension. To demonstrate this capacity, suspensions of 
bacteria were prepared using OD600 approximations to span a range of 5.0 × 102 CFU/mL to 5.0 × 
108 CFU/mL (using the assumption OD600 of 0.1 was equal to 1.0 × 108 CFU/mL) and assayed by 

AFC and traditional plate counting methods. 

 
Three isolates of S. aureus (C010, C025, C036) were compared in technical and biological 
triplicate. A statistically significant Pearson r correlation (p ≤ 0.01) between CFU/mL by colony 
plate count and calculated bacterial events/mL by AFC was found in all cases (r2 = 0.996, 0.994, 

0.989 respectively - Figure 3.1).  

 
Three isolates of K. pneumoniae (43292, 43358, 43938) were compared in technical and biological 
triplicate. A statistically significant Pearson r correlation (p ≤ 0.01) between CFU/mL by colony 

count and calculated bacterial events/mL by AFC was found in all cases (r2 = 0.994, 0.990, 0.996 
respectively – Figure 3.2). 

 

3.2.2 Dye Activity Titration 

Suspensions of bacteria (ATCC® 25922 E. coli and ATCC® 29213 S. aureus) in HBSS were 

incubated with a series of fixed concentrations of Live/DEADTM Fixable Violet (FV) or Live/DEADTM 
Fixable Near-IR (FNIR): 0.25× (of manufacturer’s recommended relative dye concentration), 0.5×, 
1× (1 µL of dye solution in DMSO per 1mL of bacterial suspension), 2×, and 3×.  

 

3.2.3 Selecting bacterial events in AFC data 

A standardised gating template were developed to minimise user bias in selecting bacterial events 
from AFC data. Suspensions of 5 µM SYTO® 9 stained E. coli ATCC® 25922 and S. aureus ATCC® 
29213 were analysed to develop the template. On the basis of SYTO® 9 positive signal, bacterial 

events were gated on a bi-variate FSC-H and SYTO® 9-H (530/30 nm) plot. This selected 
population was back gated to determine a region on an FSC-H and SSC-H plot in which bacteria 
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fell. Stained aliquots of HBSS staining buffers were analysed to ensure to no background 
contamination in this region. This process is summarised in Figure 3.3 using a representative 
example of E. coli ATCC® 25922 stained with Live/DEADTM Fixable Violet. 

 

3.2.4 Live/DEADTM Fixable Violet 

For E. coli, measurements of 405 nm excited, 440/50nm emitted fluorescence showed a strong 
positive correlation (r2=0.983) with dye concentration (Figure 3.4A and Table 3.1). Bacterial events 
were defined as “FV Positive” when displaying a 405 excited, 440/50 nm emitted fluorescence 

greater than the maximum fluorescence value of bacterial events in unstained control specimens. 
For S. aureus ATCC® 29213, a similarly strong positive correlation (r2=0.966) was observed 
(Figure 3.4B and Table 3.2). Comparing mean fluorescence intensities (MFI) of E. coli and S. 

aureus specimens, at equal concentration of dye, found a statistically significant (p<0.001) 
increase in MFI in all S. aureus specimens, except for the unstained controls (Figure 3.4C). In both 
E. coli and S. aureus specimens, no statistically significant increase in MFI between samples 
stained with 0.25× and 0.5× dye concentration was observed (Figure 3.4D). For S. aureus 

specimens, the dose-dependent relationship between dye concentration and MFI was constant 
across the range of concentrations tested (Figure 3.4D). The interactions between high 
concentrations (1× and 3×) for E. coli specimens showed a complex, reproducible interplay of 

factors not consistent with simple dye saturation kinetics (Figure 3.4D).  

 

3.2.5 Live/DEAD Fixable Near-IR 

For E. coli, measurements of 637 nm excited, 780/60 nm emitted fluorescence showed a strong 
positive correlation (r2=0.977) with dye concentration (Figure 3.5A and Table 3.3). Bacterial events 

were defined as “FNIR Positive” when displayed a 637 excited, 780/60 nm emitted fluorescence 
greater than the maximum fluorescence value of bacterial specimens in unstained control 
specimens. For S. aureus ATCC® 29213, a similarly strong positive correlation (r2=0.965) was 

observed (Figure 3.5B and Table 3.4). Comparing mean fluorescence intensities (MFI) of E. coli 
and S. aureus specimens, at equal concentration of dye, found a statistically significant (p<0.001) 
increase in MFI in all E. coli specimens, except for the unstained controls (Figure 3.5C). No 

statistically significant increase in MFI between samples stained with 0.25× and 0.5× dye 
concentration was observed in S. aureus (Figure 3.5D). For E. coli specimens, the dose-dependent 
relationship between dye concentration and MFI was consistent with those observed using FV 
(Figure 3.5D).  
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3.2.6 Selecting a working concentration 

Given the complex dye/target interactions identified in the titration data, we selected a working 
concentration of dye for downstream investigations by finding the lowest concentration of dye that 

showed clear separation between background and bacterial cells in greater than 99% of events. 
For S. aureus, this would be 1×, but E. coli requires 2× and so we selected 2× as the working 
concentration for viability characterisation experiments.   

 

3.2.7 Comparisons of 50%/50% v/v mixtures of live and heat killed cells 

Mixed untreated/heat-treated samples yielded a reproducible, two population phenotypic signature 
consistent with those observed in routine eukaryotic use of the LIVE/DEADTM reagent.  

 

For Live/DEADTM Fixable Violet, in Gram negative samples the shift in MFI, between untreated and 
heat-treated control samples, was a median of 2142.09% (range was 500-5500% - Table 3.5). This 

shift yielded a clear separation, in mixed untreated/heat-treated samples, between both viable and 
non-viable observed populations, with an approximate 1-2 log separation between populations 
(Figure 3.6 - lower). Gram positive organisms displayed a more modest shift between untreated 

and heat-treated cells, with a median increase of 106.25% (range was 25-450% - Table 3.5). While 
this shift occasionally yielded a less distinct delineation between the two populations, rational 
gating was still possible (Figure 3.6 - upper). 

 

For Live/DEADTM Fixable Near-IR, in Gram negative samples the shift in MFI, between untreated 
and heat-treated control samples, ranged between 696-5560% (Table 3.6). This shift yielded a 

clear separation, in mixed untreated/heat-treated samples, between both viable and non-viable 
observed populations, with an approximate 1-2 log separation between populations (Figure 3.7 - 
lower). Gram positive organisms displayed a more modest shift between untreated and heat-

treated cells, with an increase ranging between 20-450% (Table 3.6). In S. epidermidis samples, 
rational gating of two populations was still possible, however there was no robust measure capable 
of delineating two populations for S. aureus (Figure 3.7 - upper). 
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3.2.8 Standardisation of forward scatter and Live/DEAD fluorescence allows for 
simpler gating 

Analyses of ungated data (≥25,000 events per FCS file, n=3) from unstained and Live/DEADTM 
Fixable Violet stained S. aureus ATCC® 29213 revealed that, in the presence of the dye, there was 
a moderately strong positive correlation (r2 = 0.80) between FSC-H and Live/DEADTM Fixable 

Violet (440/50 nm-H). In unstained specimens, there was minimal association (r2 = 0.22). This 
relationship is visible in the data for Gram positive bacteria demonstrated in Figure 1.6 – it is 
responsible for the 45-degree angle orientation of the observed populations in FSC-H and 440/50 

nm-H plots. To account for this phenomenon, and achieve simpler rational gating, we applied the 
following derived parameter to the data: 

 

 

 

We named this derived parameter “Forward Scatter Normalised Fluorescence” (FNF) and found 
that, when plotted against SSC-H, this provided populations that could be simply gated by use of 
rectangular gates (Figure 3.8). This strategy is also successful for all Live/DEADTM Fixable Near-IR 

data analysed, except for S. aureus data (Figure 3.9). This analysis strategy amplifies the bi-
variate distribution of data obtained, and provides a general trend more closely approximating two-
population, no clear discrimination between two populations is possible. 

 

Comparison of the strategies presented in Figure 3.6 (traditional rational gating using FSC-H and 

440/50 nm-H) and Figure 3.8 (SSC-H vs FNF-Violet) using an unpaired t-test showed there were 
no significant differences (p >0.05) between numbers of events gated in viable and non-viable 
gates (Figure 3.10). 

  

3.2.9 There is a non-typical interaction between S. aureus and Live/DEADTM Fixable 

Near-IR 

Upon examination of all characterisation experiments, it was noted that a non-typical interaction 

between S. aureus and Live/DEADTM Fixable Near-IR was making data generated in this method 
unsuitable for determinations of viability status (Figure 3.11). This interaction was further 
investigated by performing a time series to examine the interaction between 780/60nm MFI and 

length of heat treatment across 3 hours (Figure 3.12 and Table 3.7). No statistically significant 
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association between MFI and time treatment was found. Examinations of intact cell events/µL were 
found to show a strong negative association between treatment time and remaining intact cells 
(Figure 3.13 and Table 3.8). In the absence of immediate biological plausibility for the results, 
further characterisation of Live/DEADTM Fixable Near-IR was discontinued, and subsequent 

experiments were performed using only Live/DEADTM Fixable Violet. 

  

3.3 Sorting bacterial cells based on viability status 

In addition to the evidence provided by plating individual viable and non-viable control suspensions 
onto solid media, cell sorting of mixed viable/non-viable suspensions can be used to demonstrate 
the specificity of the assay. Given that cell sorters are optimized around detection of human 

immune cells, best-practice protocols advocate for the use of a cell-specific counterstain or 
fluorophore labelled antibody to discriminate cells from background. 

 

3.3.1 Sorting using Live/DEAD™ Fixable Violet and SYTO® 9 counterstain using a 
BD Influx 

Suspensions of S. epidermidis ATCC® 14990 and E. coli ATCC® 25922 were prepared by 
combining equal aliquots of 50/50 %v/v heat-treated and untreated bacterial cells. Bacterial events 

were identified by comparisons of unstained and SYTO® 9 stained bacterial aliquots to identify 
nucleic acid containing events. On the basis of 405nm excited, 450/50 nm emitted fluorescence, 
20,000 putatively viable and putatively non-viable events were sorted directly into pre-warmed (37° 
C) 1mL aliquots (in 1.5ml microcentrifuge tubes) of cation adjusted MHB. 

 

Serial dilutions (DF: 10-1, 10-2, 10-3) of both viable and non-viable sorted cell population resulted in 

no growth on BA plates after 48 hours. The spread inoculum plates (of 900µL of each mixture) 
showed 76 colonies (7.11 × 101 CFU/mL) for the putatively viable cell population, and 2 colonies 
(1.8 × 100 CFU/mL) for the putatively non-viable cell mixture. Of the putatively viable cells, 0.42% 

of the expected number of cells produced a colony.  

  

3.3.2 Sorting using Live/DEAD™ Fixable Violet (with no counterstain) using a BD 
Melody 

Following the bacterial cell sorting and curation of the FCM data, the counts for E coli cells were 
found to be 1.03 × 103 putatively viable and 2.77 ×103 putatively non-viable. Back calculation from 
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colony counts showed that 90.74% of all putatively viable events produced a colony on BA (Figure 
3.14). No growth was observed on the plates inoculated with putatively non-viable culture, ensuring 
less than 1.0 × 101 microorganisms per mL.  For S. epidermidis 2.33 × 103 putatively viable, and 
3.05 × 103 putatively non-viable events were sorted. It was found that 1.20 × 103 putatively viable 

events produced a colony, for a total of 51.50% of expected (Figure 3.14). No growth was 
observed on the plates inoculated with putatively non-viable culture, ensuring less than 101 
microorganisms per mL. The sub-cultured aliquots from viable and non-viable controls produced 

overnight turbidity, and no turbidity after 5 days in the incubator, respectively. 

 

3.4 Discussion 

3.4.1 With appropriate care paid to experimental design, Live/DEAD™ Fixable 
Amine Viability dyes can be used to assay bacterial viability at a single cell 
level  

Amine-reactive viability dyes can be usefully employed for bacterial cells, both to allow enhanced, 

more confident detection when multiplexed with nucleic acid binding fluorphores, and for 
determination of viability. As a general rule, better results were achieved with Gram negative 
bacteria, showing two log10 fold increases in MFI between viable and non viable events. While the 
amine-binding chemistry of the reagent, combined with the long history of successful use for 

eukaryotic viability assays, predicted the succesful application of the dyes to bacteria, the specific 
challenges of bacterial FCM remained. 

 

Discrimination of bacterial events from background, using single fluorophore FCM assays, has 
proven a significant challenge in complex sample types. Stringent 0.1 µm filtration of resuspension 

buffers, staining buffers, and cytometer fluids can greatly improve the probability that all particles 
analysed are sample-derived. Following these recommendations, FCM using an AFC gave 
excellent consistency and accuray for detection of both Gram positive and Gram negative bacteria 

in controlled cultures (Figure 3.1 and Figure 3.2). Inclusion of the fixable-amine-reactive viability 
reagent in detection/enumeration experiments lends additional weight to evidence that events 
viewed are bacterial in nature; traditional methods use only nucleic acid labeling as a marker, 
whereas two coincident dyes demonstrate that events contain both nucleic acids and proteins, two 

integral cell components. This minimises false-positive events arising from adhesion or non-
specific binding of stains, giving improved confidencein the data. 
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3.4.2 Live/DEAD™ Fixable Violet – Observed trends in staining and dye kinetics 

We observed reproducible staining features discriminating between Gram negative and Gram 
positive organisms. Firstly, the difference in fluorescent enhancement between unstained and 

stained bacteria was greater for viable Gram positive bacteria as compared with Gram negative 
bacteria (assuming consistent cytometer settings). Secondly, there was a greater magnitude shift 
between viable and non-viable Gram negative bacteria compared with Gram positive bacteria. 

Given that the dye binds to amine groups, we postulate that this phenomenon is a function of the 
high abundance of amine groups in peptidoglycan, and the relative abundance of peptidoglycan in 
the two cell wall archetypes 101–103. Not only is there relatively less peptidoglycan in Gram negative 

bacteria compared to Gram positive bacteria, access to it is restricted by an intact outer 
membrane, only becoming available for binding once the integrity of the outer membrane is 
compromised. 

 

For Gram positive organisms, in which no outer membrane exists, and in the absence of other 
exterior structures such as capsules or s-layers, the dye reagent has immediate access to the 

amine-rich peptidoglycan layer. This likely accounts for the relatively large (71 – 155 fold) increase 
in mean fluorescence intensity between unstained Gram positive bacteria, and viable FV stained 
Gram positive bacteria. In Gram negative organisms the lipopolysaccharide layer of the outer 

membrane contains a relative dearth of available amine groups. The comparatively smaller 
increase in mean fluorescence intensity (5 – 29 fold) between unstained Gram negative bacteria 
and viable FV stained Gram negative bacteria is consistent with this cellular architecture. This 
phenomenon, offers a plausible explanation for the complex staining seen with Gram negative 

specimens (Figure 3.4D).  

 

In support of this hypothesis, when the outer membrane of Gram negative bacteria is disrupted by 
heat treatment104 the increased membrane permeability improves dye access to the peptidoglycan 
and intracellular proteins, and there is a greater magnitude of shift. The data support this (Figure 

3.6), showing a large shift between viable and heat-treated non-viable Gram negative bacteria (6 - 
56 fold increase), as compared with a relatively small shift (1 – 5 fold increase) with Gram positive 
bacteria. For non-viable bacteria, the overall change between unstained and stained Gram 

negative bacteria shows a smaller increase of (135 - 310 fold) compared with Gram positive 
bacteria (86 - 535 fold), consistent with the relative abundance of peptidoglycan in the cells. 
Despite the consistent observed differences between Gram types, the variable nature of cell 
envelope constitutents should be considered carefully if making any inference on Gram status 

typing using this method. While we acknowledge the appetite in many microbiological fields for 
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precise, potentially automatable replacements for Gram staining techniques, the time and reagent 
costs required to perform this assay (as compared with a traditional Gram stain) suggest that Gram 
staining remains a more efficient assay for cell wall component categorisation. 

 

3.4.3 Live/DEAD™ Fixable Near-IR – Observed trends in staining and dye kinetics 

The observations made from the titrations (Figure 3.5A and Figure 3.5B) show a positive, dose-
dependent correlation between stain concentration and 780/60 nm MFI for E. coli and S. aureus (r2 
= 0.957 and 0.967 respectively). Comparisons between the selected Gram positive and Gram 

negative organisms (Figure 3.5C) showed the inverse relationship as seen with Live/DEADTM 
Fixable Violet – the E. coli showed greater FE compared with the S. aureus. The dose dependent 
nature of this phenomenon was also blunted in the S. aureus (Figure 3.5D). 

 

When looking for the two-population phenotypic signature indicative of the viable/non-viable 
discrimination, this phenomenon was not observed in all specimens using Live/DEADTM Near-IR 

(Figure 3.7). For E. coli, K. pneumoniae, and S. epidermidis, the general trends observed for 
Live/DEADTM Fixable Violet remaining true in all isolates tested, but for all isolates of S. aureus 

tested, there was no simple means of discrimination between two populations. 

 

3.4.4 Live/DEAD™ Fixable Near-IR – The problem with S. aureus 

The staining profile of S. aureus isolates tested using this method was incongruous with other 
observed patterns (Figure 3.11 - top). We initially speculated that, given the well characterised 
nature of the Staphylococcal response to heat stress105–107, the lack of clear separation between 

viable and non-viable populations was due to incomplete heat killing during preparation of cell 
standards. Under this working hypothesis, heat-shock proteins would be useful in ensuring that 
protein synthesis retained high structural fidelity during the heat shock, cell envelope components 

could continue to be recycled and repaired during heat shock, and this would continue to exclude 
dye from the cytoplasm. This hypothesis was tested by extending the heat-treatment window to 
allow to 1, 2, and 3 hours from the same biological mixtures to allow for comparisons of 

Live/DEADTM Fixable Near-IR MFI (Figure 3.12) and cell events/µL (Figure 3.13). In summary, it 
was found that increasing the heat-treatment window did not provide an increase in stain-specific 
MFI, and resulted in loss of the overwhelming majority of intact cell events. The two-population 
phenotypic signature was not observed in the small percentage of remaining intact cells.  An 

attempt was made to increase the heat-treatment temperature, but this resulted in suspension 
mixtures with no events consistent with intact cells for analysis. 
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Upon careful consideration of the data, two problems exist with this working hypothesis – firstly, the 
culture-based microbiology indicated that the S. aureus cells within the heat-treated, non-viable cell 
standards were incapable of producing colonies on agar (or growing in nutrient broth). With this 
evidence a conclusion that can be drawn was that the heat treatment was killing the S. aureus 

cells, with minimal damage to the cell envelope. While the S. aureus heat-shock response has 
been well studies, there is a dearth of available information in the literature regarding mechanistic 
explanation of cell death in S. aureus once that response has been overcome. 

 

This hypothesis is further complicated by the second observed anomaly – while Live/DEADTM 

Near-IR does not produce a useful two-population phenotypic signature, the same cell suspension, 
stained with Live/DEADTM Violet, does yield the expected population signature (Figure 3.11 – 
bottom). This observation, combined with the confirmed non-viability of the cell preparation by 
traditional microbiology techniques, was viewed as sufficient evidence to require formulation of a 

new hypothesis. Given the published literature regarding the cell envelope permeability of relatively 
large molecular size nucleic acid fluorophores in heat-killed non-viable cells97,98,108,109, the question 
of dye accessability is a potential explanation for the observed abnormality. The molecular 

structures of the two probes used (Violet and Near-IR) are not published, and regarded as a 
commercial secret. Without the ability to compare chemical structures, we looked to our data for 
clues to support or refute this postulation as the basis of a new hypothesis. 

  

We know that all S. epidermidis strains tested, in identical heat-treatment conditions, produce the 
two-population phenotypic signature with both fluorophores. The degree of structural conservation 

between S. aureus and S. epidermidis is considered to be high66,110, however the majority of 
existing research focuses in a manner either too broad (host-pathogen interactions and 
immunogenicity) or too fine (protein-protein interactions within the cell wall) to draw any useful 

conclusions without extensive further structural biology that is outside the scope of this thesis. We 
must, therefore, concede that potential differences in cell-wall stability between S. aureus and S. 

epidermidis may be limiting cytoplasmic access to Live/DEADTM Near-IR and not Live/DEADTM 

Violet. 

 

Another hypothesis exists to explain the observed inconsistencies in staining phenotypes. While it 
is known that FSC and SSC model the changes seen in cell size and internal complexity, most 
small-particle cytometrists avoid drawing conclusions about the particles measured by these 
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parameters due to the high variability between specimens, and potential complex Rayleigh and Mie 
interactions between fluorophores, particles, and the optical measurements taken to produce FSC 
and SSC111–113. These phenomena describe the scattering and refraction of light by particles – in 
the simplest interpretation, the theories can be interpreted to say that the closer in biological and 

physical composition two particles are, the more likely they are to demonstrate similar scattering 
and refraction profiles, and produce similar FSC and SSC signatures. Across the range of 
conditions tested during optimisation, and using carefully paired stained and unstained controls 

from sub-samples of single biological mixtures, we did not find evidence of statistically significant 
variations in FSC or SSC parameters prior or subsequent to addition of either Live/DEADTM 
fluorophore. In more simple terms: the optical measurements do not suggest that there is a 

difference in physical structure that would be accounted for by differences in dye permeability.  

 

We can speculate, in the absence of more robust evidence, that these measurements are 
indicative of a more complex chemical phenomenon. The amine-rich peptidoglycan of S. aureus is 
closely spatially associated with many other structural proteins associated with the S. aureus heat-
stress response. Many of these proteins  have known diversity when compared with other 

Staphylococcal species114–116. Near-IR light is, as suggested in it’s naming, not far seperated 
energetically from infra-red (IR) radiation. Due to strain-specific variability in required heat killing-
conditions, it has been speculated that some of the protection afforded S. aureus by its cell 

envelope comes from a limited ability to absorb IR radiation117–119. If these speculations hold 
weight, the plausibility exists that these proteins may not be entirely specific, and a fluorescence 
resonance transfer (FRET) effect is occuring. FRET effects are notoriously difficult to study in situ, 
and would require extensive structural biology experimentation to even gather suggestive 

supporting data for this hypothesis. These lines of enquiry are undoubtedly outside the scope of 
this work. 

 

The level of uncertainty as to the true cause of the anomaly in S. aureus interactions with 
Live/DEADTM Near-IR was a source of frustration during characterisation experiments, however it 

is fortunate that Live/DEADTM Violet robustly circumvents this difficulty. These data underscore the 
necessity of optimisation of specific reagents to specific applications before more extensive 
experimental work is performed. 
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3.4.5 Derived parameter gating can be used to simplify gating strategies 

Experienced flow cytometrists skilled in the gating and analysis of flow data would be able to 
perform the methods described here without using the derived parameter approach. However, 

there is a demonstrated need for simple informatics tools to remove the subjectivity and improve 
reproducibility of FCM data analysis, especially in the hands of a non-specialist (i.e. pathology staff 
with minimal cytometry informatics experience)120–122.  The derived “Forward Scatter Normalised 

Fluorescence” parameter may be used to simply gate FCM data obtained using this method 
(Figure 3.8 and Figure 3.9). We observed no statistically significant differences in end-points when 
comparisons were made between traditional gating methods, and methods using the Non-Viable 

Detection parameter (Figure 3.10).  

 

3.4.6 Sorting of bacterial cells provides evidence of viability assessments made 

My observations, and the subsequent inferences made regarding the viability status of the bacteria 
analysed, are supported by the sorting experiments (Figure 3.14). We encountered significant 

difficulties in performing rigorous bacterial sorting experiments. Detection of bacterial populations 
on instruments that have not been optimised for small particle detection is traditionally performed 
by addition of a DNA-intercalating fluorophore. The chemistry of the bind interactions of these dyes 

is largely unknown but it is known to drastically reduce bacterial viability 123. Further, it has also 
been observed that merely subjecting bacteria to the sorting process has an inherent reduction on 
cell viability, and that this effect is more pronounced in Gram positive bacteria 123,124.  In these 
experiments, the S. epidermidis  ATCC® 14990 showed substantially reduced colony numbers 

post-sorting, consistent with the viability reduction seen in the cited examples.  

 

3.4.7 Use of viability assay by Live/DEAD™ Fixable Amine reagents moving 
forward 

We have achieved the intended aim when engaging in the characterisation of Live/DEADTM Fixable 
Viability reagents for bacterial FCM: we now have a rapid viability assay that is independent of 

nucleic acid staining, and shows excellent specificity (i.e. a strong correlation with traditional 
microbiology viability rates). We demonstrated that the observed difficulties with Live/DEADTM 

Near-IR can be overcome by using Live/DEADTM Violet, and can speculate (given the popularity of 
the Near-IR variant among eukaryotic cytometry users) that previous attempts to characterise 

these reagents may have been frustrated by use of S. aureus as a common model organism. 
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We do note, however, that this method does nothing to resolve the questions of the sensitivty of 
FCM techniques for viability. Definitions of cell death, total envelope compromise, still remains a 
very crude measure of microbial compromise and may fail to encapsulate loss in viability at early 
time points with metabolic insults that do not result in immediate cell less (e.g. bacteriostatic 

antibiotics). Philosophically, we can speculate that we must leverage better understanding of 
bacterial physiology if we are to seek more powerful reagents and methodological designs in future 
work. We acknowledged this limitation, and sought to incorporate it into future experimental design, 

as we continued to develop tools and conduct investigations into the applied microbiology of PD-
associated peritonitis.     

 

3.5 Chapter 3 Figures:  

 
 

Figure 3.1 - Linearity and correlation of fit between AFC counts and colony counting methods for 
clinical isolates of S. aureus: Three clinical isolates of  S. aureus isolated f rom CAPD peritonitis cases were 
assessed in biological and technical triplicate by enumeration of  SYTO® 9 stained events by AFC, and 
counting of  colonies on BA plates. A statistically signif icant (p < 0.001) strong positive (r2 > 0.98) co rrelat ion 
was found in all cases. 
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Figure 3.2 - Linearity and correlation of fit between AFC counts and colony counting methods for 
clinical isolates of Klebsiella pneumoniae: Three clinical isolates of  K. pneumoniae were assessed in 
biological and technical triplicate by enumeration of  SYTO® 9 stained events by AFC, and counting of  
colonies on BA plates. A statistically signif icant (p < 0.001) strong positive (r2 > 0.990) correlation was f ound  
in all cases. 
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Figure 3.3 - A standardised gating strategy for Fixable Violet samples ensures reproducibility of 
results: Data f rom SYTO® 9 stained bacteria are acquired according to protocols described in Methods (Ai).  
A polygon gate is used on a FSC-H vs 530/30 nm-H bivariate plot to determine the stained bacteria in the 
sample (Aii). The contents of  the Aii gate are gated on using a rectangular gate on a bivariate FSC-H vs 
SSC-H plot (Aiii). The Aiii gate is backgated to apply to all samples within the experimental series, giving a 
standardised “Bacteria” gate (Aiv). Unstained controls of  bacterial suspension are then acquired (B), as well 
as stained and measurements are taken in 440/50 nm (Live/DEADTM Fixable Violet). Panel C shows stained 
aliquots of  f iltered resuspension buf fer, without addition of  bacterial cell suspension, to show background 
levels in gated regions (i.e. there are 0 events/µL falling above thresholds in stained resuspension buf fer 
blanks). 
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Figure 3.4 - Titration of Live/DEAD™ Fixable Violet shows a dose-dependent positive correlation 
between stain concentration and 440/50 nm fluorescence: Titration of  the reagent against representation 
Gram negative (ATCC® 25922 E. coli) and Gram positive (ATCC® 29213 S. aureus) bacteria was performed 
to optimise staining conditions. A) E. coli showed a strong positive correlation (r2 = 0.983) between dye-
specif ic f luorescence and stain concentration. B) S. aureus showed a strong positive correlation (r2 = 0.966) 
between dye-specif ic f luorescence and stain concentration. C) S. aureus showed signif icantly (p<0.001) 
higher 405 nm excited, 440/50 emitted mean f luorescence intensity compared with E. coli at all dye 
concentrations tested. There were no statistically signif icant dif ferences in autof luorescence levels for 
bacterial cells of  each species. D) E. coli cells showed a complex series of  reproducible interactions between 
dye concentration and mean f luorescence intensity that were not observed in S. aureus above the 0.5 × 
concentration. 
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Figure 3.5 - Titration of Live/DEAD™ Fixable Near-IR shows a dose-dependent positive correlation 
between stain concentration and 780/60 nm fluorescence: Titration of  the reagent against representation 
Gram negative (ATCC® 25922 E. coli) and Gram positive (ATCC® 29213 S. aureus) bacteria was performed 
to optimise staining conditions. A) E. coli showed a strong positive correlation (r2 = 0.957) between dye-
specif ic f luorescence and stain concentration. B) S. aureus showed a strong positive correlation (r2 = 0.967) 
between dye-specif ic f luorescence and stain concentration. C) S. aureus showed signif icantly (p<0.01) lower 
637 nm excited, 780/60 nm emitted mean f luorescence intensity compared with E. coli at all dye 
concentrations tested. There were no statistically signif icant dif ferences in autof luorescence levels for 
bacterial cells of  each species. D) E. coli cells showed a complex series of  reproducible interactions between 
dye concentration and mean f luorescence intensity that were not observed in S. aureus above the 0.5 × 
concentration. 
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Figure 3.6 - Equal mixture (50% v/v) of untreated and heat-treated bacterial suspension yields two 
populations by Live/DEAD™ Fixable Violet that correspond with viability status: Control aliquots of  
viable (actively dividing bacterial cells) and non-viable (aliquots of  actively dividing bacterial cells exposed  to  
60°C for 60 minutes) were mixed 50%/50% (v/v) and stained with Live/DEAD Fixable Violet. A low intensity, 
and high intensity population was observed in each isolate tested, corresponding approximately with the 
viable and non-viable cell proportions expected.   
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Figure 3.7 - Equal mixture (50% v/v) of untreated and heat-treated bacterial suspension yields two 
populations by Live/DEAD™ Fixable Near-IR that correspond with viability status in most cases: 
Control aliquots of  viable (actively dividing bacterial cells) and non-viable (aliquots of  actively dividing 
bacterial cells exposed to 60°C for 60 minutes) were mixed 50%/50% (v/v) and stained with Live/DEADTM 
Fixable Near-IR. A low intensity, and high intensity population was observed in isolates of  S. epidermidis, K. 
pneumoniae, and E. coli tested, corresponding approximately with the viable and non-viable cell proportions 
expected. In S. aureus isolates, no clear two-population signature is visible.   

 



53 
 

 
 

Figure 3.8 - Using a derived parameter that accounts for the relationship between forward scatter and 
Live/DEAD™ Fixable Violet fluorescence simplifies gating strategies: Equal mixtures of  50% viable and 
non-viable cells (v/v) show two populations that correspond with viability status. Using the derived parameter 
“Forward Scatter Normalised Fluorescence” (440/50 nm f luorescence divided by Forward Scatter) plotted 
against Side Scatter allows for simple rectangular gates to be used for both Gram negative and Gram 
positive specimens. 
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Figure 3.9 - Using a derived parameter that accounts for the relationship between forward scatter and 
Live/DEAD™ Fixable Near-IR fluorescence simplifies gating strategies: Equal mixtures of  50% viable 
and non-viable cells (v/v) show two populations that correspond with viability status. Using the derived 
parameter “Forward Scatter Normalised Fluorescence” (780/60 nm f luorescence divided by Forward Scatter) 
plotted against Side Scatter allows for simple rectangular gates to be used for both Gram negative and Gram 
positive specimens. This strategy does exaggerate the spread in bi-variate distribution of  S. aureus isolates ,  
but does not allow for clear population separation. 
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Figure 3.10 - Using a simplified derived parameter gating yields no statistically significant difference 
in results compared with traditional rational gating for Live/DEAD™ Fixable Violet: Equal mixtures of  
50% viable and non-viable cells (v/v) show two populations that correspond with viability status. 
Comparisons of  the traditional rational gating method, and the proposed Forward Scatter Normalised 
Fluorescence derived parameter gating method show no statistically signif icant dif ferences between 
strategies (p > 0.99), while providing a simpler analysis method for inexperienced users. 
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Figure 3.11 - Interactions between S. aureus and Live/DEAD™ Fixable Near-IR show a complex 
interaction that is inconsistent with other species tested: Mixtures of  untreated (viable) and heat-treated 
(non-viable) S. aureus (50/50 %v/v) show no clearly gateable delineation between two populations using 
traditional gating (top-lef t). Using Fluorescence Normalised Fluorescence derived parameter analysis 
methods (top right), an exaggerated bi-variate distribution, suggestive of  two populations, is observed, but 
cannot be reproducibly assessed to determine bacterial viability status. This phenomenon is not observed 
using Live/DEADTM Fixable Violet by rational gating strategies (bottom-lef t) or Fluorescence Normalised 
Fluorescence derived-parameter gating strategies (bottom-right). 
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Figure 3.12 - Heat-treatment time has no statistically significant effect on Live/DEAD™ Fixable Near-
IR (780/60 nm) Mean Fluorescence Intensity in S. aureus: Aliquots of  ATCC® 29213 S. aureus (n=3) were 
exposed to 70°C for 1, 2 or 3 hours, and then stained with 2 µL/mL Live/DEADTM Fixable Near-IR. No 
statistically signif icant interaction was found between cell standard preparation (heated/unheated, 
stained/unstained) and time exposed by ordinary two-way ANOVA (p = 0.242). 
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Figure 3.13 - Heat-treatment time has a profound negative effect on intact cell-survival in S. aureus: 
Aliquots of  ATCC® 29213 S. aureus (n=3) were exposed to 70°C for 1, 2 or 3 hours, and then stained with 2 
µL/mL Live/DEADTM Fixable Near-IR. By ordinary two-way ANOVA, the length of  time, regardless of  
condition (heated/unheated) accounted for 54.16% of  all variability seen (p = 0.0005). Treatment condition 
(heated/unheated and stained/unstained) accounted for 24.61% of  the variability seen (p 0.027), and the 
interaction between treatment time and treatment condition accounted for 7.16% of  variability seen (p = 
0.0125). At 1 hour, there were no statistically signif icant dif ferences in cell event rates between heated and 
unheated cell standards (p > 0.05), however at 2 and 3 hours, there was a highly statistically signif icant 
reduction in cell event numbers (87% - 92%) between unheated and heated cell event rates (p < 0.001). 
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Figure 3.14 - Equal mixture (50% v/v) of untreated and heat-treated bacterial suspensions sorted with 
a BD Melody to assess viability:  Equal volumes of  heat treated (non-viable) and untreated (viable) E. coli 
and S. epidermidis cells were mixed, stained with 2x FV and sorted on the basis of  SSC and 405 excited, 
440/50 nm f luorescence. Suspensions were inoculated onto blood agar, and traditional colony counting 
methods were used to estimate viability. For E. coli, 91.74% of  bacterial cells deemed viable by FCM 
produced a colony on blood agar, whereas no colonies were produced f rom the non-viable cell suspension. 
For S. aureus, the number of  colonies produced was 51.5% of  the number of  cells deemed viable by FCM, 
with no colonies arising f rom the sorted non-viable population. 
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3.6 Chapter 3 Tables: 

E. coli ATCC® 25922 Titration with Live/DEAD™ 
Fixable Violet 

Violet 
Concentration 

MFI:  
440/50 nm 

SD:  
440/50 nm 

FV Positive (%) 

0 × 
207 1487 0.63% 

200 433 0.67% 

211 460 1.04% 

0.25 × 
1606 2151 94.72% 

1690 2126 95.76% 

1563 2948 93.38% 

0.5 × 
2007 2537 96.09% 

2066 2471 96.99% 

2012 2688 96.27% 

1 × 
2776 5967 98.19% 

2771 3699 98.30% 

2654 5043 98.34% 

2 × 
4346 9367 99.23% 

4279 9395 99.26% 

4535 10581 99.21% 

3 × 
5828 9118 99.53% 

5804 8548 99.52% 

5884 10744 99.51% 
 

Table 3.1 - Titration of Live/DEAD™ Fixable Violet with E. coli ATCC® 25922: Single stained 
suspensions of  actively dividing E. coli were exposed to dif fering concentrations of  Live/DEAD Fixable Vio let  
(FV) and measured by f low cytometry. Mean f luorescence intensity (MFI) measurements are presented in 
arbitrary f luorescence units. An event is deemed to be FV positive if  it exceeds the mean maximal value of  
unstained bacterial control aliquots. 
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S. aureus ATCC® 29213 Titration with 
Live/DEAD™ Fixable Violet 

Violet 
Concentration 

MFI:  
440/50 nm 

SD:  
440/50 nm 

FV Positive (%) 

0 × 

160 66.2 0.02% 

160 66.1 0.00% 

159 65.8 0.01% 

0.25 × 

1153 1436 92.14% 

1183 1503 92.20% 

1130 1545 91.71% 

0.5 × 

1695 1986 97.78% 

1696 1778 97.94% 

1664 1913 97.68% 

1 × 

2313 1388 99.51% 

2349 1472 99.60% 

2281 1369 99.41% 

2 × 

4580 2696 99.91% 

4689 3018 99.95% 

4448 2968 99.95% 

3 × 

6466 8417 99.92% 

6511 4400 99.95% 

6337 8559 99.93% 
 

Table 3.2 - Titration of Live/DEAD™ Fixable Violet with S. aureus ATCC® 29213: Single stained 
suspensions of  actively dividing S. aureus were exposed to dif fering concentrations of  Live/DEAD Fixable 
Violet (FV) and measured by f low cytometry. Mean f luorescence intensity (MFI) measurements are 
presented in arbitrary f luorescence units. An event is deemed to be FV positive if  it exceeds the mean 
maximal value of  unstained bacterial control aliquots. 
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E. coli ATCC® 25922 Titration with Live/DEADTM 
Fixable Near-IR 

FNIR 
Concentration 

MFI: 780/60 
nm 

SD:  
780/60 nm 

FNIR Positive (%) 

0 × 

98.9 47.2 0.08% 

100 111 0.09% 

101 48.2 0.17% 

0.25 × 

1050 562 96.97% 

1071 665 97.08% 

1042 639 97.00% 

0.5 × 

1355 935 98.19% 

1394 896 98.00% 

1326 990 98.14% 

1 × 

1738 937 99.01% 

1771 1055 99.10% 

1734 933 98.92% 

2 × 

2629 1456 99.53% 

2726 1556 99.58% 

2715 1483 99.63% 

3 × 

3392 1879 99.79% 

3513 1943 99.82% 

3413 1895 99.73% 
 

Table 3.3 - Titration of Live/DEAD™ Fixable Near-IR with E. coli ATCC® 25922: Single stained suspensions of  
actively dividing E. coli were exposed to dif fering concentrations of  Live/DEADTM Fixable Near-IR (FNIR) and  
measured by f low cytometry. Mean f luorescence intensity (MFI) measurements are presented in arbitrary 
f luorescence units. An event is deemed to be FNIR positive if  it exceeds the mean maximal value of  
unstained bacterial control aliquots. 
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S. aureus ATCC® 29213 Titration with 
Live/DEADTM Fixable Near-IR 

FNIR 
Concentration 

MFI: 780/60 
nm 

SD:  
780/60 nm 

FNIR Positive (%) 

0 × 

95.1 47.7 0.06% 

95.3 47.7 0.05% 

96.3 50.3 0.09% 

0.25 × 

913 429 94.72% 

835 413 92.38% 

861 415 93.35% 

0.5 × 

945 449 94.95% 

968 461 95.31% 

957 459 95.25% 

1 × 

1246 603 97.20% 

1256 622 97.24% 

1327 607 97.38% 

2 × 

1803 860 98.46% 

1867 886 98.67% 

1844 863 98.54% 

3 × 

2407 1098 99.16% 

2531 1111 99.31% 

2452 1098 99.28% 

 
Table 3.4 - Titration of Live/DEAD™ Fixable Near-IR with S. aureus ATCC® 29213: Single stained 
suspensions of  actively dividing S. aureus were exposed to dif fering concentrations of  Live/DEADTM Fixab le 
Near-IR (FNIR) and measured by f low cytometry. Mean f luorescence intensity (MFI) measurements are 
presented in arbitrary f luorescence units. An event is deemed to be FNIR positive if  it exceeds the mean 
maximal value of  unstained bacterial control aliquots. 
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Multiple Species Comparisons Between Viable and Non-Viable 
Controls with Live/DEAD™ Fixable Violet 

MFI: 450/50 nm 
 

Strain Unstained 
Stained 

Increase (%)  Untreated Heated 

S. aureus 

ATCC® 29213 1.10 ×102 1.28×104 1.86×104 45.06 
C038 1.12×102 8.02×103 9.70×103 20.95 
C036 1.13×102 1.04×104 1.29×104 24.49 
C010 1.15×102 1.21×104 1.95×104 60.66 

 
Strain Unstained 

Stained 
Increase (%)  Untreated Heated 

S. epidermidis 

ATCC® 14990 1.17×102 1.53×104 4.40×104 187.84 
C018 1.18×102 1.26×104 6.32×104 401.13 
C016 1.20×102 1.87×104 4.71×104 151.87 
C015 1.17×102 9.39×103 5.17×104 450.02 

 
Strain Unstained 

Stained 
Increase (%)  Untreated Heated 

E. coli 

ATCC® 25922 1.41×102 1.36×103 4.38×104 3220.59 
C011 1.24×102 7.10×102 3.58×104 4941.88 
C012 1.24×102 6.14×102 3.47×104 5560.78 
C013 1.22×102 7.07×102 3.63×104 5039.81 

 
Strain Unstained 

Stained 
Increase (%)  Untreated Heated 

K. pneumoniae 

ATCC® 700603 1.14×102 3.33×103 2.65×104 696.1 
43938 1.12×102 2.72×103 3.17×104 1063.59 
43358 1.56×102 3.50×103 2.12×104 504.62 
43292 1.13×102 2.50×103 2.86×104 1048.22 

 

Table 3.5 - Equal mixture (50% v/v) of untreated (viable) and heat-treated (non-viable) bacterial 
suspension yields consistent, reproducible shifts in 440/50 nm fluorescence intensity: Control aliquots 
of  viable (actively dividing bacterial cells) and non-viable (aliquots of  actively dividing bacterial cells exposed  
to 60°C for 60 minutes) were stained with Live/DEAD Fixable Violet. In all cases, a shif t of  1-2 log10 f rom 
unstained cells to stained, untreated cells was observed. In E. coli and K. pneumoniae a large shif t in 440/50 
nm MFI between untreated (viable) and heat-treated (non-viable) cell standards was seen (500% - 5560%). 
In S. aureus and S. epidermidis this relationship was conserved, however the magnitude of  the shif t was 
substantially smaller (21% - 450%). 
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Multiple Species Comparisons Between Viable and Non-Viable 
Controls with Live/DEAD™ Fixable Near-IR 

MFI: 780/60 nm 
 

Strain Unstained Stained Increase (%)  Untreated Heated 

S. aureus 

ATCC® 29213 9.73 × 101 1.01 × 103 1.40 × 103 38.79% 
C038 9.66 × 101 9.13 × 102 1.25 × 103 36.57% 
C036 9.74 × 101 9.55 × 102 1.22 × 103 27.70% 
C010 9.78 × 101 1.05 × 103 1.46 × 103 38.81% 

 
Strain Unstained Stained Increase (%)  Untreated Heated 

S. epidermidis 

ATCC® 14990 9.74 × 101 8.83 × 102 2.47 × 103 179.91% 
C018 9.56 × 101 6.17 × 102 3.29 × 103 432.85% 
C016 9.70 × 101 1.11 × 102 2.14 × 103 93.85% 
C015 9.47 × 101 5.50 × 102 2.83 × 103 414.30% 

 
Strain Unstained Stained Increase (%)  Untreated Heated 

E. coli 

ATCC® 25922 1.05× 102 7.84 × 102 2.84 × 103 262.36% 
C011 9.44 × 101 5.92 × 102 1.31 × 104 2111.66% 
C012 9.40 × 101 5.85 × 102 1.17 × 104 1906.09% 
C013 9.33 × 101 5.77 × 102 1.03 × 104 1693.01% 

 
Strain Unstained Stained Increase (%)  Untreated Heated 

K. pneumoniae 

ATCC® 700603 9.45 × 101 1.82 × 102 1.13 × 104 521.71% 
43938 9.53 × 101 1.37 × 102 1.11 × 104 712.72% 
43358 9.57 × 101 1.89 × 102 1.21 × 104 539.68% 
43292 1.19 × 102 1.45 × 102 1.21 × 104 737.12% 

 

Table 3.6 - Equal mixture (50% v/v) of untreated (viable) and heat-treated (non-viable) bacterial 
suspension yields consistent, reproducible shifts in 780/60 nm fluorescence intensity: Control aliquots 
of  viable (actively dividing bacterial cells) and non-viable (aliquots of  actively dividing bacterial cells exposed  
to 60°C for 60 minutes) were stained with Live/DEAD Fixable Near-IR. With the exception of  S. aureus, a 
shif t of  1-2 log10 f rom unstained cells to stained, untreated cells was observed. In E. coli and K. pneumoniae 
a large shif t in 780/60 nm MFI between untreated (viable) and heat-treated (non-viable) cell standards was 
seen (262% - 2112%). In S. epidermidis this relationship was conserved, however the magnitude of  the shif t 
was substantially smaller (93% - 433%). In S. aureus, the shif t was poor (28% - 39%) and yielded no clear 
discrimination between populations. 
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Table Analysed S. aureus 780/60 MFI Time Series     
      

Two-way RM ANOVA Matching: Both factors     
Alpha 0.05     

      
Source of Variation % of total variation P value P value summary Significant?  

Condition 98.15 <0.0001 **** Yes  
Treatment Time 0.1646 0.0272 * Yes  

Interaction: Condition x Treatment Time 0.6982 0.2420 ns No  
Interaction: Condition x Subjects 0.05326     

Interaction: Treatment Time x Subjects 0.03253     
Subjects 0.007915     

      
ANOVA table SS DF MS F (DFn, DFd) P value 

Condition 52682803 3 17560934 F (3, 6) = 3686 P<0.0001 
Treatment Time 88372 2 44186 F (2, 4) = 10.12 P=0.0272 

Interaction: Condition x Treatment Time 374764 6 62461 F (6, 12) = 1.556 P=0.2420 
Interaction: Condition x Subjects 28588 6 4765   

Interaction: Treatment Time x Subjects 17459 4 4365   
Subjects 4249 2 2124   
Residual 481652 12 40138   

 
Table 3.7 - Heat-treatment and staining status, and not treatment time, accounts for the overwhelming majority of Live/DEAD™ Fixable Near-IR 
fluorescence in ATCC® 29213 S. aureus: Two-way Row-Matched ANOVA was performed to assess the contribution of  treatment time (1, 2 or 3 hours) to the 
mean f luorescence intensity f rom Live/DEADTM Near-IR in S. aureus. 
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Table Analysed S. aureus 
Cell Events / µL 

    
      

Two-way RM ANOVA Matching: Both factors     
Alpha 0.05     

      
Source of Variation % of total variation P value P value summary Significant?  

Condition 24.61 0.0271 * Yes  
Treatment Time 54.16 0.0005 *** Yes  

Interaction: Condition x Treatment Time 7.115 0.0125 * Yes  
Interaction: Condition x Subjects 7.742     

Interaction: Treatment Time x Subjects 1.222     
Subjects 2.016     

      
ANOVA table SS DF MS F (DFn, DFd) P value 

Condition 6085533 3 2028511 F (3, 6) = 6.357 P=0.0271 
Treatment Time 13393687 2 6696843 F (2, 4) = 88.66 P=0.0005 

Interaction: Condition x Treatment Time 1759384 6 293231 F (6, 12) = 4.54 P=0.0125 
Interaction: Condition x Subjects 1914517 6 319086   

Interaction: Treatment Time x Subjects 302138 4 75534   
Subjects 498567 2 249283   
Residual 775107 12 64592   

 

Table 3.8 - Heat-treatment time accounts for the majority of variability in cell numbers in ATCC® 29213 S. aureus: Two-way Row-Matched ANOVA was 
performed to assess the contribution of  treatment time (1, 2 or 3 hours) to the remaining cell number / µL in samples tested by AFC in S. aureus. 
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Chapter Four: Using acoustic flow 
cytometry to detect and quantify viable 

bacteria in PD peritonitis effluent 
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4.0 Using acoustic flow cytometry to detect and quantify 
viable bacteria in PD peritonitis effluent  

4.1 Introduction 

Armed with the additional tools gained during the characterisation of amine reactive viability dyes, 
we next sought to understand more about the microbiology of PD peritonitis. As discussed 

previously, the persistent problem with culture-negative peritonitis episodes led us to seeking a 
method by which effluent from PD peritonitis cases could be assessed without the need for primary 
culture. 

 

4.1.1 Accurate enumeration of bacteria in PD effluent, what we know, what we don’t 
know, and why we really need to know 

To accurately study interactions between host and bacteria, in any infectious setting, we must 

understand how many bacteria are necessary to accurately model the challenge in vitro. 
Conventional bacteriology has codified this notion as part of calculation of the multiplicity of 
infection: the ratio at which bacteria should be presented to a individual cell of during an immune 

challenge125–127. 

 

In spite of this, very little has been done to study the actual numbers of bacteria in PD-peritonitis 
effluent: the closest example to a comprehensive study in the literature presents multiple end-
points of enumeration, has a 25% culture negative rate, and suggests a range of organism 
densities from 10-2 to 104 CFU/mL128. The notion of a CFU as the minimal functional unit for 

counting bacteria129,130 is flawed. Bacteria incapable of forming a colony on growth media still have 
immunological consequences for a patient and complex spatial arrangements (e.g., clustering in 
Staphylococci) can often result in multiple cells aggregating together and forming a single 

colony129,130. Prior to the event of single-cell resolution, culture-independent microbiology tools, 
these assumptions were prudent to allow for standard experimental designs in the study of 
infectious processes. With the next generation of analytical tools available, we require better 

solutions for enumerating viable and non-viable bacteria in PD effluent, both to allow for more 
accurate in vitro investigations to improve understanding, and as a potential diagnostic tool. 
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4.1.2 Existing diagnostic methods for PD peritonitis 

International Society for Peritoneal Dialysis guidelines31 still recommend culture-based 
microbiology as the primary method of diagnosis for PD peritonitis. Recent revisions of the 

guidelines have favoured the use of automated blood culture systems as the preferred culture 
method for PD peritonitis cases. Due to the uncertainty that is engendered by a negative result 
(i.e., “is this result a true negative, or a culture negative peritonitis case?”), many centers still rely 

on inoculation of sedimented specimens both into and on to various microbiological media for 
incubation for aerobic and anaerobic incubation in an attempt to minimise culture-negative 
rates34,131–134. Despite this, many centers fail to reach the minimum recommendations for culture 

negative rates34 – in scenarios such as these clinicians are increasingly left without evidence to 
guide their treatment decisions. 

 

While PCR-based techniques for rapid identification have proven useful in other fields, the few 
reported attempts to apply 16S and 23S PCR to PD peritonitis have been confounded135–138. False 
negative rates have been high, and are generally ascribed to the presence of inhibitors (such as 

fibrin) in the sample matrix. In one case, a qPCR based method showed some prognostic potential 
for pre-emptively identifying the risk of relapsing peritonitis139, but this same assay suffered from 
poor specificity with routine identification and classification of PD peritonitis specimens. In this case 

there was substantial overlap between positive and negative specimens in terms of the cycle 
threshold number to positivity. While the authors are focused solely on the use as a diagnostic, 
they ignore (and do not report data to support or refute) the potential implication that all of the 
specimens they tested may contain bacterial DNA. The prevalence of biofilm formation in PD140, 

and cell-free bacterial DNA common with biofilm, leaves questions surrounding whether the DNA 
being measured is from viable organisms capable of causing infection, or from biofilm components. 

 

One report exists in which an attempt was made to characterise PD effluent and count cells by flow 
cytometry141. Their studies focus primarily on detection of and enumeration of human immune cells 

in PD effluent as their primary reportable finding, with attempted method development for bacterial 
enumeration as secondary objective. They express minimal confidence in their enumeration of 
bacterial cells, as they feel that cell fragments and blood components confound the accurate 

detection of bacteria. The cytometry hardware (Sysmex UF-100) used is designed primarily for 
enumeration of cells in urine specimens, and the fluorescent probes used have poor specificity and 
weak fluorescence enhancement (i.e., the difference between “positive” and “negative” is 
small)93,142. We postulate that careful analytical cytometry, backed by rigorous development using 
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accoustic-enhanced flow cytometers (AFC) designed for small particle analysis, will improve the 
resolution sufficiently that we will be able to produce accurate enumeration. 

 

4.2 Optimisation of detection of bacteria in PD effluent by AFC 

Complex sample fluids with numerous non-target particles can confound even basic AFC 
measurements (such as those reviewed and demonstrated via data in Chapter 1). We began our 
investigation by demonstrating a capacity to accurately enumerate bacteria of varying species 

relevant to PD peritonitis in filter sterilised PD effluent. Without robust protocols published in the 
literature, we first sought to optimise a protocol that would allow us to make meaningful 
comparisons between specimens. 

 

4.2.1 Examining the relationship between cell counts in filter-sterilised PD effluent 
by traditional plate colony count and AFC  

We took 14 control isolates from 8 species and used standard microbiological assumptions, a 

nephelometer, and a 0.5 MacFarland standard to produce initial suspensions with an initial density 
of 5 × 107 CFU/mL. Serial ten-fold dilutions were plated onto blood agar plates for colony counts 
and stained with SYTO® 9 before enumeration using an Attune™ Classic acoustic-enhanced flow 

cytometer. SYTO® 9 was selected as it is freely membrane permeable, binds to nucleic acid, and 
has strong fluorescence enhancement when bound to DNA (≥ 10-fold increase when bound to 
DNA compared with unbound93). 

 

Suspensions equal in optical density to a 0.5 MacFarland standard by nephelometer produced 
substantially fewer bacterial cells by both methods in all cases except Ps. aeruginosa PAMC 

27353 (Figure 4.1). While a moderate negative correlation was seen (Spearman r = -0.494), 
individual strain CVs across biological replicates (n=3) remained low. Bland-Altman analysis 
demonstrated a strong bias towards overestimating viable CFU/mL by AFC (Figure 4.1B). 

 

We determined that, in PD effluent, the correlation between total bacterial counts by AFC and 
viable colony counts was not as closely aligned as those observed directly from overnight culture in 

bacterial growth medium (as demonstrated in Chapter 3). As outcomes are likely to be influenced 
by the number of live organisms, an ideal method for enumeration of bacterial cells in PD 
peritonitis effluent must include a viability label to ensure that only viable cells are counted. 
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Fungal peritonitis is associated with universally poor outcomes41,143. Empirical antibiotic 
prescription does not routinely include anti-fungal prophylaxis144, and so rapid detection of fungal 
cells to allow for initiation of antifungal therapy is a critical clinical priority. AFC can distinguish 
between bacterial cells and fungal cells from pure cultures (Figure 4.2). Fungal cells showed 

disproportionate increases in optical scattering parameters (i.e. FSC and SSC) when compared 
with SYTO® 9 specific fluorescence. Although these data suggest bacteria and fungi can be readily 
distinguished from each other in controlled laboratory conditions, this may become more difficult in 

the genuine complex mixture of biological particles, bacteria, and human cells found in PDE 
specimens. 

 

4.2.2 Proof of concept for using SYTO® 9 to detect putative bacterial events in 
culture positive peritoneal dialysis effluents 

Using filter sterilised PD effluent demonstrated capability to detect and enumerate bacteria in a 
chemically similar fluid, but we needed to demonstrate the capability to overcome the background 

noise introduced by the complex milieu encountered in unfiltered specimens. We selected two PD 
effluent specimens (one culture positive with a Gram positive organism, one culture positive with a 
Gram negative organism), and a culture of E. coli ATCC® 25922 to demonstrate proof of principle. 

 

A 50 mL effluent specimen was centrifuged at 3000 × g, the supernatant removed, and then the 
pellet subjected to a hypotonic lysis in milliQ H2O for 20 minutes. Aliquots of both the supernatant 

and resuspended pellet were stained with SYTO® 9 for AFC analysis. A further aliquot of the 
resuspended pellet was mixed 1:1 v/v with a 1:1000 dilution of an overnight culture of E. coli cells. 
The distribution of populations observed is represented in Figure 4.3. A comparison of the 

supernatants (Figure 4.3A) showed that each contained high concentrations of events forming low 
FSC, low SSC populations. The Gram negative PDE contained 3 distinct SYTO® 9 staining 
populations, co-incident with the low FSC and SSC background population by FSC and SSC. The 

Gram positive PDE contained a single SYTO® 9 positive staining population, distinguishable from 
the background population by FSC but not by SSC.  

 

Examining the pellet post-lysis (Figure 2.3B) showed diffuse populations high in FSC, SSC and 
SYTO® 9 fluorescence in all cases, with numerically dominant debris background populations 
(≥99.2% of all events). When these specimens had a control aliquot of E. coli spiked in (Figure 

4.3C), these populations were co-incident with the stained bacterial suspension.  
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From these experiments, we learned the following lessons: 

 

• PDE is a complex biological substrate containing many particle types. To have confidence 

that an event is bacterial, we will require positivity by multiple indices. 

• SYTO® 9 staining phenotypes can be complex, and an assumption of a universal “threshold 
of positivity” will be problematic to interpretation. Unstained control aliquots for each 

specimen will be mandatory. 

• Lysis steps introduce non-specific particulates into the sample. Rather than lysing samples, 
it would be preferable to physically remove unwanted cell types from the specimen prior to 

staining. 
 

4.3 An unusual specimen presents the opportunity to challenge 
assumptions: a prospective case study using AFC to detect and 
enumerate bacteria in PD effluent  

We used our method optimisations, including the use of a Live/DEAD™ Fixable Amine viability dye 

as a secondary label, to test our ability to accurately detect and enumerate bacteria in PD effluent. 
An elderly male on peritoneal dialysis presented to the emergency department of a local tertiary 
hospital with abdominal pain, fever, reports of cloudy effluent (he had drained out at home) and a 

recent peritonitis caused by Bacillus megaterium. Intraperitoneal vancomycin and gentamicin were 
administered empirically without any sample being collected for culture. The next drain bag was 
sent to the laboratory for MC&S and the laboratory advised that antibiotics had already been 

administered. The sample was therefore triaged for both traditional culture dependent microbiology 
as well as an experimental flow cytometry-based culture-independent assessment. We prepared 
specimens for assessment by AFC, attempted to resuscitate specimens for culture, and prepared 
aliquots of the effluent for transmission electron microscopy.   

 

4.3.1 Putative human leucocyte and bacterial populations were identified and 
enumerated by AFC 

Initial flow cytometric analysis of the sample, using control cultures of Staphylococcus aureus 
ATCC® 29213 and Escherichia coli ATCC® 259221, was performed to set gating thresholds and 
revealed three populations. One stained positive for protein (FNIR), but without a specific DNA 
signal (SYTO® 9) and was excluded from analysis. One population exhibited a dual-positive 
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signature, with comparatively low forward scatter (FSC – an approximation of particle size) and 
was labelled as putative bacteria. The third population had high FSC and side scatter (SSC – an 
approximation for complexity) and very strong SYTO® 9 fluorescence and was labelled putative 
leucocytes (Figure 4.4Ai). These particles stained with the mouse anti-human CD45 antibody 

(Figure 4.4Aiii) confirming these events as human leucocytes. This result was available 1 hour, 55 
minutes from the sample arriving in the research lab.  

 

To further investigate the putative bacterial population, the CD45 positive leucocyte population was 
excluded (Figure 4.4Bi) and single colour controls of S. aureus ATCC® 29213, and E. coli ATCC® 

25922 were used to set a consensus bacterial gate. Using these gating schemas, two populations 
were identified within the putative bacteria gate – one that was SYTO® 9 positive, and one that was 
SYTO® 9 negative. Gating on the SYTO® 9 positive events only, i.e. those containing DNA (Figure 

4.4Biii), the effluent sample was found to contain 1.21 x 106 bacteria / mL within 43 minutes of 
sample receipt in the research lab. 

 

4.3.2 Additional analyses corroborate the AFC findings 

We observed a range of structures in the PD effluent by TEM: abundant Gram positive cocci 

(Figure 4.4Ci), human leucocytes (Figure 4.4Cii) interacting with bacterial cells (indicated with 
arrow, Figure 4.4Cii), abundant fragments consistent with Gram positive cell carcasses (Figure 
4.4Ciii), and structures consistent with bacterial endospores (indicated with arrow Figure 4.4Ciii). 

  

After 2 days growth, a sample of the resuscitated bacterial suspension revealed a pure culture of 
Micrococcus luteus, with no growth in the control resuscitation medium aliquot. These organisms 

are structurally consistent with the Gram positive organisms observed by TEM. 

 

4.4 Prospective collection and analysis of a cohort of PD effluent specimens 
submitted to a local pathology service (n=72) 

We collected 50mL effluent specimens, decanted by our local pathology service at time of 

processing, and stored them at 4°C until batch processing and analysis by AFC. Specimens were 
collected blinded to patient data, with unblinding occurring after wet-laboratory and cytometry data 
analyses were performed. In brief, specimens were centrifuged at 400 × g to remove macroscopic 

agglutinations of fibrin and the majority of human cells, and then stringently washed and aliquots of 
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unstained and SYTO® 9 /Live/DEAD™ Fixable Violet stained PDE were enumerated in triplicate. 
With each day of processing specimens by AFC, control cultures of ATCC® 25922 E. coli and 
ATCC® 29213 S. aureus were prepared, and heat killed as in Chapter 1 to refine viability gating. 
Specimens were collected without knowledge of the clinical context, and unblinding was performed 

subsequent to AFC data analysis and finalising results. All analyses were performed by a single 
operator using a standard analysis template. A subaliquot of each specimen was inoculated into 
TSB for incubation at 37°C for 5 days (or until turbid). 

 

4.4.1 tSNE analysis validates an analysis strategy that selects only microbial cells 
from PDE specimens   

t-Distributed Stochastic Neighbour Embedding (t-SNE) is a statistical technique for reducing 
dimensionality in complex data sets145–148. It has been used to assess the similarities between 
populations in high-parameter cytometry data. We used tSNE to identify 7 reproducible clusters in 
a representative PD effluent specimen, and back gated these clusters onto a bivariate plot of FSC 

and SSC (Figure 4.5A). We compared each cluster with samples of control bacterial strains to 
identify the cluster that contained bacterial cells (Figure 4.5B). 

 

We identified a region of interest on a bivariate FSC and SSC plot, and down selected using the 
following logic flow: 

 

1. Check for multiple populations within the region. Make a note of any discrete, high-FSC 
populations for investigation as a marker of potential fungal cells. 

2. Check and calculate the SYTO® 9 fluorescence in stained and unstained aliquots. 
3. Select events showing ≥10-fold fluorescence enhancement between stained and unstained 

aliquots (i.e. showing nucleic acid specific fluorescence). Make a note of any events 

exhibiting ≥1000-fold fluorescence enhancement for investigation as a marker of potential 
fungal cells. 

4. Check and calculate the Live/DEAD™ Fixable Violet fluorescence in stained and unstained 

aliquots. 
5. Gate viable and non-viable cell populations – in cases with clear bimodal distributions, use 

a histogram gate. For other samples, resort to manual curation with derived Forward-
Scatter Normalised Fluorescence gating (compared with Gram positive and Gram negative 

controls) in ambiguous cases. 
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6. Back-calculate to determine and report total bacterial events/mL and viable bacterial 
events/mL. 

7. Report presence/absence of putative fungal cells. 
 

Using this data technique, we demonstrated that less than 1% of events falling into the nominal 
region of interest on the FSC vs SSC plot showed statistically significant activity from both 
fluorescent labels and were subsequently counted as microbial cells (data not shown). 

 

Once all 72 specimens had been collected, data were aligned with the leucocyte and culture status 

recorded by the pathology service. Specimens were divided into three categories (according to 
ISPD guidelines31): 

 

• “Not Peritonitis” – culture negative specimens with total leucocyte populations less than 0.1 
× 109 /mL31 

• “Culture Negative Peritonitis” – culture negative specimens with total leucocyte populations 

greater than 0.1 × 109 /mL 

• “Culture Positive Peritonitis” – any specimen for which the pathology service had reported a 
significant organism, regardless of leucocyte count. Reduced leucocyte count in the 

presence of a viable organism often occurs during commencement of effective antimicrobial 
therapy, but before resolution of infection. 

 

4.4.2 All specimens assayed contained some microbial cells, regardless of clinical 
classification or culture positive/culture negative status 

Across all 72 specimens evaluated, we found the range of microbial cells to be between 5.87 ×103 

viable events/mL, to 4.74 ×109 viable events/mL (Figure 4.6). We found statistically significant 
differences between numbers of viable bacterial cells per mL of effluent, and the classification of 
the effluent type from the pathology service data (Kruskal-Wallis, p =0.0002). Specifically, there 

were significantly more organisms in culture positive peritonitis cases than in cases that classified 
as “not peritonitis”, but no significant differences in numbers of organisms between culture positive 
and culture negative peritonitis cases. If we selected only the first specimen submitted to pathology 
for an individual peritonitis episode (i.e. only those specimens without another specimen submitted 

to pathology within one week, n = 59) the relationship between specimens remained unchanged 
(data not shown). 

 



78 
 

We assessed the correlation between the number of leucocytes reported by the clinical service and 
found a weak positive correlation (Spearman r, 0.365, p=0.0061, n = 55) between viable cell 
numbers and total leucocyte count (Figure 4.7). However, many of the culture positive peritonitis 
cases had to be excluded from these analyses as the clinical service reported “coagulated” or 

“clotted” specimens and were unable to perform a white cell count. We also tested for associations 
between the number of days an effluent was stored at 4°C before analysis by AFC and the 
numbers of total or viable bacteria (Figure 4.8), and found no statistically significant relationship 

(Spearman r, p > 0.05, n = 72). 

 

My attempts to culture organisms from specimens prepared for AFC met with mixed results (Figure 
4.9A): we found no statistically significant association between the ability to culture an organism 
and the clinical service’s ability to culture an organism (Fisher’s exact, p = 0.096, ns). As the 

clinical service is National Association of Testing Authorities accredited and compliant, and our 
culture analyses occurred after (sometimes) prolonged storage at 4°C, we elected to treat their 
results as the canonical culture results for down-stream analyses. From the culture positive 
peritonitis cases, 27 isolates were Gram positive, 7 were Gram negative, and one fungal isolate 

was recovered (Figure 4.9B). In two cases, the presence of a fungus in the specimen was 
indicated by AFC data and predicted by the scientist analysing. One was a culture positive 
Candida bracarensis (i.e. correctly identified), and one was a culture negative peritonitis case. An 

inability to culture an organism neither confirms nor refutes the presence of a fungus in the second 
case. 

 

4.4.3 Examining multiple specimens from a single peritonitis case provides proof-
of-principle for diagnostic benefits of AFC assessment of PD-peritonitis 
effluent 

During the course of prospective collection, we encountered the case of Patient X (Figure 4.10). 
The patient presented in clinic with suspicion of peritonitis. The initial specimen sent to the 
laboratory was culture negative and had a leucocyte count below the diagnostic thresholds (i.e. 

≥0.1 × 109 white cells/L) for classification as peritonitis by ISPD guidelines. After commencement of 
empirical antimicrobial therapy, an initial reduction in viable microbes / mL of effluent was seen. 
Over the following week there was increase in both viable microbes /mL and overall leucocyte 
count. By day 8, the leucocyte count had reached the ISPD diagnostic criteria for peritonitis, 

however the effluent specimen remained culture negative. 
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4.5 Discussion 

After rigorous investigation of PD-peritonitis effluent with AFC and adjunctive microscopy and 

culture, we present three major findings: 

 

1. We have demonstrated proof-of-principle for AFC as a potential new diagnostic tool for PD-
peritonitis, and developed methods to rapidly enumerate microbial cells.  

2. We have demonstrated that there was cytometric evidence of a population of micro-

organisms in all effluent specimens tested. 
3. We present quantification of putatively viable organism density in a representative sample 

of PD-peritonitis specimens and show an association between high numbers of viable 

organisms / mL and culture positive peritonitis. 
 
The next phase of this research will require extensive translational research across multiple 
centres to validate these findings and identify potential short comings when applied to real-world 

use. 
 

4.5.1 Successes and challenges facing AFC for diagnostic use with PD-peritonitis 
effluent 

AFC can be used to enumerate bacterial and fungal cells in PD peritonitis effluent. The in vitro 

studies using spiked cultures (Figure 4.1, Figure 4.2) demonstrated that the ability to accurately 

count cells was dependent on the specificity of identification of microbial cells compared with non-
microbial particulates in the sample. Previous attempts to use flow cytometry to quantify micro-
organisms in PD-peritonitis effluent used hardware and dye reagents (phenanthridine and 

carbocyanine) that were not optimised for microbial flow cytometry141. The earliest experiments 
using a single nucleic acid dye (an experimental design similar to previously published data - 
Figure 4.3) demonstrated that difficulty when attempting to ascribe biological context to populations 

of events measured from these specimens. 

 

My initial case study, with the associated TEM imaging (Figure 4.4), supports the assertion that 

micro-organisms can be discriminated from background. The TEM images demonstrate all the 
components known from the clinical context to be present. From these findings, we identified that 
the difficulty is using AFC to provide accurate information was a problem of specificity. Microbial 

applications for AFC pose a significant challenge over human clinical uses (e.g. 
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immunophenotyping) in that the specificity of cell-surface antigens is typically variable enough to 
frustrate attempts to use fluorophore-conjugated antibodies to specifically recognise populations86. 

 

By using tSNE to understand the necessary parameters, and the hierarchy in which classifiers 
need to be applied to the data (Figure 4.5), we gained insight into why previous attempts to use 
flow cytometry to assess PD-peritonitis effluent have been sub-optimal: 

 

1. The resolution of the AFC hardware we used to discriminate between particles based on 

FSC and SSC is approximately an order of magnitude greater (Attune™ NxT has a 
submicron resolution, whereas a Sysmex UF100 cannot reliably discriminate between 
particles smaller than 1 µm). 

2. Phenanthridine has a weak fluorescence enhancement when bound to nucleic acid when 
compared with SYTO® 9, and carbocyanine has no specificity relevant to the question93. 
Using a DNA-intercalating stain and an amine-labelling stain provides superior 
discrimination of microbial cells from other particles.  

3. Accurate identification of microbial cells requires curation of data to ensure that only events 
that show clear stain activity above background are included. Using automated detection 
and classification of cells by commercial hardware that has not been optimised for PD-

peritonitis effluent is not specific enough. Without access to trade-secrets underpinning 
these automated classification methods, it will remain challenging to assess if these 
systems have the potential for further optimisation. 

  
The necessity of trained bio-informaticians using rules-based heuristics to produce results is often 
cited as a key difficulty in translation of diagnostics research into practice149,150. Informative use of 
techniques for reduction of the dimensionality of data like tSNE provides clear insight that these 

challenges can be optimised for shallow machine learning applications to remove this element of 
user bias. Future development in this space should focus on these measures of automation to 
improve performance. 

 

4.5.2 Is the presence of microbes in every effluent specimen biologically plausible? 

Rigorous investigations of putatively sterile sites in the human body have routinely returned 
findings that demonstrate the ubiquitous nature of micro-organisms on body surfaces and within 
tissues89,151–155. Previous research has demonstrated biofilm formation in PD catheters is universal, 

with varying degrees of colonisation and biofilm stability (i.e. species diversity and structural 
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development) varying on a patient-to-patient basis140,156,157. Biofilms in fluid systems are known to 
shed both viable and non-viable organisms when shear forces are applied to them in the form of 
moving columns of fluid (i.e. when a PD fluid exchange is made)158–162. With these evidences 
combined, we propose inverting the question: 

 

“In a site that should logically contain at least incidental microbial cells, why can we so rarely 

culture viable organisms from PD effluent?” 

 

The numerical evidence we present surrounding numbers of putatively viable organisms / mL 
(Figure 4.6) may offer some key insight. While all specimens contained bacteria, those that did not 
result from a confirmed culture negative or culture positive peritonitis episode (by the classification 

of the pathology service) had 1-5 log10 less viable bacteria /mL. When we correlate these findings 
with the white cell count performed by the clinical service the association between leucocyte 
counts and microbial counts showed only a weak positive association (Figure 4.7). This association 
is pointedly non-zero: immune cells are being recruited to the cavity. Previously published data on 

cytokine release in the cavity have shown substantial overlap in cytokine responsible for leucocyte 
recruitment between patients without a confirmed peritonitis case, with culture-negative peritonitis, 
and with culture-positive peritonitis163–165. Data from unused PD fluid have been omitted from 

presentation and discussion from this chapter, as they give no meaningful data across all collected 
indices (i.e. they are all 0). The findings of these studies align with those we present here in that 
they suggest a context in which complex interplay between microbes and host immune defences 

are the key driver to the interactions occurring within a patient’s peritoneal cavity. 

 

From these data we also identified that those samples containing the highest numbers of bacteria 

were also most likely to have been unsuitable for WCC due to “coagulated/clotted specimens”. The 
limit of detection of a Gram stain is postulated to be somewhere between 5.0 ×103 and 5.0 ×105 
cells /mL108,166–169. Gram stains have proven to be poor prognostic tests for peritonitis: the presence 

of bacteria on a Gram stain is associated with culture positive peritonitis, but absence of bacteria 
on a Gram stain has neither positive nor negative predictive value170,171. Given that routine 
preparation for microscopy involves harsh concentration and centrifugation steps, we suggest that 

aggregation with other complex components of the PD-peritonitis effluent (e.g. fibrin) may be 
obfuscating microbial cells from view. 
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It is important to remember the role of the pathology service and of the clinicians when discussing 
the diagnostic challenges of PD peritonitis. While we classified a sub-set of samples as “not 
peritonitis” for ease of discussion, current practice leaves that determination in the hands of the 
clinician. The ability of the clinician to act, supported by empirical pathology evidence, in the best 

interest of patients, is the key primary goal. We were dissatisfied with the alignment of the culture 
results with the pathology service’s results, but additional investigations did not identify a causative 
factor (Figure 4.8, Figure 4.9). The case of Patient X (Figure 4.10), and the daily monitoring of 

putative inefficacy of the empirical antibiotic therapy, suggests a potentially powerful tool for 
clinicians to use when making decisions for management of their patients. We envisage, with 
further development, a role for rapid AFC in diagnostics for PD-peritonitis.  

 

Independent of development and validation of AFC as a diagnostic tool, these data suggest that 

further investigations into the complexity surrounding the composition of PD-peritonitis effluent, and 
the interactions between micro-organisms and host be pursued. Further work needs to address the 
discordance between putatively viable microorganisms within fluid, clinical consequences, and 
complexity surrounding the culturable and non-culturable microbiomes of the peritoneal cavity of 

patients undergoing peritoneal dialysis. 
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4.6 Chapter 4 Figures 

 

Figure 4.1 - Reference bacterial strains can be reliably enumerated in manufactured PD effluent analogues by AFC: Overnight cultures of  culture collection 
reference strains of  bacteria were standardised by nepholometer to a half  MacFarland standard (i.e. assumed to be 1.0 ×108 bacteria/mL), diluted to 5.0×107 
bacteria/mL and then counted by blood agar spread plate and SYTO® 9 positive counts by AFC. A) Overall correlation was poor due to lower than anticipated b lood  
agar plates, but counts between blood agar plate and AFC were within 0.5 log10 of  each other, and reproducible (n=3 biological). B) Bland-Altman analysis 
demonstrates a strong bias towards overestimation of  CFU/mL by AFC.  
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Figure 4.2 - AFC can distinguish between populations of fungal and bacterial cells from pure 
cultures: Suspensions of   Klebsiella pneumoniae and Candida glabrata were diluted to 10-3 f rom overnight 
suspensions (to give suspensions ranging f rom 1.21 × 104 events/mL to 2.2 × 107 events/mL), washed in 0.1 
µm f iltered HBSS and  stained with 5 µM SYTO® 9.   Fungal cells showed higher FSC and proportional FSC 
to SYTO® 9 f luorescence than bacterial cells and, when the two cultures were combined in silico or in vitro , 
clear seperation between populations was possible.
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Figure 4.3 - Using a single nucleic acid stain for PD effluent specimens yields difficult to interpret AFC population distributions. Culture positive PD-
peritonitis ef f luents containing Gram negative and Gram positive bacteria centrifuged to separate and concentrate events, stained with 5 µM SYTO® 9 and analysed  
by AFC. Supernatants (A) contained relative more events with high SYTO® 9 f luoresence than the resuspended pellets (B). When control aliquots of  bacteria cell 
suspensions were added (C), we saw that the bacterial population was essentially co-incident with populations observed in the PD ef f luent, but did not give guidance 
on clear distinctions between what was bacterial cells and what was not bacterial cells in PDE aliquots. 
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Figure 4.4 - Culture-independent analysis of CAPD effluent: Ai) f low cytometry output by FSC and SSC, showing two regions identif ied as putative bacteria and 
leucocytes, Aii) putative leucocyte, viewed by DNA content (SYTO® 9) and anti CD45 antibody staining, Aiii) comparative histograms of  anti CD45 f luorescence 
staining intensity for putative leucocytes, putative bacteria, and ungated events. Bi) f low cytometry output showing exclusion of  leucocytes (red), Bii) remaining 
events gated according to regions def ined with control bacterial suspensions. DNA +ve region marked in green, protein +ve (Fixable Live/DEAD Near IR) marked in 
red, double positive marked in yellow, Biii) comparison of  stained (gold) and unstained control (grey) aliquots of  ef f luent, with gating inherited f rom Bii. Ci) 
Representative micrograph of  uncompromised bacterial cells observed in specimen (scale as marked), Cii) representative example of  human leucocyte and bacterial 
cell, with phagocytic activity indicated by arrow, Ciii) representative example of  cell carcasses consistent with a Gram positive bacillus, putative endospore indicated  
with an arrow.      
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Figure 4.5 - t-SNE analysis can be used to develop rational gating strategies that increase specificity of microbial events counted in PD-peritonitis 
effluent. We used t-SNE to cluster data based FSC, SSC, SYTO® 9 f luorescence and Live/DEAD™ Fixable Violet f luorescence, and rationally gated the population 
clusters in the output (A). We then used pure cultures of  Gram positive and Gram negative bacteria, and tested in silico to f ind the population cluster that was so lely  
co-incident with the control bacterial specimens (B). We then backgated this population on a region of  a FSC vs SCC plot as our initial selection for ongoing in s i l ico 
analysis method development. 
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Figure 4.6 - There are significantly more viable bacteria in culture positive peritonitis effluents than culture negative effluents with leucocyte counts 
below the ISPD diagnostic criteria for peritonitis (“not peritonitis”): Across n=72 specimens, we found that culture positive cases had signif icantly more viable 
microbial events/mL than “not peritonitis” cases (Multiple comparisons, “Not Peritonitis vs Culture Positive Peritonitis p = 0.001), but there were no statistically 
signf icant dif ferences between numbers in culture positive and culture negative peritonitis cases (Multiple comparisons, “Not Peritonitis” vs Culture Negative 
Peritonitis p = 0.395, Culture Negative Peritonitis  vs Culture Positive Peritonitis p = .0135). All samples tested contained more than 5.0 × 103 viable microbial 
events/mL. 
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Figure 4.7 - There is a weak positive association between bacterial counts and patient white-cell count by light-microscopy: For those specimens without a 
known fungal organism, and for which WCC were available f rom pathology (n=55), We found a weak positive correlation between both total bacterial numbers, and 
viable bacterial numbers per mL of  ef fluent. Using only those specimens that were culture positive (n=19), this correlation is not seen, however we note that a subset  
of  specimens has been omitted due to clotted or aggultinated specimens not allowing the pathology service to perform WCCs. 
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Figure 4.8 - There is no significant association between total microbial count, viable microbial count, and the number of days stored at 4°C before 
analysis by AFC in PD-peritonitis effluent: Across n=72 specimens, no signif icant association between time in storage and microbial counts was seen. A weak, 
non-signif icant, negative trend between viable cell numbers and time at 4°C exists. 
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Figure 4.9 - Comparisons of culture positive rates between the clinical service provider and the academic laboratory showed discordant findings, 
however the range of organisms cultured was concordant: A) Comparisons of  the rates of  culture positive and culture negative between the clinical pathology 
service (made at time of  sample receipt) and academic laboratory (made a time of  sample analysis by AFC following 4°C storage) show discordant results. B) The 
range of  organisms cultured was common between both attempts at culture, and consistent with the epidemiology of PD peritonitis.  
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Figure 4.10 - Sequential analyses of PD-peritonitis effluent specimens from one patient across the course of a single peritonitis episode show evidence 
of antimicrobial therapy failure: Patient X presented on Day 1 with symptoms consistent with a clinical assessment of  peritonitis. Following the commencement o f  
empirical antimicrobial therapy, a sharp decline in viability of  bacterial cells is seen, however this trend reverses over the intervening week. Leucocytes counts are 
not above the diagnostic threshold for indication of peritonitis (by ISPD guidelines) until day 8. 
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Chapter Five: Profiling the diversity in 
the microbiology and early immune 
response in mesothelial cells and S. 

epidermidis
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5.0 Profiling the diversity in the microbiology and early 
immune response in mesothelial cells and S. epidermidis 

 

5.1 Introduction 

Outcomes of severe infection are driven by a combination of direct tissue damage resulting from 

infecting organisms and the global consequences of uncontrolled immune responses to the 
presence of these organisms172,173. We need to gain greater understanding of the mechanisms by 
which the interactions between host and micro-organism are orchestrated173. In PD peritonitis, 

mesothelial cells lining the peritoneal cavity are the primary orchestrator of this response174–176. 
Mesothelial cells are highly metabolically active and use Toll-like receptors (TLRs) and other 
pathogen recognition receptors (PRRs) to detect components of microbial cells to initiate 
pathogen-associated molecular pathways67,70,172,174,176–184. In many cases, these early immune 

responses auto-amplify and can trigger down-stream effects including phagocytosis, secretion of 
chemokines and cytokines, direct signalling to recruit additional innate immune cells subsets, and 
induction of apoptosis185,186. 

 

5.1.1 Understanding the immune context of the mesothelium in the unusual niche 
of a peritoneal cavity undergoing peritonitis  

In an otherwise healthy patient, the peritoneal cavity is not exposed to the environment and, 

despite the persistent presence of peritoneal macrophages, mast cells, and γδ T cells, is 
considered to be a sterile site187–191. Microbial migration through the endothelium of the intestines 
has been described192–195, however spontaneous peritonitis occurs almost exclusively in those 

patients with serious co-morbidities such as cirrhosis196–198. The peritoneal cavity of a PD patient is, 
by virtue of the insertion of the catheter, no longer a natural system. While the therapeutic success 
of PD relies on the health of the mesothelium within the cavity to allow dialysis to occur, chronic 

exposure to PD fluids can lead to fibrosis and scarring within the cavity199–202. Peritonitis is strongly 
associated with fibrosis and remains the most likely cause of severe mesothelial injury and 
technique failure. 

 

While the literature surrounding the innate immune response by mesothelial cells is extensive, 
much research to date has focused on apoptotic and necrotic terminal pathways203–211. As these 

processes directly result in fibrosis and the type of severe damage to the mesothelium that results 
in technique failure, understanding of these interactions are essential to improve patient outcomes, 
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but they pre-assume the occurrence of peritonitis. We chose to focus investigations earlier in the 
timeline and investigate the factors that influence the interaction between mesothelial cells and 
bacteria during the time in which a PD exchange will occur (i.e., ≈ 4 hours). My rationale is three-
fold: 

 

1. Better understanding of the factors governing the early interaction with these cells may 

yield insights into preventive strategies, novel interventions, and diagnostic markers. 
2. My observations enumerating viable microorganisms in PD-peritonitis effluent demonstrate 

the high likelihood that these assumptions are an incomplete representation of the origins 

of peritonitis in that all peritoneal effluent contains some microbial cells, and so: 
3.  Investigation of the early immune response may yield insights that allow us to push the 

balance of the interaction towards immunity. 

 
Before commencing experimental work, we were left with a choice of where to focus our efforts. 
While it is known that Gram negative bacterial peritonitis and fungal peritonitis have the worst 
outcomes for patients, most infections (60-70% of cases) are caused by Gram positive bacteria34. 

Of these, the predominant organisms belong to the coagulase-negative Staphylococci. 50-70% of 
these infections are caused by Staphylococcus epidermidis33,34. 

 

5.1.2 S. epidermidis is a frequent and frequently overlooked cause of PD peritonitis 

S. epidermidis is represented in the normal skin flora, is capable of opportunistic infection, and is 
often considered to be “low risk” when compared with other S. aureus peritonitis212–215. In many 
clinical settings the presence of S. epidermidis in cultures from a sterile site is often overlooked, 
with a presumption that the species is a contaminant introduced during sampling procedures. 

Epidemiological data tells us that, while it is true that extreme detrimental outcomes (i.e., transfer 
to HD, catheter removal, and death) are uncommon in the case of S. epidermidis peritonitis, these 
infections can still result in these outcomes216 and this results in an unacceptable burden on patient 

well-being. These factors, combined with the prevalence of S. epidermidis in effluent specimens 
from patients with PD peritonitis, led us to concentrate efforts on this species. 

 

Previous studies of mesothelial activation by S. epidermidis have demonstrated the importance of 
IL-1 signalling (to globally amplify inflammation)66,217, IL-8 signalling (as a chemo-attractant to 
neutrophils)217–219 and TNF signalling (upstream to many facets of the innate immune 

system)66,217,218,220,221 in S. epidermidis infection. Despite individual studies having elucidated the 
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mechanisms of terminal immune responses, there is less data on the early immune response to S. 

epidermidis exposure by mesothelial cells. Furthermore, studies to date fail to capture the potential 
strain-level diversity in S. epidermidis isolates. It is estimated that the S. epidermidis pan-genome 
has a common core of approximately 80%, with a highly variable accessory genome222. 

 

As such, we sought to encapsulate the potential variation in the early mesothelial immune 

response by studying gene-transcription level responses. We had three main aims: 

 

1. To assess the early immune response, compare and contrast early differential gene 
regulation with the mesothelial response to S. epidermidis exposure. 

2. To assess the potential variability of the response in a collection of S. epidermidis strains 

isolated from PD peritonitis cases. 
3. To identify and investigate microbiological differences between strains of S. epidermidis 

capable of causing peritonitis and attempt to correlate these differences with information 
routinely collected during concurrent clinical pathology investigations. 

 

5.2 Elucidating the early mesothelial response to S. epidermidis exposure 
through measuring changes in gene transcription 

In order to understand the potential consequences of frequent exposure of the mesothelial cells 

lining the peritoneal cavity to bacteria, we conducted a series of in vitro experiments documenting 
the mesothelial response to S. epidermidis exposure after short co-incubation.  

 

5.2.1 Mesothelial cell viability following bacterial infection 

We started with an observation of changes in the microscopic appearance of cultured confluent 
MeT5A mesothelial cell monolayers co-incubated overnight (16 hours) with ATCC® 14990 S. 

epidermidis at three initial inoculum densities (1.0 × 104, 1.0 × 106, 1.0 ×108 CFU/mL). We found 

that the lowest concentration showed no discernible changes in ultra-structure, whereas the 1.0 × 
106 and 1.0 × 108 showed progressive degrees of monolayer disruption (Figure 5.1). We chose to 
focus on short incubation windows and conducted formal mesothelial cell viability testing before 
proceeding to ensure we were maximising the measurement of early signalling response to 

infection, rather than simply measuring the overwhelming signalling cascades of apoptotic and 
necrotic pathways. 
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In vitro cultured mesothelial cell monolayers were exposed to 107 CFU/mL of five clinical isolates of 
S. epidermidis, two reference isolates of S. epidermidis (both from clinical sources unrelated to PD 
peritonitis) and LTA (10 μg/mL) for 1 hour. Following exposure, 0.5–7.5% of cells assayed were 
non-viable (Figure 5.2), with no significant (p > 0.05) difference in mesothelial cell viability between 

any of the samples and the media control. In keeping with the desire to examine the earliest 
immune response to bacterial exposure, we selected a 1-hour exposure with 1.0 × 107 CFU/mL of 
S. epidermidis for gene expression studies. 

 

5.2.2 Bacterial isolate variability associates with differential gene expression in 
primary mesothelial cell human genome microarray 

Nineteen significantly differentially regulated genes (adj. p-value < 0.05) were identified in each S. 

epidermidis isolate (for a total of 38 genes of interest). 25 genes were up-regulated and 13 genes 
down-regulated (Table 5.1 and Table 5.2, respectively). Four genes were differentially regulated in 
response to both S. epidermidis isolates: MAP3K5, NFKBIA and ZFP36 (up-regulated), and ITLN1 

(down-regulated) (Figure 5.3 and Table 5.1 and Table 5.2). 

 

5.2.3 Pathway analysis of differentially expressed genes reveals common 
components in the early response 

To ascertain the relationships between genes identified by microarray, and aid in selection of 
further genes for study, twenty-eight genes that were differentially expressed in primary 
mesothelial cells following S. epidermidis exposure were analysed using Qiagen’s Ingenuity 

Pathway Analysis (IPA) software. Ten of the 38 differentially expressed genes were excluded from 
IPA analysis due to the presence of duplicate genes in the microarray, or the genes represented 
being uncharacterised and having no known canonical pathway interactions. Thirty-five pathways 

were significantly represented (adj. p-value < 0.01) in the dataset (Table 5.3), with the top 15 
pathways shown in Figure 5.4. The three most significant pathways were TNFR2 signalling, IL-17A 
signalling in fibroblasts, and TNFR1 signalling, with other notable pathways including TLR 
signalling, and apoptosis signalling. TNF was both a differentially expressed gene, and an 

upstream regulator of 10 of the differentially expressed genes (CXCL2, EDN1, EGR1, FOS, HAS1, 
IER3, MAP3K5, MYLK, NFKBIA, ZFP36) as determined by microarray (Figure 5.5). 
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5.2.4 RT2 human antibacterial response PCR array shows strain-level variability in 
human gene expression response to S. epidermidis exposure 

Following analysis of the microarray data, the Qiagen RT2 human antibacterial response PCR 
array was used to further assess changes in gene expression. Each RT2 PCR array contained 84 
genes and 478 of the 588 genes were expressed in the 7 S. epidermidis arrays across the 

conditions tested in Met-5A cells. There were 36 genes (7.5% of the 478 genes) up-regulated (3 to 
26-fold), and 32 genes (6.7%) down-regulated (3 to 33 fold). 36 genes were differentially regulated 
(>2-fold) in two or more S. epidermidis isolates (Figure 5.6). Twelve genes were differentially 

regulated in a single isolate, 27 genes did not show a change in expression, and no expression 
data was available for 9 genes, suggesting these genes were not expressed by mesothelial cells 
under the test conditions. 

 

Primary mesothelial cells showed lower magnitude changes in gene expression 1 hour after 
infection with S. epidermidis relative to MeT-5A cells. There were 145 genes expressed across two 

reference isolates, with 4 genes (2.8%) up-regulated 3 to 19-fold, and 2 genes (1.3%) down-
regulated 3 to 11 fold. TNF was the most up-regulated gene in primary mesothelial cells. Results 
for TNF expression in MeT-5As differed significantly from primary mesothelial cells, with TNF 

consistently down-regulated in MeT-5A cells (Figure 5.6). 

 

Of interest, there was an unexpected binary outcome in all cytokine and chemokine genes tested 
by RT2 profiler array (with the exception of CCL5). CXCL1, CXCL2, CXCL8, IFNA1, IL12A, IL1B 
and IL6 all show a conserved pattern whereby they were either down-regulated or showed now 
change in isolates C015, C016 and C017, and were up-regulated or showed no changed in 

isolates C018, C019 and the ATCC® control strains. 

 

5.2.5 qPCR validation of the most significantly differentially regulated genes 
demonstrated the necessity of high dose staphylococcal challenge to 
elucidate the early immune response  

The selection of genes for qPCR validation was determined by a multi-factorial approach, as 

outlined in Figure 5.7. The criteria for inclusion were; magnitude of expression fold change across 
microarray and RT2 PCR array experiments, consistency of differential expression across 
conditions, differences between MeT-5A and primary mesothelial cell responses, biological 

plausibility from existing literature, and potential consequence in the context of PD peritonitis. 
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Based on these criteria, 6 genes were selected for further investigation: CCL5 (RANTES), TLR4, 
TNF, ZFP36, EDN1 and ITLN1. Dose response experiments were conducted in primary and MeT-
5A mesothelial cells using the clinical S. epidermidis isolate C016 at 108 CFU/mL, 106 CFU/mL and 
104 CFU/mL for 1 hour (Table 5.1). 

 

Gene expression in primary mesothelial cells exposed to high doses of S. epidermidis was 

consistent between microarray studies, RT2 PCR arrays and qPCR for CCL5, ZFP36 and EDN1 
(up-regulated) and TLR4 and ITLN1 (down-regulated). Expression of TNF showed a dose-
dependent response in primary mesothelial cells, with 14-fold to 19-fold increases in TNF 

expression with high doses of S. epidermidis. Concordant expression levels of CCL5 by MeT-5A 
mesothelial cells was observed when compared with primary cell CCL5 expression. We observed 
discordant expression of TLR4 (inconsistent results) and TNF (opposing results) in MeT-5A 

mesothelial cells when compared with primary human mesothelial cell expression. As the MeT-5A 
cells are an immortalised cell line, we chose to treat the primary human mesothelial expression 
values as a more accurate representation of the underlying biology. 

 

5.3 Investigating inter-strain variation in S. epidermidis isolates acquired 
from PD-associated peritonitis using high throughput phenotypic 
microbiology tools 

Following the mesothelial gene expression studies for PD peritonitis-derived S. epidermidis 

isolates, we sought to further explore the extent to which strain-level heterogeneity may contribute 
to the overall clinical presentation of peritonitis cases. We selected the S. epidermidis isolates used 

in the gene expression studies and supplemented them with additional strains from culture-positive 
PD peritonitis cases, and set about systematically addressing their microbiology: 

 

1. Is there a difference in the ability of S. epidermidis strains to persist or grow in unused PD 
solution during the average dwell period of 4 hours? 

2. Does the composition of the PD solution alter the growth and persistence of S. epidermidis 

during an average dwell window? 
3. Can we associate in vitro measures of strain-level heterogeneity to data we currently collect 

during routine pathology investigation? 

4. Can these associations be used to identify isolates of greater clinical concern? 
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5.3.1 Comparison of the growth and persistence of PD-peritonitis derived S. 
epidermidis in unused PD fluid and growth medium 

We sought to model the growth and persistence of PD-peritonitis derived S. epidermidis strains 
using our high throughput flow cytometry model for assessing bacterial viability (Figure 5.8). We 
selected one non-peritonitis reference strain (ATCC® 14990) and 9 PD-peritonitis derived strains 

(C015, C016, C018, C040, C043, C057, C072, and C094). We counted viable cell numbers of S. 

epidermidis in suspensions of known initial inoculum density after 4 hours to simulate a PD dwell 
period, using our semi-automated analysis pipeline (Figure 5.9). 

 

The first comparison examined the effect of Fresenius Balance PD fluid containing 2.3% glucose in 

comparison with Mueller-Hinton broth (MHB) across a 4 hour incubation at 37°C (Figure 5.10). 
Two-way ANOVA showed statistically significant differences between fold change in viable cells 
from an initial inoculum of 5.0 × 104 viable S. epidermidis cells/mL between isolates (p = 0.001, 
8.14% of total variation), between growth fluids (media vs PDF, p < 0001, 36.13% of total 

variation), and in the interaction between both (p <0.0001, 12.12% of total variation). In MHB, all 
isolates except C072 and C057 showed an increase in viable cells/mL between 1.8 and 16.7-fold. 
C072 and C057 showed a smaller fold change in the same period in MHB; between 0.96- and 

2.87-fold change. In 2.3% glucose PDF all isolates except C072 and C057 showed a trend to 
overall reductions in viable cells/mL (0.08 – 1.34-fold-change).  C072 and C057 showed a trend 
towards persistence of viable cell numbers/mL (0.75 – 3.35-fold-change). 

 

5.3.2 Assessing potential changes in biofilm formation between PD peritonitis-
derived isolates of S. epidermidis 

We considered that there may have been differences in the capacity of bacterial strains to adhere 

to the wells of the test plates and form biofilm. We used a crystal violet assay to assess the biofilm 
formation over the full range of S. epidermidis isolates tested and added a minimal biofilm-forming 
E. coli control strain (ATCC® 25922) for comparative purposes (Figure 5.11). While all S. 

epidermidis isolates showed significantly higher OD595nm, and can be inferred to have greater 
biofilm formation, than the E. coli control isolates and the PBS and media controls, there were no 
significant differences between S. epidermidis isolates (Kruskal-Wallis, p = 0.3182). 
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5.3.3 Assessing the effect of glucose concentration in PD fluid on growth and 
persistence on PD peritonitis-derived S. epidermidis isolates  

We next examined whether the changes in glucose concentration in PD fluid would alter growth 
and persistence of the bacterial isolates (Figure 5.12). We selected six representative isolates: 
ATCC® 14990 (as a non-peritonitis reference isolate), C072 and C057 as two peritonitis-derived 

isolates of note, and C015, C016 and C018 (peritonitis-derived isolates that performed with similar 
growth and persistence profiles as the non-peritonitis control strain in the initial experiments, that 
were included in the gene expression studies). We found significant changes in the fold-change of 

viable S. epidermidis cells when comparing isolates (two-way ANOVA, p <0.0001, 4.51% of total 
variation), growth medium (MHB vs PD fluid p <0.0001, 36.13% of total variation), and the 
interaction between both (p <0.0001, 12.12% of the total variation). However, when comparing 
fold-change between glucose concentration conditions of individual isolates (e.g., comparing C016 

at 1.5% glucose to 2.3% glucose to 4.5% glucose), there were no significant differences (Tukey’s 
multiple comparisons, p >0.05). 

 

5.3.4 Assessing the effect of initial inoculum density on growth and persistence of 
PD peritonitis-derived S. epidermidis isolates exposed to growth medium or 
2.3% glucose peritoneal dialysis fluid  

Next, we assessed the impact of initial bacterial inoculum density on the growth and persistence of 
PD peritonitis-derived isolates of S. epidermidis in 2.3% glucose PD fluid and growth medium. We 
firstly assessed the impact of starting inoculum density on growth in MHB at 37°C, over a 4 hour 

period (Figure 5.13A) and using two-way ANOVA, found significant differences in fold-change in 
viable cells between strains (p = 0.0001, 11.2% total variation), the starting dose (p < 0.0001, 
35.99% of total variation) and the interaction (p<0.0001, 17.13% of the total variation). For those 

cells exposed to 2.3% glucose PDF (B), significant differences in fold change were confirmed by 
two-way ANOVA between isolates (p 0.0002, 16.95% of total variation), but not between starting 
dose alone (p = 0.0658, 2.379% of total variation). 

 

To eliminate the possibility that these findings were an artefact of the high-throughput AFC method, 
we repeated this experiment by sub-sampling growth wells prior to adding the stain. A strong 

positive correlation in fold-change was observed between the two methods in most cases (Table 
5.2) but we noted a general trend towards poorer correlation at higher doses attributable to non-
concordance between the two methods for C015 in MHB at 1.0 × 108 viable cells/mL (0.75 fold by 

AFC, 4.11 fold by agar spot count). The overall correlation between methods was 0.90. 
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5.3.5 Assessing the effect of manufacturer-specific formulation changes in 
glucose-concentration matched PD fluids on growth and persistence of PD 
peritonitis-derived S. epidermidis isolates  

We next sought to establish that these observed effects were consistent in PD fluids developed by 

the two different manufacturers of PD solution. We compared the Fresenius Balance solution used 
in all prior experiments with Baxter Physioneal® and Baxter Dianeal®. Using matched glucose 
concentrations, we found that peritonitis-derived isolates performed similarly in all cases (Figure 

5.14A), with no significant differences between individual isolate measurements in each fluid. At 
t=0 (i.e. once organisms had been inoculated into the fluid, but before growth incubations or 
staining), the phenol red indicator in the HBSS confirmed a neutral pH in the Fresenius Balance 
and MHB, while the Physioneal was strongly basic (pH ≥8) and the Dianeal was strongly acidic (pH 

≤6) (Figure 5.13B). 

 

5.3.6 Developing growth curves for PD peritonitis-derived isolates of S. epidermidis 
to compare changes in growth and persistence of different bacterial strains in 
growth medium and PD fluid 

Until this point, our investigations had been limited to 4 hours to align our investigations closely 

with a standard PD dwell period. Given that overnight growth in medium showed no obvious 
changes in turbidity, and enumerations of overnight suspensions as part of experiment 
performance showed no significant differences between numbers of viable cells in each strain (6.2 

× 107 cells/mL – 8.1 ×109 cells/mL, Kruskal-Wallis, p = 0.421) we built growth curves for each 
isolate over across 10 hours, with hourly sub-sampling and enumeration of viable cells (Figure 
3.14). ATCC® 14990, C015, C016 and C017 all showed reduction of viable cells in PD fluid over 10 

hours, and reached log phase growth in 2, 2, 3 and 4 hours respectively in MHB. C057 and C072 
both showed persistence of viable cells in PD fluid and showed comparatively delayed time to 
reach log phase in MHB (5 hour and 7 hours, respectively). 

 

5.3.7 Comparing the growth of PD peritonitis-derived isolates of S. epidermidis in 
PD effluent from patients without peritonitis 

To round out the investigation of growth and persistence of PD peritonitis-derived isolates of S. 

epidermidis, we investigated if the patterns we observed in unused PD fluid were identifiable when 
using filter-sterilised effluent from a PD exchange of a patient without peritonitis. We collected 
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effluent from four patients hospitalised for reasons unrelated to their renal treatment. We also 
collected 5 “first flushes”: when a patient has their catheter exposed and tested following surgery, 
PD fluid is passed through the catheter and immediately drained without being allowed to dwell. 
We pooled these together; all fluids were filter sterilised to 0.1 µm prior to use. 

 

We sent a sample of each fluid to our pathology service provider for quantification of urea and 

creatinine levels in each fluid (Beckman Unicel DxC 800 Synchron) and found large variability 
between specimens. Three out of four PDE specimens exceeded the normal reference ranges 
(Table 5.3). As this is not unusual for patients with ESKD, we continued with these specimens as a 

representative sample.  

 

We compared fold-change in viable bacteria between PD-peritonitis derived strains of S. 

epidermidis in pooled first-flush fluid (Figure 5.15A), and in each of the 4 filter-sterilised PDEs 
(Figure 5.15B) and found significant differences in strain tested (Kruskal-Wallis; p <0.0001, 4.51% 
of total variation), effluent (p < 0.0001, 36.13% of total variation) and the interaction between the 

two (p < 0.0001, 12.12% of total variation). We found no significant direct correlation between 
growth in PD effluent and either urea or creatinine levels (Mann-Whitney U, p > 0.05, data not 
shown). Of particular note: isolates C057 and C072 showed an increase in fold-change in viable 

cells in PDE1, PDE3 and PDE4 that exceeded their experiment-matched growth in MHB. 

 

5.3.8 Evaluating the in vitro immunogenicity of PD peritonitis-derived strains of S. 
epidermidis, grown in filter-sterilised PD effluent, on MeT5A mesothelial cells 

Next, we assessed whether the differences observed in growth and persistence in PD-peritonitis 
isolates would also associate with in vitro immunogenicity, as measured by IL-8 release by MeT5A 
mesothelial cells. We selected C016, C057 and C072 for challenge experiments. Challenges were 

performed at MOI 1, and we found statistically significant differences (multiple comparisons, p < 
0.001) from unexposed and gentamicin-exposed controls for C016 and C057 (25-75 fold increase 
in IL-8 secretion above gentamicin-exposed controls), but no statistically significant differences 

between controls and C072 (Figure 5.16). 
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5.3.9 Defining the antimicrobial susceptibility profiles of PD peritonitis-derived 
isolates of S. epidermidis by semi-automated broth micro-dilution 

We used Sensititre™ broth-microdilution plates to assay the minimum inhibitory concentration of 
17 drugs (Figure 5.17). 50% of isolates (C015, C016, C017, C057, C072) were methicillin resistant. 
Using the EUCAST V9.0 breakpoint tables, and resistance nomenclature consensus definitions 

from literature223 C017 was considered multidrug resistant (MDR - resistance to drugs in 3 different 
antimicrobial classes). C057 and C072 were classified as extensively drug-resistant (XDR – 
resistance to drugs in >3 difference antimicrobial classes while still displaying some 

susceptibilities). C057 was the sole isolate with a susceptibility profile that would demonstrate 
antimicrobial therapy failure when empirical intra-peritoneal vancomycin and gentamicin was used, 
however it is worth noting that C072 has a raised vancomycin MIC within one doubling-dilution of 
the clinical resistance breakpoint. 

 

5.4 Discussion 

Peritonitis caused by coagulase-negative staphylococci is a common complication of peritoneal 

dialysis therapy and is associated with significant morbidity and mortality 32,33. The investigations 
into the gene transcript level response in mesothelial cells challenged with S. epidermidis revealed 
insights into the early immune response. 

 

5.4.1 Profiling the mesothelial gene response to S. epidermidis infection yields 
insights into the pathogenesis of PD peritonitis by S. epidermidis 

Mesothelial cells are a first line of defence in the peritoneal cavity and the response of these cells 

to the presence of bacterial cells influences the subsequent activation and recruitment of 
inflammatory cells and soluble mediators224. Despite the clinical importance of coagulase-negative 
staphylococci, (particularly S. epidermidis) in PD peritonitis, few studies have directly assessed 

how mesothelial cells respond to these bacteria. Using an unbiased whole transcriptome approach, 
coupled to a targeted gene panel with subsequent qPCR validation, we have demonstrated the 
complexity of the early mesothelial cell response to S. epidermidis infection, the biological 
variability inherent in different infecting strains of bacteria, and the limitations of the Met-5A cell line 

for the study of peritoneal biology. 
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Selecting an initial dose and time point was a decision that proved quite challenging. Initial 
microscopy studies (Figure 5.1) showed that high doses of live S. epidermidis were incompatible 
with extensive incubation times due to disruption of the mesothelial monolayer from which to 
extract RNA. We therefore focussed on an early time point (i.e., ≤ 4 hours) to match the typical PD 

fluid dwell time for patients receiving CAPD. Given that transcriptional changes occur early 
following stimulation, and viability studies had demonstrated increased mesothelial cell loss 
following co-incubation with some strains of S. epidermidis after 1 hour of exposure, (Figure 5.2) 

we concentrated analyses on this time frame. Even by 1 hour, two signalling pathways related to 
apoptosis were represented in the top 35 differentially regulated pathways, suggesting that severe 
infection can activate pathways leading to cell death early after infection. Damage to mesothelial 

monolayers is linked to fibrosis, PD technique failure, and death: this underscores the critical 
nature of early diagnosis and treatment to prevent these adverse outcomes. 

 

Analysis of the microarray data (Figure 5.3) revealed 38 genes that were significantly differentially 
regulated by control strains of S. epidermidis using a stringent cut-off and accounting for multiple 
comparisons. Of these, 25 genes were up-regulated, 13 genes were down-regulated, and 4 genes 

were common to both isolates (Up: ZFP36, NFKBIA and MAP3K5; Down: ITLN1). To confirm these 
findings a more targeted analysis of gene regulation following infection was performed utilising the 
Qiagen RT2 PCR array to focus on genes known to be associated with antibacterial responses, 

and to examine their expression after infection with S. epidermidis. Two profiles of gene expression 
were observed in primary mesothelial cells exposed to S. epidermidis reference isolates, with 
ATCC® 14990 resulting in predominantly down-regulation of genes, and ATCC® 12228 showing 
more frequent up-regulation of gene expression (Figure 5.4). The observed variation in mesothelial 

cell responses to individual isolates of S. epidermidis may be explained by the high genetic 
variability present in the genomes of S. epidermidis isolates225. S. epidermidis generally lack the 
more common “classical” virulence factors such as toxins226, and differences in gene content 

between individual strains have been linked to their ability to invade tissue and cause disease225. 
Three of the differentially regulated genes identified by microarray were present on the RT2 PCR 
array (NFKBIA, TNF, CXCL2), with all 3 genes significantly up regulated by S. epidermidis in 

primary mesothelial cells. Differences were also observed between in responses between primary 
mesothelial cells and the MeT-5A cell line. Given the heterogeneity in results, we conducted a 
further series of dose-response experiments in both mesothelial cell types using qPCR. qPCR 
validation was conducted on six genes, including CCL5 (RANTES), which was consistently up-

regulated in response to S. epidermidis infection, and TLR4 and ITLN1, which were down-
regulated by primary mesothelial cells in response to multiple S. epidermidis isolates (Table 5.2). 
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As the immortalised mesothelial cell line MeT-5A is commonly employed for the study of 
mesothelial cell responses, we assessed whether results were comparable between MeT-5A and 
primary mesothelial cells across a subset of relevant genes. Primary mesothelial cells exhibited a 
consistent pattern of TLR4 expression in response to S. epidermidis infection. The presence of 

TLR4 mRNA in primary mesothelial cells is consistent with previous studies227. Expression of TLR4 
is a confirmatory marker for Met-5A cells228, however discordant TLR4 expression was seen in 
MeT-5A cells. Conflicting data were also seen for TNF expression in MeT-5A cells. qPCR data 

showed uniform downregulation of TNF in MeT-5A cells whereas primary mesothelial cells 
displayed a strong dose-dependent signal early after infection. Given that MeT-5A cells have 
aberrant TNF and TLR4 expression, caution should be exercised before these cells are used for 

immunological studies.  

 

Several genes identified through this experimental approach have been linked to roles in host 
responses to bacterial infection (CCL5, ITLN1), immune modulation (ZFP36, NFKBIA) and damage 
(EDN1) during PD or during episodes of PD peritonitis229–231. CCL5 is a chemokine that is secreted 
by mesothelial cells and is well-known for its role the recruitment of mononuclear cells during 

infection232. ITLN1, also known as human intelectin-1 or omentin, was uniformly down-regulated by 
mesothelial cells in response to S. epidermidis infection. Intelectin has been proposed as a means 
of microbial surveillance by host cells229,230 and the ability of S. epidermidis to down-regulate 

intelectin may be a bacterial mechanism of avoiding detection by the host immune system. 
Intelectin has also been identified by proteomic analyses of PD fluid231. ZFP36, encoding 
tristetraprolin, is a key regulator of cytokine and chemokine expression during inflammation, 
particularly of TNF233. NFKBIA, encoding IκBα, was identified by both microarray and RT2 PCR 

array studies, and forms a negative-feedback loop limiting the magnitude and duration of the 
inflammatory response234. TLR signalling induces a rapid increase in TNF mRNA, and 
tristetraprolin plays a critical role in eliminating TNF mRNA235 and preventing an excessive immune 

response. Endothelin-1, encoded by EDN1, is a vasoconstrictor peptide recently shown to play a 
role in the induction of fibrosis during PD236,237. Although fibrosis is generally considered a late 
event in PD202, peritonitis has been shown to be a risk factor238,239, and the results suggest 

pathways involved in fibrosis are activated early after infection. Up-regulation of endothelin-1 
following S. epidermidis infection may contribute to mesothelial cell dysfunction and the 
mesothelial-to-mesenchymal transition236. 

 

Analysis of the most highly regulated mesothelial cell genes following S. epidermidis infection 
identified 35 differentially regulated pathways, including TNF, TLR and IL-17A signalling (Figure 

5.4). TNF is potent pro-inflammatory cytokine and mediator of the acute inflammatory response234. 
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TNF expression is activated early after infection and signals through the TNFR1 and TNFR2 
receptors239. TLRs recognise pathogen-associated molecular patterns (PAMPs) on invading 
microbes, activating downstream pathways and cytokines that are critical to the innate immune 
response240,241. High levels of IL-17, a potent pro-inflammatory mediator involved in host defence 

and inflammation242, have been associated with a protective immune response early in PD 
peritonitis, correlating with favourable outcomes243. IL-17A has been shown to play a key role in 
PD-induced peritoneal damage, with significantly elevated levels of IL-17A protein detected in 

effluent from patients on PD for more than 3 years244. Furthermore, immunostaining of biopsy 
specimens has revealed that IL-17A expression, although rarely seen in healthy peritoneal tissue, 
positively correlated with length of time on PD244. Ten of the differentially regulated genes identified 

by microarray are downstream of TNF (Figure 5.5), confirming the relevance of this pathway in 
mesothelial cell responses to S. epidermidis infection. 

 

There are several limitations to the study that need to be considered. Only a single time-point was 
assessed, and as changes in gene expression are likely to be highly dynamic, particularly early 
after infection, this may account for some of the variability seen between isolates. Despite the 

expectation that infection with a single species of bacteria would provide a clear dominant 
response in mesothelial cells, marked biological variability was seen with different isolates of 
bacteria. Comparative genomic studies have revealed the S. epidermidis genome consists of 80% 

core genes, and a 20% variable gene pool, which can be exchanged between bacterial 
species222,245. Genomic variation and the presence of specific virulence factors are likely to 
contribute to the varying responses of mesothelial cells to different isolates of S. epidermidis, which 
may be relevant to clinical outcomes. Additionally, a relatively high inoculum dose of S. epidermidis 

was used to mimic a severe peritoneal infection, and growth characteristics and virulence factor 
expression may be influenced by bacterial density246,247: variations in these facets of the 
microbiology should be explored further. Future studies examining protein-level changes induced 

by expression of differentially regulated genes will be important248. 

 

5.4.2 High-throughput viable cell profiling of S. epidermidis reveals reproducible 
inter-strain variability in the growth characteristics 

While there have been numerous studies assessing the function and viability of human immune 
and mesothelial cells in the presence of PD fluid26,249–256, there is a dearth of information in the 
literature demonstrating the effect of PD fluid on the growth, viability, and persistence of bacterial 

cells, with one report addressing the subject in the context of adjunctive therapy257, and another 
examining persistence by way of biofilm formation157. 
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Our high-throughput assay for the enumeration of viable cells (Figure 5.7, Figure 5.8), backed with 
confirmatory investigations using traditional plate count techniques, demonstrates a reproducible 
pattern in which some S. epidermidis isolates from PD peritonitis cases show a reduction in fold 
change of viable cells over a 4 hour dwell window, whereas a small sub-set of the isolates tested 

(C057 and C072) show no significant fold-change in viable cells across the same period of time 
(Figure 5.9). This finding in PD fluid is accompanied by poorer growth in bacteriological growth 
medium in this 4-hour window. Examination of FSC-H by FSC-A distribution in the AFC data (i.e., a 

technique routinely used for discrimination of single planktonic cells from aggregates) lead us to 
believe to that any increase above the initial inoculum in 2.3% glucose PDF is a result of 
disaggregation in clusters of cells, and not genuine growth. We therefore hypothesise that this 

difference is a matter of tolerance and persistence: these two isolates can tolerate unused PD fluid 
across a 4-hour period better than other PD-peritonitis isolates (and the ATCC® control strain, 
which is of oropharyngeal provenance). 

 

We anticipated the biofilm formation studies to refute these data: we expected differences in 
bacterial adherence and biofilm formation in the wells of the plate used for the test. We found that, 

while the S. epidermidis isolates used all formed significantly more biofilm than the minimally 
biofilm forming E. coli control (Figure 5.10), no significant difference between biofilm formation of 
the S. epidermidis isolates was evident. If there were differences in adhesion factors or clumping 

factors, as are often found in S. epidermidis66,258,259, we would expect to see differences in the 
biofilm formation assay. As such, we treated the finding as genuine, and continued to investigate 
other potential sources of error.  

 

We investigated if glucose concentration in PD fluid was responsible for these findings (Figure 
5.11), or that we were merely observing an artefact of low cell density (Figure 5.12) but found that 

the differences in growth and persistence between isolates remained constant, with no significant 
effects in the observed fold changes in viable organisms across these conditions.  

 

While some isolates showed some variability in their ability to persist in PD fluids from different 
manufacturers (Figure 5.13 – C015 and C057 in particular), we noted that the most striking 

difference was the observed changes in pH across the fluids. There was no consistent association 
between S. epidermidis persistence and changes in pH between fluids. Many studies have 
addressed the effects of biocompatibility of these fluids with regards to the function and effect on 
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viability on human mesothelial and immune cells26,249,250,253,255,260–262, but there is little data on their 
impact on bacterial growth and metabolism. Some evidence exists that dialysis fluid composition 
may alter the risk of S. epidermidis peritonitis in patients263, and so future studies focusing on 
changes in gene expression between S. epidermidis strains when exposed to biocompatible vs 

non-biocompatible PD fluids may provide important information on the contribution, and causes, of 
the differences in growth and persistence observed.  

 

Growth curve studies demonstrated significant differences between PD-derived S. epidermidis 

isolates (Figure 5.14). The delay seen in C057 and C072 before these isolates reach exponential 

growth phase in microbiological growth medium may reflect an adaptation towards persistence in 
PD fluid. If those isolates that reach early log phase in microbiological growth medium show 
reduced viability and persistence in PD fluid, we can speculate that, by exhibiting an extended lag 

phase prior to growth, these cells avoid the early toxic effects of non-equilibrated PD fluid, and only 
begin to divide once PD fluid has become a more supportive growth medium following absorption 
of nitrogen-rich waste products from the patients’ bloodstream. 

  

If this hypothesis holds true, we would expect to see signs of adaptation to growth in peritoneal 
dialysis effluent (i.e., PD fluid that has dwelled in the abdomen of a patient and has absorbed the 

nitrogen-rich waste products from the blood). While we do see improved growth of isolates C057 
and C072 in “first flush” fluid (Figure 5.15A), this effect is most pronounced when PD-peritonitis 
isolates are grown in PD effluent that been allowed to dwell for a full PD exchange (Figure 5.15B). 

The absence of growth from isolates in a 4 hour-period not showing this adaption to PD fluid is 
further evidence of adaptation to the niche. It is well established that growth-phase dependent 
changes in carbon and nitrogen metabolism are successful strategy to allow exploitation of micro-
environments both environmentally in the context of a patient’s body264. As mentioned previously, 

the peritoneal cavity of a patient on PD is not a naturally occurring niche and has complex and 
rapid changes in available carbon and nitrogen as PD fluid is instilled into the cavity, equilibrates 
with the patient bloodstream across the peritoneal membrane, and is then drained out.  

 

The proof-of-concept IL-8 ELISA data from MeT5A mesothelial cells we present (Figure 5.16) is 

not intended to be either exhaustive, or a complete representation of variability in induction in IL-8 
signalling mesothelial cells. We present these data for two reasons: firstly, it refutes previous 
findings that suggest that the likely sole mechanism of S. epidermidis proliferation in the peritoneal 
cavity is immune-evasion265, and it adds an additional orthogonal measure that demonstrates that 

the inter-strain variability we have observed is a genuine finding. 
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Antimicrobial susceptibility testing of these isolates (Figure 5.17), and the knowledge that the 
commonality between the two isolates (C057 and C072) showing adaptation to a PD-fluid exposed 
peritoneum is that they are both the only XDR isolates in the collection, is consistent with most 
recent (and most comprehensive) characterisation of S. epidermidis as a commensal organism 

that can act as a pathogen under selection pressure221. Literature reports, from non-PD isolates of 
S. epidermidis, show methicillin-resistance as the strongest predictor of adaptation from innocuous 
normal flora to a potential pathogen221. This finding is consistent with previous data that known 

“virulence genes” (as defined by the cited literature) do not discriminate between invasive S. 

epidermidis strains and commensal strains266. While methicillin resistance in S. epidermidis is 
largely mediated by mecA, resistance to other antimicrobials (especially vancomycin) in 

Staphylococci is associated with changes in cell envelope structure associated with altered 
adherence and persistence267,268. In the case of PD-peritonitis, we hypothesise that XDR status 
conveys the ability to persist in a niche long enough to acquire sufficient favourable mutations to 
allow for tolerance and growth in the unusual setting of a peritoneal cavity routinely exposed to PD 

fluid. We acknowledge that the limited numbers of isolates studies may introduce sampling bias to 
this study and suggest that more rigorous studies over larger patient cohorts, especially focusing 
on recent antimicrobial use in the case of relapsing and recurring peritonitis will be required to 

support or refute these hypotheses. 

 

Refractory and relapsing peritonitis remain common for patients with peritonitis (≈34% of all 
technique failure34) and are associated with poorer outcomes. Excepting the ATCC® control 
strains, the isolates used in this study came from culture positive peritonitis cases. It is known that 
there is an association between the organisms found in the catheters of patients experiencing 

peritonitis, and the organisms isolated as causative during a peritonitis case: in a study examining 
biofilms in catheters removed due to peritonitis, the infecting organism was isolated from biofilm 
within the patient catheter ex vivo157. In order to fully investigate the inter-strain differences in 

growth and persistence of PD peritonitis-derived S. epidermidis strains, rigorous genomic and 
metabolomic studies will be required, paired with traditional microbiological investigations. The 
ideal study to follow this work prospectively collects microbial isolates from multiple geographically 

distinct sites, with suitable ethics approvals in place to cover collection of routine of pathology 
testing indices (immune cell enumeration and differentiation, culture result, susceptibility profiles), 
documentation of clinical outcomes (recurring/relapsing peritonitis rates, catheter removal, transfer 
to haemodialysis and death), and with pure isolates being reserved for in vitro testing. Whole 

genome sequencing, with paired transcriptomics may yield an understanding of the underlying 
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biology which could enable identification of high-risk strains and permit de-colonisation before 
peritonitis occurs.  
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5.5 Chapter 5 Figures  

 
Figure 5.1 - Destruction of MeT5A mesothelial monolayers following overnight exposure to S. epidermidis is dependent on suspension density of viable 
bacteria in the challenge well: Representative phase contrast micrographs showing the morphotypical changes in MeT5a mesothelial cells over an overnight (16 
hour) incubation with S. epidermidis shows disruption of  the mesothelial monolayer at 1.0 × 106 CFU/mL and complete destruction of  the monolayer at 1.0 × 108 
CFU/mL.
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Figure 5.2 - Viability of Met-5A and primary mesothelial cells exposed to S. epidermidis for 1 hour: 
Conf luent Met-5A mesothelial cells were exposed to 1.0 × 107 CFU/mL of  two S. epidermidis reference 
isolates (ATCC® 14990 and ATCC® 12228), f ive S. epidermidis clinical isolates f rom PD peritonitis patients 
(C015, C016, C017, C018, C019) and 10 µg/mL lipoteichoic acid (LTA) for 1 hour at 37°C. Conf luent primary 
mesothelial cells were exposed to 1.0 × 107 CFU/mL of  the clinical S. epidermidis isolate C016. Viability was 
determined using f low cytometry and a LIVE/DEAD® Fixable Near-IR Dead Cell Stain, with data reported as 
the mean percentage of  cell death across a minimum of  biological triplicates (error bars are standard 
deviation). There was no statistically signif icant (p < 0.05) dif ference in the percent of  cell death between any 
of  the samples and the condition-matched media controls. 



114 
 

 

 

Figure 5.3 - Volcano plots showing differentially expressed genes following incubation of primary 
mesothelial cells with S. epidermidis isolates for 1 hour: Volcano plots showing dif ferentially regulated 
genes (adj. p-value < 0.05) following exposure of  primary mesothelial cells to S. epidermidis ATCC® 14990 
(A) or S. epidermidis ATCC® 12228 (B). A positive Log Fold Change indicates up-regulation; a negative Log 
Fold Change indicates down-regulation. The Log Odds (B value) is the log of  the probability that a gene is 
dif ferentially expressed. A Log Odds value of  0 corresponds to a 50–50 chance that the gene is dif ferential ly  
expressed. 
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Figure 5.4 - Differentially regulated pathways represented by the differentially expressed genes 
following incubation of primary mesothelial cells with S. epidermidis for 1 hour: 28 dif ferentially 
expressed genes identif ied by microarray following incubation of  S. epidermidis with primary mesothelial 
cells were analysed using Ingenuity Pathway Analysis (IPA) and 35 pathways were represented in the 
dataset. The top 15 pathways are shown above. A -log (B-H p-value) (shown in gold) of  >2 represents data 
with an adjusted p-value < 0.01 (threshold for signif icance shown as a vertical line at 2.00). The ratio (shown 
in purple) indicates the proportion of  dif ferentially expressed genes relative to the total number of  genes in 
each pathway. 
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Figure 5.5 - TNF is an upstream regulator of ten of the differentially regulated genes: The connections 
between nodes represent direct (solid lines) and indirect (dashed lines) relationships between genes, as 
supported by information in the IPA database. Up-regulated genes are shaded red, and down-regulated 
genes are shaded blue, with the intensity of  the colour indicative of  the magnitude of  regulation. Feedback 
loops indicate auto regulation. 
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Figure 5.6 - Changes in mesothelial cell gene expression in response to S. epidermidis: Conf luent 
Met-5A or primary mesothelial cells were exposed to 107 CFU/mL isolates of  S. epidermidis or 10 μg/mL 
lipoteichoic acid (LTA) for 1 hour. Changes in gene expression were analysed using the RT2 human 
antibacterial response PCR array. 36 of  the 84 genes on the RT2 panel were dif ferentially regulated (>2-fold) 
in ≥2 S. epidermidis isolates and are shown grouped by category. 
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Figure 5.7 - A standard wet laboratory workflow was used to enumerate viable S. epidermidis using SYTO® 9, Live/DEAD™ Fixable Violet and an 
Attune™ NxT: A) Strains of  S. epidermidis were retrieved f rom -80°C glycerol stocks, plated onto blood agar plates and incubated at 37°C overnight to ensure 
purity. Single colonies were inoculated into TSB and incubated overnight at 37°C with 200 RPM shaking. Aliquots were sampled, centrifuged, washed twice with 0.1 
µm f iltered HBSS, and had viable cell numbers enumerated by AFC. B) Based on enumerations overnight suspensions, test suspensions were prepared in 37°C 
pre-warmed aliquots of  challenge f luids (typically PD f luid or MHB). From the same dilution tubes, paired 96-well plates were inoculated. One was immediately 
stained with SYTO® 9 and Live/DEAD™ Fixable Violet and enumerated and one was incubated for 4 hours at 37°C and then stained and enumerated.  



119 
 

 
Figure 5.8 - In silico workflow to enumerate and classify viable S. epidermidis from raw AFC data: A standard template was used for all instruments to allow 
for a semi-automated analysis workf low to be used. A) Instrument voltages were set to optimise bacterial detection by forward scatter and side scatter (i). Clear 
separation was seen between background and bacteria by SYTO® 9 staining (ii), and unstained aliquots were used to specif ically identify and gate bacteria using 
SYTO® 9 f luorescence (iii). B) Post gating (i) back-gating demonstrates the bacterial population as separate f rom background noise. Using only the down-selected 
bacterial population, a 405nm Ex, 440/50nm Em histogram was used to make a standardised, binary viability determinant. 1: In cases where a clear bi-modal 
population was not evident, manual curation of  viability status using methods detailed in Chapter 3 was used. 
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Figure 5.9 - Comparisons of viable S. epidermidis cell numbers in growth medium and 2.3% glucose peritoneal dialysis fluid (PDF) shows significant 
differences between strains after 4 hours at 37°C: Comparisons of  fold change in viable cells f rom an initial inoculum of  5.0 × 104 viable S. epidermidis cells/mL 
in MHB and 2.3% glucose peritoneal dialysis f luid (n=9). Two-way ANOVA shows statistically signif icant dif ferences in growth conditions between isolates (p = 
0.001, 8.14% of  total variation), between growth f luids (media vs PDF, p < 0001, 36.13% of  total variation), and in the interaction between both (p <0.0001, 12.12% 
of  total variation). 
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Figure 5.10 - Comparison of S. epidermidis biofilm formation shows no statistically significant differences between PD-peritonitis derived isolates: 
Isolates of  S. epidermidis (and one control non-biof ilm forming E. coli – ATCC® 25922) were grown in TSB in a 96 well plate (n=18), the planktonic cells removed 
f rom the tray, and the resultant biof ilm stained with crystal violet. Following solubilisation with acetic acid, OD595nm was measured for every sample. No statistically 
signif icant dif ferences between S. epidermidis isolates was found (Kruskal-Wallis, p = 0.3182). 
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Figure 5.11 - Comparisons of viable S. epidermidis cell numbers in growth medium and peritoneal dialysis fluids containing different glucose 
concentrations (PDF – 1.5% glucose, 2.3% glucose, and 4.5% glucose) after 4 hours at 37°C: Comparisons of  fold change in viable cells f rom an initial 
inoculum of  5.0 × 104 viable S. epidermidis cells/mL in MHB, 1.5%, 2.3%, and 4.5% glucose peritoneal dialysis f luid (n=9). Two-way ANOVA shows statistically 
signif icant dif ferences in fold change between isolates (p <0.0001, 4.51% of  total variation), between growth f luids (p <0.0001, 36.13% of  total variation) and in the 
interaction between both (p <0.0001, 12.12% of  the total variation). No statistically signif icant dif ferences were found between isolates at each of  the three glucose 
concentration (p>0.05). 



123 
 

 
Figure 5.12 - Comparisons of viable S. epidermidis cell numbers in growth medium and 2.3% glucose peritoneal dialysis fluid, at 3 initial inoculation 
doses show significant differences between strains in MHB, but not in PDF after 4 hours at 37°C: Comparisons of  fold change in viable cells f rom three initial 
inocula in MHB and 2.3% glucose PDF. In MHB (A), two-way ANOVA showed statistically signif icant differences in fold change between isolates (p = 0.0001, 11.2% 
total variation), the starting dose (p < 0.0001, 35.99% of  total variation) and the interaction (p<0.0001, 17.13% of  the total variation). For PDF (B), statistically 
signif icant dif ferences in fold change were observed between isolates (p 0.0002, 16.95% of  total variation), but not between starting dose alone (p = 0.0658, 2.379% 
of  total variation). 
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Figure 5.13 - Comparisons of viable S. epidermidis cell numbers in glucose concentration-matched Fresenius Balance, Baxter Physioneal, and Baxter 
Dianeal PD fluid shows minimal impact on S. epidermidis persistence over 4 hours: A) Comparisons of  fold change in viable cells in S. epidermidis exposed to 
PD f luid demonstrated a consistent trend by which C057 and C072 persisted in the presence of  PD f luid, whereas ATCC® 14990, C015, C016 and C017 reduced in 
overall viable cell numbers over 4 hours. B) Demonstration of  f luid pH, subsequent to bacterial addition, using phenol red indicator, for comparisons of  the three PD 
f luids and MHB. Fresenius Balance and MHB show neutral pH (pH 6.7 – 7.2), whereas Baxter Physioneal has a pH ≥ 8.0, and Baxter Dianeal has a pH ≤ 6.0.
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Figure 5.14 - Comparisons of hourly-sampled growth curves for isolates of S. epidermidis in 2.3% glucose PD fluid and MHB across 10 hours show 
differences in lag phase and tolerance of PD fluid: Hourly enumeration of  viable S. epidermidis cells/mL by AFC, for 10 hours, demonstrates that those isolates 
that show decreases in viable cell numbers in 2.3% glucose PD f luid (ATCC® 14990, C015, C016, C017) enter exponential growth earlier (2-4 hours) when 
compared with those isolates that retain their viability in PD f luid (C057, C072) which demonstrated extended lag phase before entering exponential growth (5-7 
hours). 
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Figure 5.15 - Comparisons of viable S. epidermidis cell numbers in filter-sterilised patient effluent from patients undergoing PD: 5 f irst f lush ef f luent 
samples were collected and pooled in equal volumes (A). 4 samples of  normal peritoneal dialysis ef f luent were collected f rom patients hospitalised for reasons 
unrelated to infection (B). All f luids were f ilter-sterilised at 0.1 µm and then used as growth medium for a 4-hour incubation at 37°C.  Two-way ANOVA showed 
statistically signif icant dif ferences in fold change in viable cells over 4 hours between isolates (p<0.0001, 4.51% of  total variability), between individual ef f luent 
specimens (p<0.0001, 36.13% of  total variability) and in the interaction between the two (p<0.0001, 12.12% of  total variability). 
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Figure 5.16 - IL-8 release from MeT5A mesothelial cells following exposure to PD-peritonitis derived isolates of S. epidermidis shows statistically 
significant differences between strains: Conf luent monolayers of  MeT5A mesothelial cells were exposed to S. epidermidis strains at a multiplicity of  infection 
(MoI) of  1. Organisms were inactivated with high-dose gentamicin (2000 µg/mL) following 4 hours incubation, and supernatants harvested for IL-8 ELISA af ter 16 
hours post-challenge.  
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Figure 5.17 - Multidrug resistance in PD peritonitis-derived S. epidermidis isolates correlates with putative adaptation to persistence in PD fluid: Minimum 
inhibitory concentrations were measured by Sensititre™ GN3F broth-microdilution plates: compared with EUCAST v9.0 breakpoint tables, values in green represent 
susceptible, values in yellow represent intermediate, values in red represent resistant, and values in blue represent antimicrobials for which no breakpoints exist. 
ERY, erythromycin, CLI, clindamycin, Q/D quinupristin/dalfopristin, DAP, daptomycin, VAN, vancomycin, TET, tetracycline, AMP, ampicillin, GEN, gentamicin, 
LEVO, levof loxacin, LZD, linezolid, PEN, penicillin, CIP, ciprof loxacin, GAT, gatif loxacin, RIF, rifampicin, AXO, cef triaxone, SXT, cotrimoxazole, OXA, oxac il l in +2% 
NaCl. 
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5.6 Chapter 5 Tables 

Method Isolate CFU/mL 

Gene Expression Fold Change1 
Primary Mesothelial Cells MeT5A 

CCL5 TLR4 TNF ZPF362 EDN12 ITLN12 CCL5 TLR4 TNF 

Microarray 
ATCC® 14990 1.00 × 107 1.30 ND3 -1.18 1.66 1.52 -1.93 -4 -4 -4 

ATCC® 12228 1.00 × 107 1.32 ND3 6.87 2.24 2.24 -1.77 -4 -4 -4 

RT2 Array 

C016 1.00 × 107 -4 -4 -4 -4 -4 -4 6.73 -1.81 -6.16 

ATCC® 14990 1.00 × 107 1.68 -1.08 -1.23 -4 -4 -4 2.64 -2.67 -5.74 

ATCC® 12228 1.00 × 107 2.25 -1.57 19.43 -4 -4 -4 6.41 -1.63 -3.00 

qPCR 

C016 1.00 × 108 1.11 -1.04 14.52 1.48 1.47 -1.41 1.54 2.28 -1.59 

C016 1.00 × 106 1.13 -1.35 -1.02 -1.02 -1.13 -1.25 1.79 2.31 -1.30 

C016 1.00 × 104 1.18 -1.18 -1.1 -1.25 -1.18 -1.25 1.70 2.40 -1.01 

1: Fold change relative to media only control. 

2: Gene not present on the RT2 profiler array. 

3: Not detected. 

4: Not tested. 
 

Table 5.1 - Changes in mesothelial cell gene expression of CCL5, TLR4, TNF, ZFP36, EDN1 and ITLN1 1 hour after infection with S. epidermidis: Gene 
expression, as measured by qPCR, following one hour exposure to 1 × 107 CFU/mL of  S. epidermidis strains in vitro measured as normalised fold change f rom 
housekeeping genes. 



130 
 

 AFC Viable Counts  Agar Spot Plate Counts  

 ATCC® 14990 C072 C057 C017 C015 C016  ATCC® 14990 C072 C057 C017 C015 C016 Row r2 
Media 104 5.67 1.06 1.09 2.17 2.53 2.63 Media 104 5.44 1.16 1.09 2.33 2.61 3.97 0.95 

Media 106 8.47 0.97 2.28 4.09 5.24 5.42 Media 106 4.09 1.17 1.17 3.21 4.96 6.38 0.91 

Media 108 1.10 0.60 0.27 1.59 0.75 2.81 Media 108 1.76 0.80 1.19 1.54 4.11 1.88 0.03 

PDF 104 0.30 1.03 1.09 0.22 0.26 0.54 PDF 104 0.36 0.98 0.85 0.36 0.18 0.47 0.96 
PDF 106 0.11 1.02 1.49 0.14 0.30 0.37 PDF 106 0.66 1.00 1.00 0.17 0.34 0.88 0.83 
PDF 108 0.32 0.89 0.47 0.45 0.35 0.50 PDF 108 0.40 0.90 0.71 0.15 0.16 0.54 0.76 

Overall r2 0.90  
 

Table 5.2 - Comparison of flow cytometry counts and blood agar colony counts for S. epidermidis isolates inoculated into MHB and 2.3% glucose 
peritoneal dialysis fluid incubated at 37°C for 4 hours: To provide validation that previous characterisation of  viable cell counts using Live/DEAD™ Fixable Violet 
and acoustic f low cytometry was providing an accurate surrogate for viable colonies on blood agar plates, subaliquots f rom micro-titre well plates were removed prior 
to stain addition and spotted onto blood agar counts. Data is presented as mean fold increase (n=3 biological) between initial counts and f inal counts. Strong positive 
correlation was seen between experimental replicates for initial inocula at 104 cells/mL and 106 cells/mL, with poor correlation seen at 108 cells/mL.
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Specimen Creatinine (µmol/L) Urea (mmol/L) 
First Flush 46 5.2 

PDE 1 239 9.9 
PDE 2 238 10 
PDE 3 157 7.7 
PDE 4 35 2.6 

Reference Range: 
Male        60-110 µmol/L 

Female    45- 90 µmol/L 
2.5 to 7.1 mmol/L 

 

Table 5.3 - Chemical composition of PD effluent specimens taken from uninfected patients: First f lush 
specimens are PD f luid that has been used to test the function of  a PD catheter when it is f irst exposed. It 
enters a patient’s abdomen, does not dwell, and is immediately removed. 5 f irst f lush specimens were 
combined and f ilter sterilised at 0.1 µm. 4 patient specimens were collected f rom patients hospitalised for 
reasons unrelated to their dialysis. Creatinine and urea were quantif ied by the clinical pathology service. 
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6.0 The Flow Cytometry-Assisted Susceptibility Test (FAST) is 
a rapid, phenotypic, quantitative, antimicrobial 
susceptibility test with direct applicability to organisms 
causing PD peritonitis 

6.1 Introduction 

No data directly measuring the direct increase in attributable mortality associated with delay of 
administration of effective antimicrobial therapy in the setting of PD peritonitis exists. Best available 

data from sepsis research demonstrates a cumulative mortality risk of 7.6% per hour without 
effective therapy43,44. While the clinical context of PD peritonitis and sepsis are not directly 
comparable (despite the former often preceding the latter), available data on peritonitis prevention 

and treatment points to the imperative of rapid and effective antimicrobial therapy in safeguarding 
dialysis technique success and patient survival40,42.  

 

6.1.1 Antibiotic therapy for PD peritonitis: evidence-based medicine in the absence 
of empirical evidence 

International Society for Peritoneal Dialysis guidelines recommend that the best practice to identify 
the potential causative organism in cases of PD peritonitis is traditional microbiology31. The best 

practice recommendation is inoculation of effluent into blood culture bottles for use in automated 
blood culture systems. Approximate time to positivity for BC bottles is 21-29 hours for most 
clinically significant organisms269–274. Low microbial prevalence in inocula or slow-growing 
organisms significantly increases this time. Once positive, the culture is available for identification 

methods (ranging from Gram stain and traditional culture-based identification, through to 16S PCR 
and MALDI-TOF Biotyper analysis) and traditional culture-based AST methods. Many centres 
deviate from the ISPD guidelines and directly inoculate solid bacterial growth medium with 

sedimented effluent specimens (at the same time as inoculation of BC bottles) to increase the 
possibility of an early bacterial isolate for downstream testing34.  

 

6.1.2 Traditional culture-based AST methods 

Traditional AST methods, such as broth microdilution (BMD) and disc diffusion methods, provide 

quantitative phenotypic endpoints but are limited by three main factors: 
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1. Subjective interpretation of their optical endpoints and comparison of those endpoints to 
break-point tables (determined from epidemiological data by agencies such as EUCAST, 
CLSI or FDA) to produce an indication of drug suitability for a clinician. 

2.  The use of epidemiological data to set clinical breakpoints necessitates that the isolate 

tested is in pure culture to ensure valid results. Following instrument detection of a positive 
blood culture, and subsequent Gram stain of a culture sample by laboratory staff, many 
blood cultures are found to contain multiple microbial species. Gram positive organisms are 

the most common additional species seen and often regarded as normal skin flora 
contaminants269,275,276. Even when a single morphology is observed by microscopy, the 
purity of that specimen remains questionable – multiple organisms of similar Gram 

reactivity and cell shape may appear near-identical to even seasoned laboratory scientists. 
Routinely, subculture onto non-selective solid media is used to determine the purity of 
organisms found within a blood culture specimen269. This practice adds two complicating 
factors to the process: firstly, incubation of samples on solid media will generally take 12-24 

hours for most medically relevant microorganisms to form colonies and become apparent. 
Slow-growing species, Mycobacterium spp. and fungal specimens take days to weeks 
before a useful result is obtained. Secondly, it is challenging for laboratory scientists to 

discriminate between the presence of low abundance contaminants (such as organisms 
generally regarded as normal skin flora contaminants) introduced by sampling techniques 
and clinically significant polymicrobial infections which include skin flora organisms275,276. 

The clinical relevance of organisms on a purity subculture plate and the subsequent need 
to perform AST on all species isolated is a matter of considerable practical and 
philosophical debate. 

3. Time to result, from specimen collection, can vary immensely. Conventional ASTs take a 

further 12-24 hours, with a total estimated time at 24-96 hours is a theoretical minimum 
time from sample collection to useful AST results reportable to clinicians. These estimates 
ignore logistical such as courier transport of specimens, laboratory staff working hours, and 

specimen handling capacity.  
 
For patients with suspected peritonitis, a delay of hours to days in the commencement of 

appropriate antimicrobial therapy contributes to poor patient outcomes and is strongly correlated 
with technique failure, catheter removal, and death42. Commencement of antimicrobial therapy 
cannot be delayed: ISPD guidelines for the management of peritonitis call for the use of empirical 
antibiotic therapy (with coverage for both Gram positive and Gram negative organisms) to be 

commenced immediately31. In many Australian dialysis centres, empirical therapy with vancomycin 
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and gentamicin is used to provide broad-spectrum coverage for both Gram positive and Gram 
negative organisms32. Resistance to both vancomycin and gentamicin has been found in both 
community and nosocomial strains of many clinically significant species277,278. In many cases, 
resistance is first indicated by the absence of symptom abatement following initial antimicrobial 

doses. Treating physicians are often required to rely on their experience, and the expertise of 
infectious disease clinicians, to make educated guesses as to the optimal antimicrobial escalation, 
de-escalation or maintenance decision in these cases. 

 

In most cases, empirical antibiotic therapy achieves treatment success, and outcomes for patients 

are acceptable; educated guesses work well against a background of predominantly susceptible 
micro-organisms33,42. These assumptions are changing: the scientific consensus is that 
antimicrobial resistance (AMR) is a clear threat to human health and that rates of resistance in 

medically significant microorganisms will continue to rise in the coming years47,279. The current 
clinical paradigm renders clinicians incapable of making evidence-based antimicrobial prescription 
decisions during the period in which peritonitis cases will either resolve (due to effective 
antimicrobial therapy) or threaten the lives of their patients (due to ineffective antimicrobial 

therapy). In the absence of practical solutions to the problem of AMR more rapid AST methods are 
an absolute necessity279,280. When embarking on ambitious method development tasks, the best 
critical indicators of assay performance requirements are found in previously successful assays. 

 

6.1.3 Traditional methods offer the conceptual framework for new test development 
strategy 

BMD, agar dilution, and disc diffusions tests are the simplest and most accurate forms of AST. In 

resource-poor settings, these may be the only forms of AST available to guide clinical decision 
making. Each method is predicated on the relative ability of organisms to grow in the presence of 
an antimicrobial agent, with comparisons made to unexposed organism growth55,281. Determination 

of endpoints relies on one of two factors – visual assessments of turbidity (presumed to be arising 
from dense suspensions of microbial cells) and measurements of zones of inhibition. These 
techniques can provide a quantitative AST endpoint: the minimum inhibitory concentration (MIC) is 

the lowest concentration required to inhibit growth of the microorganism. Other quantitative 
endpoints (e.g., zone of inhibition size in millimetres for disc diffusion tests) can be compared with 
break-point tables to give a qualitative endpoint (i.e. sensitive or resistant)282,283. In carefully 
optimized systems, susceptibility results from disc-diffusions methods and MIC based methods are 

acceptably equivalent and are the reference standard tests used in clinical pathology282,283.     
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As mentioned earlier, the problem with these methods is the subjectivity of the endpoints and the 
long delays required for growing and isolating organisms for testing. If we seek to develop a more 
objective and timely method of AST-testing, we can draw some useful inspiration from these 
methods. We know that antimicrobial activity is a dose-dependent phenomenon, and there is a 

wealth of data that has been collected using these methods. Rather than attempting to develop an 
entirely new metric of dose-dependent antimicrobial effects, pinning new development activities to 
a correlation with the MIC allows for direct integration of results generated into existing data 

management strategies. This will also allow for clinical predictions of antimicrobial cure when MIC 
values are compared with breakpoints (as is the current standard practice)282,283.  

 

The concept of comparison between antimicrobial unexposed and exposed sample aliquots is one 
worth adopting to method development. It is known that variations in environmental or chemical 
conditions during testing can result in significant deviations in reported resistance phenotype284–287. 

Any robust assay destined for clinical adoption must find a way to control for such variations 
internally.  Existing “single measurement” assays have met resistance when attempting to be 
translated into clinical practice due to the lack of appropriate internal quality control validation of a 

reported result. Methods which involve measurements from a spectrum of antimicrobial 
concentrations, such as those tested in a BMD assay, can provide greater certainty in the value of 
their reported endpoint, and this philosophy can be usefully adopted. 

 

Examining the strengths and weaknesses of traditional AST techniques, an ideal test must be 
capable of: 

 

1. producing a quantitative endpoint that is compatible with existing AST data collection 

and reporting standards, 
2. producing meaningful AST results from potentially low microbial-yield samples with 

minimal or no pre-enrichment and 

3. producing these results in a rapid enough time frame to allow clinicians to make 
meaningful interventions in antimicrobial therapy decisions.  
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6.1.4 Phenotype or genotype: does absence of evidence demonstrate evidence of 
absence? 

If one intends to follow the ambition of test development to produce quantitative endpoints in line 
with existing MIC testing, work towards a phenotypic AST is mandated. While the link between 
phenotype and genotype underpins understanding of biology, there are limitations relevant to AST 

that should be considered. In summary, the debate can be encompassed by a single question: 
“does a genotype containing a known resistance factor produce an accurate prediction of a 
resistant phenotype?” 

 

The answer, predictably, is “maybe”288,289. Resistance mechanisms tend to come in two main 

varieties: enzymes capable of breaking down the antimicrobial compound before it has a chance to 
harm the microbe, and mutations or altered expression patterns resulting in structural modifications 
to cellular components targeted by antimicrobial compounds (such as ribosomes, peptidoglycan-
binding proteins, cell envelope constituents, etc.)290–294. To assess whether a genomic test 

represents the complex underlying biology, it is necessary to examine the factors influencing 
antimicrobial susceptibility. Firstly, the antimicrobial agent must reach its target site: site 
accessibility is affected by the solubility of the antimicrobial agent295, the fluidity of the cell 

envelope296,297, and activity of efflux pumps for which the antimicrobial agent is a substrate298,299. If 
the microbe possesses intrinsic resistance, or enzymes capable of modifying the binding site, 
absolute resistance is conferred at this point by effectively blocking access to the target site291.  

 

If the antimicrobial molecule can reach its target, it must next accumulate in concentrations 
sufficient to damage cellular targets and inhibit or kill the cell. In addition to passive diffusion across 

the cell envelope, this can be further affected by constitutive or inducible efflux pump activity298,299. 
The activity of lytic enzymes capable of degrading the molecule adds further uncertainty to a 
molecule's ability to reach its target site. Enzyme kinetics will dictate the rate at which the 

antimicrobial molecule might be cleaved300–302. Collectively, there is a complex interaction between 
physical factors (e.g., temperature, pH, osmolarity, etc.) antimicrobial agent concentration, influx, 
efflux, and enzyme activity. These interactions can be complicated, and almost universally 

impacted by the local concentration of the antimicrobial agent (Figure 6.1). 

 

The scope of this discussion is limited to factors relevant in the development of an AST capable of 

providing useful information to clinicians treating PD peritonitis (or any other potentially life-
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threatening infection). While it is true that the presence of genes associated with antimicrobial 
resistance correlates well with a resistant phenotype, existing genomic AST solutions do not 
adequately integrate genetic information to yield an accurate susceptibility phenotype.  

 

This problem is further complicated by the variation between single-cell and population level 
phenomena. As we’ve already discussed, microbial physiology (as it pertains to AMR) is complex 

at a single-cell level. The interactions between single cell-level variations in the physiological 
response to antimicrobial insult, and the cumulative population level response to insult, can be 
considerably more complicated303–306. Traditional microbiology techniques have attempted to 

capture the net effect of this complexity by observing gross population level changes over long 
periods, but this can fail to capture clinically relevant rare variant effects.  

 

Microbial heteroresistance to antimicrobial insult is a prime example of this phenomenon. In 
heteroresistant isolates, relatively small sub-sections of the total microbial population (in some 
cases less than 1%) express resistance factors and can persist in the presence of high 

antimicrobial concentrations306–309. Existing qPCR assays for expression level profiling of factors 
(such as mecA in S. aureus) often give meaningful results in the case of absolute dominance of a 
resistant phenotype, but over-expression of resistance factors by small hetero-resistant 

subpopulations may not produce a large enough signal to alter assay end-points and ensure 
detection of a resistant phenotype310,311. Metabolic state activity has been indicated as a key 
contributor to heteroresistance (i.e. more metabolically active cells are more likely to be affected) 

by this has been poorly characterised308.  

 

While the development of rapid sequencing-based techniques is heralded as the solution to AST 

problems, no existing approach has presented a reliable single-cell resolution solution312–314. Whole 
genome sequencing would be necessary for comprehensive AST315. However, to appropriately 
model hetero-resistant subpopulations and inducible expression of resistance factors, rigorous 

transcriptomics will be required for antimicrobial exposed cultures. It remains financially prohibitive 
and impractical using existing technological capabilities to meet the demands of clinical pathology 
service provision315. Genomics remains the most potent tool for AMR epidemiology, but the 

fundamental requirements for AST require us to look elsewhere for a candidate platform. Drawing 
from the strengths and weaknesses of genomic testing methods, an ideal test must profile the 
resistance phenotype of large numbers of individual cells, at a single cell resolution, to provide a 
useful endpoint that actively reflects the probability of treatment success. 
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6.1.5 Existing automated AST platforms - VITEK™ 

The VITEK™ instrument (in its multiple incarnations) is marketed as a complete solution for isolate 
identification and AST phenotype information. The exact methods by which these tasks are 

performed remain commercially confidential however we can infer some methods applied from 
claims made in the paraliterature supplied by the manufacturer. The system uses multi-well card, 
inoculated with a suspension of organisms from pure culture, to provide identification and AST 

results in 4-8 hours316. Each card uses a series of biochemical indicators, some of which are 
fluorescent, to measure surrogates of microbial growth and antibiotic degradation across a series 
of antimicrobial concentrations like the format of a conventional BMD316. Susceptibility profiles are 

generated based on the MIC results generated and compared with libraries of known susceptibility 
phenotypes. An advantage of the platform is that multiple individual specimens can be inoculated 
into individual cards and incubated concurrently allowing for parallel processing of many 
specimens, a function that is highly desirable in a busy clinical laboratory setting. 

 

Examinations of the literature provide a different picture of VITEK™ performance. AST 

performance is typically measured in terms of agreement, and error rates. Categorical agreement 
is a measure of whether two methods produce the same result in terms of 
susceptible/intermediate/resistant. Essential agreement is whether a numerical endpoint of one 

method gives the same result as the reference method, within the resolution of the reference 
method. BMD is the reference standard for AST and has +/- 1 2-fold dilution resolution (e.g. a BMD 
MIC of 2 µg/mL can vary from 1 µg/mL to 4 µg/mL)55,281. Errors are categorised by their clinical 
consequence: a very major error is when a resistant isolate is classified as susceptible by a new 

test, a major error is when a susceptible isolate is classified as resistant by a new test. Minor errors 
can occur when a given organism/antimicrobial combination has an intermediate category. A minor 
error is when a resistant, or a susceptible, isolate is called intermediate by a new test, or when a 

susceptible or resistant isolate is called intermediate by the new test. For many organisms, most 
notably Staphylococcus spp. and Enterococcus spp., performance of the VITEK™ was found to be 
acceptable317–319. Categorical agreement between VITEK™ 2 and the reference method was ≥ 

90% with ≤ 1.5% very major error rate in most cases319–321, however individual studies have 
reported error rates as high as 13% with some organism/antimicrobial combinations322. 
Additionally, times to obtain MIC results from the platform vary between the promised 4-8 hours, all 
the way out to 17 hours. For Gram negative isolates, AST performance indices are generally 

reported as acceptable, however rigorous studies into specific organism antimicrobial combinations 



141 
 
 

(e.g. extended spectrum β-lactamase producing E. coli with 2nd and 3rd generation cephalosporins, 
Pseudomonas. spp with many drugs) have shown agreement rates as low as 67.9%)318,323–325.   
 

Assessed as an AST system, the VITEK™ (specifically the VITEK™ 2 model) produces adequate 
AST results in most settings but suffers from lack of precision in the detection of specific critical 

antimicrobial resistances. Time to result in idealised settings is a significant improvement on direct 
culture-based methods, however the large variability in time-to-result (i.e., reporting MICs for 
expert review in 17 hours rather than 4-8) detracts from the utility. Parallel processing of multiple 

specimens is a clear advantage, but the necessity of primary culture prior to inoculation limits 
potential time gains. From the limitations of this and other automated phenotypic systems, rapid 
results, universal applicability across organism/antimicrobial combinations of interest, and reliability 

across different organism/resistance mechanism pairings are all key factors in the design of a new 
AST platform. 

 

6.1.6 Existing automated AST platforms – Accelerate Pheno™ 

The Accelerate Pheno™ is a relatively new instrument that combines FISH microscopy and 

proprietary microscopy processing algorithms. It assesses images taken of microbial growth in the 
presence of antimicrobials to produce phenotypic susceptibility categorisation results from positive 
BC specimens326. The system promises identification over a range of Gram positive and Gram 

negative organisms and, assuming accurate identification, AST results within 8 hours of a BC 
specimen reaching positivity. 

 

Scant detail of the technology underpinning the test (dubbed “morphokinetic cellular analysis” by 
the manufacturer) is available. Performance in studies appears favourable, with comparable 
accuracy to reference methods for many organism/antimicrobial combinations325–329, however 

concerns have been raised. The diameter of each well in the circular test cartridge, combined with 
the number of antimicrobials tested, allows small numbers of individual microbial cells to be 
assayed against each antimicrobial agent tested. This gives raises concerns regarding the 

system’s ability to detect small proportions of populations expressing clinically relevant resistance 
determinants. Furthermore, the validity of the AST profile generated is predicated entirely on the 
accuracy of the identification by FISH probes. Understandably, the manufacturer has not released 
the technical specifications of the probes used, and there have not yet been sufficiently statistically 

rigorous studies to allow independent assessment of the precision and specificity of detection, nor 
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whether inconsistencies in the identity result will impact the antimicrobial susceptibility phenotype 
reported in a clinically significant way. 
 

From a purely pragmatic viewpoint, the instrument is capable of processing only a single sample at 
a time. For most clinical laboratories, producing AST results for 1 isolate in an 8-hour period from 

an instrument requiring similar capital expenditure as other systems capable of handling multiple 
samples simultaneously will be unacceptable. Insufficient evidence exists to make a definitive 
judgement on the long-term viability of the technology platform; however, many features of an 

“ideal test” are missing from this platform. 
 

6.1.7 Existing high-throughput platforms – Flow Cytometry 

The potential for FCM to be applied to AST was identified early in the development of the 
technique. Assessing antibiotic-exposed microorganisms to approximate a susceptibility phenotype 
has been attempted in varying forms for decades. Early tests noted changes in population 
distributions associated with an antimicrobial effect but failed to yield a genuinely reproducible, 

dose-dependent effect. Until now, the technical performance limits of the instruments and probes 
lacked the sensitivity and specificity required to readily investigate the problem further54,87,88. As 
discussed in Chapter 3, although cytometry-based microbial viability tests have historically lacked 

the precision required for potential adoption in the clinical environment, attempts to correlate 
antimicrobial susceptibility with microbial viability persisted. Methods focused on two main 
strategies – attempting to bin populations into binary phenotypes (e.g. live/dead)330–336 or 
calculating staining indices for antimicrobial exposed suspensions and applying arbitrary 

fluorescence thresholds to specimens to determine susceptibility categorisation337–340. Many of 
these methods have components that show promise, but closer inspection reveals weaknesses 
that limit potential clinical adoption. 

 

Techniques that rely on pre-calculated or arbitrary fluorescence values will be problematic. An 
assumption is made that little, or no variation will occur in the output. The optics components of 
flow cytometers can degrade over time and require routine calibration by an expert user341. 

Keeping an instrument performing to arbitrary levels with inherently variable biological samples is 
also challenging342,343.   There is no consensus on a published solution to this problem, and so new 
assay designs must compensate for these complications. In an ideal assay, all information used to 
determine susceptibility phenotype must be encapsulated within controlled measurements made 

during the performance of the assay, with little to no reliance on a priori knowledge.  To overcome 
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this limitation, an assay should be self-referential – i.e., the assay must determine susceptibility, or 
absence thereof, of the isolate presented to the assay, at the time of assay, with immediately 
identifiable QC features to alert a user to potential data compromise. 

 

6.1.8 Features of an idealised AST platform 

Based on this knowledge, we can summarise the necessary features of an ideal AST system: 
 

• It must be rapid: ≤6 hours to finalised results from initial inoculation into the assay platform 

is ideal to incorporate into clinical practice. 

• It must provide holistic determination of susceptibility without reliance on external standards 
or libraries of data: an ideal assay should be self-referential and not influenced by 
mechanisms of resistance. 

• It must have minimal manual handling and be amenable to high-throughput processing. 

• It must provide single-cell resolutions measurements of susceptibility to account for variable 
expression, heteroresistance and other clinically significant phenomena. 

 
With these features in mind, we began rational design of a new AST. 
 

6.2 Flow Cytometry-Assisted Susceptibility Test (FAST) 

6.2.1 Thought experiments surrounding the use of an acoustic flow cytometer for 
susceptibility testing – defining a problem space prior to entering the wet 
laboratory 

To begin modelling, we chose to focus on the combination of Klebsiella pneumoniae and 
meropenem. We selected this combination due to the severity of Gram negative infections when 

they occur in PD peritonitis cases and the use of meropenem as a “last line” antibiotic in a 
treatment escalation hierarchy. Many of the parameters that may need to be experimentally 
validated can be considered before the commencement of wet-laboratory experiments to increase 
the likelihood that assay results will be robust. In this case, we need to consider three factors: 

 

1. The minimum time an organism must be exposed to antibiotic to see an observable change 
2. The manner in which the suspension of organisms be presented to the instrument 
3. The range of organism suspension densities the instrument can accurately measure 
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From the literature, it is known that the average in vitro laboratory generation time for rapidly 
growing Gram negative bacteria is somewhere in the vicinity of 20-40 minutes per division cycle 
with standard deviation measurements varying from <10% to ≈50% (where reported)344. It is also 

known that the mechanism of action for meropenem is the non-reversible acetylation of PBPs in 
the periplasm of the cell. Consequently, when the meropenem-compromised bacterium attempts to 
divide, the PBPs fail to cross-link peptidoglycan during cytokinesis. This leads to an inability to 

maintain cell envelope integrity against fluid forces which results in ballooning, chaining, and 
eventually lysis. Using this knowledge, we predict an exposure time should be the minimum period 
to ensure that a significant proportion of cells have undergone a full cell division in the presence of 

the drug. 

 

Using these indications on bacterial cell division times, the mechanism of action of meropenem, 
AFC data on accurate enumeration from Chapters 3 and 4, and approximate predictive in silico 

modelling of division times and hardware capabilities (Appendix 3) we made the following design 
choices:  

1. standardise the inoculum via a conventional BMD protocol (using AFC counts to set the 

microbial suspension density,  
2. pre-incubate cells in MHB for 30 minutes to achieve active cell division,  
3. expose the microbes to antimicrobial agent for 30 minutes,  

4. measure greater than 10,000 events per sample by AFC at an event rate of 100-1000 
events per second. 

 

6.2.2 The Live/DEAD™ BacLight® and Live/DEAD™ Fixable Amine Viability Kits do 
not produce useful AST endpoints 

Preliminary experiments were performed in an ad hoc manner to determine the most appropriate 

measurements to be made by AFC. We began by using reagents widely employed for measuring 
bacterial viability (SYTO® 9 – 5 µM, and propidium iodide – 20 µM) and staining ATCC® 700603 K. 

pneumoniae following exposure to meropenem at 4µg/mL. This assay is designed to produce 

phenomenological endpoints by comparing single-stained controls with dual-stained suspensions. 
This strategy gives four potential staining phenotypes (Figure 6.2A) two of which indicate the 
correct performance of the assay and are alleged to correspond to “live” (viable) and “dead” (non-
viable) bacteria. However, across multiple replicates (n=5) no clear population segregation was 

possible using traditional FCM gating methods, with smeared population across both compensated 
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SYTO® 9 and compensated PI axes. Using Autogate, a consensus gating strategy was developed, 
identifying seven reproducible populations on the bivariate plots and 1-2 additional populations 
present in some plots (representative data – Figure 6.2B). These populations are inconsistent with 
the logic underpinning the assay and provided no useful insights into antimicrobial susceptibility 

and we abandoned the use of the SYTO® 9 and PI combination for AST by AFC as inappropriate. 

 

Given the superior performance using Live/DEAD™ Fixable Violet for viability determination seen 
in Chapter 3, we next attempted to use a SYTO® 9 and Live/DEAD™ Fixable Violet. The brighter 
fluorescence observed for Gram positive bacteria in Chapter 1, led us to select S. aureus for 

testing Live/DEADTM Fixable Violet as an indicator of viability following antibiotic exposure. Using 
ATCC® 25923 and WACC 0866111 (an MRSA of clinical provenance with a useful mid-range 
oxacillin MIC) we tested viability as described in Chapter 3 (Figure 6.3A). We observed a general 

trend linking isolate oxacillin MIC, the percentage of cells non-viable by Live/DEAD™ Fixable 
Violet, and overall cell suspension density (Figure 6.3B and Figure 6.3C). We found that overall 
cell concentrations, and the changes in cell distribution across FSC, and 530/30 nm fluorescence 
(i.e., SYTO® 9) showed equally strong associations with MIC, and we chose to focus on 

understanding these interactions. 

 

6.2.3 A single nucleic acid stain (SYTO® 9) is sufficient to demonstrate dose-
dependent changes in multi-parametric distribution in AFC data for Klebsiella 

pneumoniae following 30 minutes meropenem exposure 

We selected ATCC® 700603 as a control meropenem susceptible isolate. Reference BMD testing 

(read at 24 hours post-inoculation) in our laboratory demonstrated a consistent meropenem MIC 
(MICBMD) of ≤ 0.25 µg/mL across ten replicates.  

 

We inoculated a single colony into TSB overnight to produce an organism-rich liquid culture 
specimen with physicochemical features roughly approximate to harvested clinical fluids. 

Organisms were harvested, washed, and counted by AFC to achieve a starting concentration for 
FAST and standard BMD testing (i.e., 5.0 × 105 cells/mL in CAMHB). Based on the cell division 
modelling times discussed previously, we selected a 30-minute pre-incubation at 37°C (with 200 
RPM shaking) to achieve actively dividing cell suspensions and then exposed them to doubling 

dilutions of meropenem from 0.25 µg/mL to 256 µg/mL. We demonstrated a reproducible, dose-
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dependent, series of changes (Figure 6.4) that we came to refer to as the “susceptibility associated 
signature” or SAS.  

 

The SAS is a synthesis of many factors within the data. Firstly, we observed a reduction in the 
concentration of total cells per unit volume in the antimicrobial-exposed suspension that inversely 
associated with the concentration of meropenem used (i.e., as the concentration of drug increased, 

there were fewer cells in the suspension to be measured by AFC). We noted that this did not even 
approximate a dependable negative correlation – in many cases we observed that overall cell 
counts might rebound and begin increasing as the meropenem concentration exceeded the 

MICBMD. The second factor comprising the SAS was drastic changes in population distribution for 
FSC and SYTO® 9 fluorescence. In general terms, as the meropenem concentration increased, the 
bacterial population increased in both FSC and SYTO® 9 (10-1000-fold increases by both 

parameters) in the samples at or within one doubling dilution of the MICBMD. At concentrations 
exceeding the MICBMD, additional populations emerged on the bivariate plots, leading to a 
predictable, reproducible progression in which cells increased in FSC and SYTO® 9 fluorescence, 
peaked approximately 100-1000 fold higher than unexposed cells, and then rapidly collapsed in 

both FSC and SYTO® 9 fluorescence to reach levels 2-10 fold lower than unexposed cells. 

 

While the population distribution pattern, and general numerical trends that accompanied it, was 
reproducible, we lacked a rigorous analysis strategy that would allow us to convert these 
observations into a consistent assay endpoint. We recognised that we would require direct 

comparisons of susceptible isolates and clinically resistant isolates if we were to gather sufficient 
data to continue development. We selected ATCC® BAA1705 (Modified Hodge Test positive 
control organism, blaKPC PCR positive, MICBMD 8-16) as a control resistant isolate. We repeated 
the same treatment and found that the general principles observed in ATCC® 700603 remained 

consistent, with the features of the SAS appearing as meropenem concentrations approached the 
MICBMD (Figure 6.5). As with the control susceptible isolate, numerical fluctuations surrounding the 
MICBMD did not immediately suggest a clear rational gating strategy. We resolved to gather a 

consistent set of data (n=10 isolates, sampled in biological and technical triplicate – Table 6.1) to 
use in the rational design of an in silico data handling workflow. To achieve assay consistency and 
allow for direct comparisons between assay replicates, we refined and codified a standard wet 

laboratory method that we called FAST: Flow cytometry-Assisted Susceptibility Test (Figure 6.6). 
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6.2.4 Correlating AFC data with qualitative observations of resistance biology    

Across the original training set of 10 isolates, we identified variability in the initial unexposed 
population of bacteria when measured by AFC. Across the range of isolates tested in biological 

and technical triplicate, we observed 1.1 – 6.1-fold variability in mean FSC and SYTO® 9 Em 
fluorescence despite sample suspension being prepared using identical protocols. These data 
confirmed a need to develop an analysis workflow capable of accounting for isolate specific 

variability while minimising any user-introduced biases introduced through rational (i.e., hand-
drawn and determined) gating techniques. We implemented four distinct steps to ensure data 
fidelity (summarised and demonstrated in Figure 6.7): 

 

Step 1: After confirming from FCS file keywords that FSC and BL1 (SYTO® 9 fluorescence) PMT 

voltages were set consistently, a gate was applied to include only those events with a fluorescence 
value higher than 104 arbitrary fluorescence units. This allowed for a simple, albeit crude, 
discrimination of which events in the data file could be correlated with the presence of the SYTO® 9 
dye. 

 

Step 2: Rather than using the hand drawn doublet discrimination gates favoured by eukaryotic flow 

cytometrists, we implemented use of a derived parameter for doublet discrimination. we divided the 
area value (FSC-A) of the forward scatter parameter by the height value (FSC-H) of the forward 
scatter parameter, and then selected only those events with a value ≤ 1. This excludes aggregates 

and co-incidence events in a manner consistent with rational doublet discrimination gating without 
the need for manual curation of the data. 

 

Step 3: SYTO® 9 has a strong (≥ 10-fold) fluorescence enhancement when bound to nucleic acid. 
we can leverage this effect to ensure that the events we selected as having stain associated with 
them in Step 1 contain nucleic acid by using another derived parameter. Taking the fluorescence 

value from an unused fluorescence channel (488 nm Ex, 690/60 nm Em) and dividing it by the 
fluorescence value from the channel in which SYTO® 9 maximally excited (488nm Ex, 530/30 nm 
Em) and then selecting those values ≤ 1 (i.e. those events where the dye specific fluorescence 

outweighs the dye-unrelated autofluorescence) allows us to refine the bacterial population. This 
down-selection is minimal in most cases (≤ 1% of events excluded) when an assay is properly 
performed but is demonstrative of cases in which staining has been sub-optimal, or specimens are 
compromised with autofluorescent debris. 
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Step 4: We chose to use a 10% nearest neighbour contour process/algorithm to automatically 
identify the bounds of the curated bacterial population in the unexposed sample. This allows us to 
delineate the region on a bivariate plot in which antibiotic-uncompromised, actively dividing cells 
are distributed for that specific isolate, during that specific assay performance. This serves two 

purposes: firstly, it allows a standardised way to draw comparisons between samples within a 
single assay (i.e. compare the unexposed sample with the 0.25 µg/mL sample, with the 0.5 µg/mL 
sample, etc.), and secondly it allows a way in which we can robustly quality control the 

resuspension buffers used in preparing samples. If SYTO® 9 stained control aliquots, without any 
bacteria inoculated into them, show significant event numbers (typically ≥2 events / µL) in the 
region defined by the contoured region, we can infer contamination in the experimental procedure 

and invalidate the experiment. 

 

Using the standardised FAST wet-lab protocol, combined with the new analytical workflow, we 

assessed the performance of FAST, paired with BMD susceptibility tests, across 3 biological 
replicates for each isolate tested. We found that the features comprising the SAS were displayed in 
each isolate once meropenem concentration exceeded the isolate specific meropenem MIC. 

Comparisons of overall bacterial cell numbers per unit volume (i.e. events / µL) showed no direct 
correlation with meropenem MIC (Pearson r (α = 0.05) 0.72, ns). During careful alignment of these 
data, we noticed a trend in one specific subset of cell events identified during the analysis 

workflow. As demonstrated in Figure 6.8, we applied a nearest neighbour contour (at the 10% 
setting) and used the resulting clustered population to gate a region on the FSC vs SYTO® 9 bi-
variate plot following curation. This gate was then inherited by all samples in the sample 
antimicrobial exposure series (i.e. the unexposed control for one series was only used for that 

specific series, during that specific replicate), and the events falling into this region measured as 
cells / µL. We selected 3 clinically susceptible isolates (ATCC® 700604, 43854 and 43292 – MIC 
0.25, 0.25 and 0.25 respectively), and 3 clinically resistant isolated (ATCC® BAA1705, K1 and K8 – 

MIC 8, 16 and 256 respectively) and compared relative cell numbers in each antimicrobial exposed 
specimen with the matched unexposed control (Figure 6.8). While the data is clearly demonstrative 
of a concentration dependent antimicrobial effect, simple modelling of antimicrobial effect as a 

correlation between cell numbers and antimicrobial concentration was not useful (Pearson r (α = 
0.05): ATCC® 700603 = 0.48, ns, 43854 = 0.56, ns, 43292 = 0.51, ns, ATCC® BAA1705 = 0.01, *, 
K1 = 0.02, *, K8 = 0.60, ns). 
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To better understand the relationship between AFC data and BMD results, we performed two 
tasks: firstly, we performed fluorescence microscopy in parallel with FAST to corroborate that our 
interpretation of the AFC data was consistent with the known antibacterial activity of meropenem, 
and we expanded the testing data set to include 30 FAST runs (10 training isolates, with biological 

triplicate of each). 

 

Aligning fluorescence microscopy with the AFC data (Figure 6.9), we found that many of the 
features we observed as part of the SAS corresponded with changes in cell morphology observed 
by microscopy. For the susceptible isolates, at the lowest meropenem concentrations, we 

observed predominance of elongated, swollen, and ballooned cell morphotypes, as well as a 
general decrease in overall cell numbers. At meropenem concentrations exceeding the isolate 
MIC, we observed very few bacterial cells, with the majority of cells present being aberrant 

morphotypes consistent with the known effects of meropenem. By contrast, when we examined 
clinically resistant isolates, we found small subsets of cells undergoing the same qualitative 
changes as those we saw in the clinically susceptible isolates, however the majority remained 
consistent with cell morphotypes observed in the unexposed aliquots. We concluded that there 

was a robust association between the observed distribution changes in AFC data we defined as 
the SAS and the swollen, ballooned, and otherwise compromised cells, reduced in numbers 
observed by microscopy. 

  

6.2.5 Using a training set of isolates to turn qualitative observation into a 
quantitative assay endpoint 

Satisfied that the AFC measurements were an appropriate representation of meropenem’s 

antimicrobial effects on K. pneumoniae, we set about converting the analysis workflow into an 
assay end-point consistent with current AST standards. We selected a quantitative endpoint (i.e. a 
surrogate for MICBMD that we called MICFAST) as the development goal. We identified the following 

parameters as key indicators of performance: 

1. Numerical correlation between MICBMD and MICFAST 
2. Essential agreement  
3. Categorical agreement  
4. Very major errors 

5. Major errors (ME)  
6. Minor errors (MIE) 
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We took all 30 replicates of FAST for the training isolates, and (after data QC) reduced the 
complexity of the AFC data to a single number per technical replicate (n=3) for each sample across 
the series of antimicrobial dilutions. We measured the cells falling within the isolate specific AUP 
region, per µL, and expressed it as a percentage of the mean unexposed AUP events / µL. This 

process is summarised in Figure 6.10 (susceptible) and Figure 6.11 (resistant). A single user, 
blinded to the results of the MICBMD, conducted all AFC data analysis. We determined an 
association between the emergence of the SAS, a reduction in cell numbers / µL in the AUP gate, 

and the MICBMD. We established an assay end point: the first concentration in which ≥2 of the 
technical triplicates assayed had ≤30% of the event numbers in the AUP gate of the 
contemporaneous unexposed control is the threshold at which MICFAST is called. We then reported 

MICFAST values for all 30 replicates. The AFC data analyst was then unblinded to the MICBMD and 
comparisons were made. We saw strong positive correlation between MICBMD and MICFAST 

(Spearman (α = 0.05): 0.994, ***). Using the EUCAST 9.0 breakpoints for meropenem with K. 

pneumoniae (S: ≤2, I: 4-8, R: ≥16), we saw 96.67% EA (29/30), and 80.00% CA (25/30). The 5 

isolates outside categorical agreement were all MIE, with no ME or VME. These data are 
summarised in Figure 6.12. 

 

While encouraged by these data, we realised that we would need a model to assess the suitability 
of our post-processing workflow for future development work. Given the novel and custom nature 

of the analysis pipeline, there was a dearth of directly applicable statistical models in the literature, 
and so we developed a process in-house. We returned to the 6 criteria outlined earlier in this 
section and sought to find a way to reduce complexity in assessing suitability of putative FAST 
endpoints. 

 

We modelled MICFAST endpoints based on the proportions of events remaining in the AUP gate (%) 

at 5% increments. We modelled data from each replicate of FAST at 5% increments between 0% 
and 100%, generating an array of putative MICFAST values for each replicate, suitable for 
correlation with the MICBMD (Figure 6.13A). We generated Spearman rank coefficients at each 

incremental threshold (Figure 6.13B) to assess correlation (Figure 6.13C). From the quantitative 
endpoints, we could compare EA rates, CA rates, and error rates at each tier of MICFAST 
susceptibility (Figure 6.14A). Not all errors are created equal, and we sought to include some 

measure of statistical weighting to the varying error types in the model of FAST performance. We 
applied a point-based ranking system: if an isolate was in CA it scored 1 point, and a MIE (i.e. an 
error caused by MIC values falling one-doubling dilution either side of a clinical breakpoint) was 
assigned 1.2 points. We rationalised that ME would result in incorrectly removing the antibiotic as a 
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treatment option and scored them 10 points. Finally, given the serious clinical implications of a 
VME, we scored them 25 points. We then used a formula to convert the point score total into a 
single FAST error coefficient (FEC): 

 

 

 

The final step was to reduce all the measures of complexity for FAST-test performance to a single 
measure. We used the absolute value of the numerical MIC correlation (to correct for potential 

negative correlation coefficients), EA, CA and FEC to calculate a FAST performance score 
according to the following equation: 

 

 

 

The FAST performance score is a number, scored between 0 and 100, that allows for direct 
comparison of assay performance. In this case, a theoretical perfect-test (Correlation: 1.0, EA: 

100%, CA: 100%, FEC: 1) would yield a score of 100, a theoretical “wrong answer generator” 
(Correlation: 0, EA: 0%, CA: 0%, FEC: 25) would yield a score of 0. We used the median value of 
the MICBMD for the 10 isolates in the training panel and assigned MICFAST values using a random 

number generator (simulated 11-sided dice, n=3 sets of 10 values – Figure 6.14B) and 
demonstrated that approximated random values gave a FAST performance score of 0.01 
(Correlation: -0.209, EA: 20%, CA: 43%, FEC: 8.03). 

 

Using this approach, we found FAST performance scores across the full range of modelled 
MICFAST thresholds tested ranged from 2.01 (95% of unexposed AUP gate events remaining) to 

74.33 (30% of unexposed AUP gate events remaining). This confirmed the initial supposition that 
30% was the best threshold for calling an MICFAST for meropenem (Correlation: 0.994, EA: 96.67%, 
CA: 80.00%, FEC 1.03). These data are summarised in Figure 6.14C. The FAST Performance 

Score promoted a strong bias towards thresholds that avoided VMEs (evidenced as a rapid drop in 
performance score from even a single VME in the set), a principle consistent with the rationale 
used to build the model.   
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6.2.6 Testing assay performance against a panel of internationally representative 
isolates 

Reaching out to collaborators in Western Australia, Sweden, Norway, England, and Sri Lanka, we 
assembled an internationally representative collection of K. pneumoniae isolates spanning a 

diverse range of carbapenem resistance, and a full spectrum of meropenem MICs (Table 6.2). 

 

We performed FAST, as described previously, with parallel BMD measurements to assess 
performance across the entire organism set. We performed each FAST assay once (to mimic 
testing condition in a clinical laboratory). MICBMD data was sequestered from MICFAST data until 
data analysis had been performed and the flow cytometrist analysing AFC data was blind to the 

MICBMD. There was a weaker positive correlation between MICFAST and MICBMD (Spearman r (α = 
0.05): 0.889, **), EA: 89.58%, CA: 89.58% (4 MIE, 1 VME), and a FEC of 1.52 (Figure 6.15), 
however the overall performance score of 83.54 was an improvement from the training set. 

 

Following unblinding of the AFC data analyst, isolate K16 (MICBMD: 16, IMP-4 PCR positive) was 

selected for discrepancy analysis. We rationalised the discrepancy investigation due to the 
agreement of the MICFAST (2 µg/ml) with the reference centre MICBMD (2 µg/mL) and the 
discrepancy causing the only VME. We returned to the cryo-preserved stocks of K16, streaked the 
organism out onto fresh BA plates, and examined the resulting colony morphotypes. Across 3 sub-

cultures, and 3 returns to the cryopreserved stock, a variation in colony morphotypes was 
observed (Figure 6.16A). One form was smooth, circular and rounded (which we called “smooth”) 
and one was rough, circular and umbonate (which we called “rough). We took a single colony of 

each variant, prepared overnight cultures of each in TSB and proceeded with standard FAST 
assay for each variant. We found a significant variation in meropenem MIC: the smooth colony had 
an MICFAST and MICBMD of 64 µg/mL, and the rough colony had a MICFAST and MICBMD of 2 µg/mL 

(Figure 6.16B). 

 

Following curation of the AFC data, scrutiny of the SAS from both colony variants revealed an 
unusual pattern. At sub-inhibitory concentrations of meropenem, instead of a continuous 
distribution from a single population demarcated by the AUP gate to the scattered populations 
consistent with the SAS, we observed two distinct subpopulations – one remaining entirely within 
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the AUP region, and one progressing towards development of the SAS (Figure 6.17A). We 
speculated that this distribution may correspond to clinically relevant resistance, and so 
investigated further. 

 

We performed FAST as per standard protocol from a K16 purity plate showing two colony 
morphologies in which a rough colony was selected for inoculation into TSB. We performed the 

data analysis immediately as data was acquired from the instrument and determined an MICFAST of 
2 µg/mL (Figure 6.17B). We observed the same population distribution we had originally 
questioned – one clustering population focus remaining within the AUP gate, one clustering 

population focus proceeding towards the SAS distribution. We immediately sampled from the 
experimental tube of K16 exposed to 2 µg/mL, and after washing in MHB without antibiotic, used it 
to inoculate a TSB for overnight culture. The next day, FAST was performed on this K16 culture 

sub-cultured from the previous day’s 2 µg/ml meropenem-exposed K16. The MICFAST was 4 µg/mL. 
On the second day, the two population foci were absent, with the whole population displaying 
meropenem concentration dependent effects as a homogenous mass (Figure 6.18). We 
speculated that we may be observing heteroresistance to meropenem in the population of bacteria 

tested on the first day, with the meropenem exposure having selected for only the more 
meropenem resistant phenotype on the second day. 

 

For discussion of the data, we presented the FAST performance data with K16 being treated as a 
VME. However, if we consider the K16 discrepancy resolved, and treat the MICFAST of 2.0 µg/mL as 

concordant with a MICBMD of 2.0 µg/mL (the value received from the referring laboratory, and 
obtained during discrepancy analysis), the FAST performance statistics are revised as follows: 
(Spearman r (α = 0.05): 0.909, ***), EA: 91.67%, CA: 91.67% (4 MIE), and a FEC of 1.02 and a 
FAST performance score of 88.21.  

 

6.2.7 How fast is FAST? Assay improvements and analytical streamlining to 
produce actionable results rapidly 

Once we were satisfied with the accuracy of the assay, we sought measures by which we could 
improve the time taken from initial isolate preparation to final report of results. With the method as 
initially developed, we required 65 minutes for incubations (30 minutes pre-incubation, 30 minutes 
antibiotic exposure, and 5 minutes for SYTO® 9 incubation), 15 minutes for centrifugation and 

manual handling, 36-108 minutes for acquisition of samples by AFC (12 samples, sampled in 
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technical triplicate, at approximately 1-3 minutes to record each replicate), and 2 minutes of post-
analysis by an expert user, which gave a total time of approximately 3 hours to report an MICFAST 
of meropenem for one isolate. While this represents significant gains on all previously reported 
MIC-based methods, we felt it required improvement to be attractive to clinical laboratory lab flows. 

 

We developed a series of in silico experiments to determine the effects of reducing key parameters 

in the method. First, we chose to use an in silico gating technique to simulate the effect of 
collecting a single technical triplicate, and only using the first 60 seconds of acquisition by adding a 
gating step to the analysis workflow that selected values with a Time parameter between 0 and 60. 

Reanalysing all 48 replicates of FAST data in this manner, while keeping all other analysis steps 
consistent, we found identical MICFAST values reported in all cases. This would reduce the overall 
time to reporting MIC to 89 minutes. Similarly, we found that by limiting meropenem concentrations 

to 0 µg/mL, 1 µg/mL, 4 µg/mL, and 16 µg/mL, with only 60 second of acquisition from one of three 
technical triplicates, we could report an S/I/R result fully concordant with the original analysis within 
81 minutes. We noted the absolute necessity of standardisation in results reporting, and so 
developed an analysis template for FlowJo version 10.1 that could be applied by a non-expert user 

that, when coupled with a standardised data QC workflow (Figure 6.19), could report MICFAST 
results in ≤ 2 minutes.    

 

During the post analysis, we saw an opportunity to test the assumptions underpinning the in silico 
experiments used to develop the wet-laboratory method. The data assumed that, with a mean cell 

division time set at 30 minutes, during the pre-incubation and antibiotic exposure modelling, the 
unexposed control samples should have undergone two cell divisions. We collated all data from 52 
replicates of FAST deemed to pass all QC metrics and compared inocula densities with the cell 
suspension density following both incubations. We found that cells divided substantially more 

rapidly than anticipated: across 52 replicates, the mean K. pneumoniae isolates underwent 
between 2 and 5 doubling divisions (mean 3.77, SD 0.84). We found a generation time of between 
12 and 50 minutes (mean 17.01, SD 5.18). We also examined the data looking for any potential 

relationship between generation time and MIC and found no significant association (Figure 6.20). 

 

Given the range of division times we concluded that, for a subset of isolates, incubation times 
could be reduced. This would require a priori knowledge of isolate division times, and 30-minute 
pre-exposure and exposure incubations were practical minima to ensure sufficient opportunity for 
drug activity across all isolates within the collection. We noted that differences in cell division 
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duration of other genus/species may be an important consideration in broader applications of the 
test. 

 

6.3 FAST provides accurate MIC results for S. aureus with oxacillin and 
cefoxitin in 6 hours 

After the success with K. pneumoniae and meropenem, we turned attention to S. aureus with 
oxacillin and cefoxitin with the aim of developing a rapid, quantitative, phenotypic assay to 
distinguish between methicillin-susceptible S. aureus (MSSA) and methicillin-resistant S. aureus 

(MRSA). Given what we had learned from optimising the meropenem assay, we started with the 
following initial modifications to the method: 

 

1. S. aureus divide more slowly than K. pneumoniae. 
a. We extended the pre-incubation to 60 minutes. 
b. We incubated cells in the presence of the drug for 180 minutes. 

2. S. aureus BMD testing requires altered conditions to be EUCAST compliant. 
a. The exposure challenge must take place at 35°C. We adjusted pre-incubation and 

antibiotic exposure conditions to accommodate this. 

b. Testing must be performed in the presence of 2% NaCl. We supplemented the MHB 
with 2% NaCl for pre-incubation and antibiotic exposure conditions. 

 

I chose to keep all other aspects of the wet-laboratory workflow consistent, with a philosophical 
goal of keeping methods as closely as possible to a single, universal workflow. 

6.3.1 Exposure of control S. aureus strains to oxacillin demonstrates changes in 
AFC data features consistent with effects measured during previous FAST 
assays performance but cannot provide an immediately useful assay 
endpoint 

We selected ATCC® 29213 MSSA (oxacillin susceptible control strain) and ATCC® 33592 MRSA 
(oxacillin resistant control strain, SCCmec Type III) for the initial experiments. We prepared serial 2-
fold dilutions of oxacillin from 256 µg/mL to 0.25 µg/mL, included an unexposed control, applied the 

modified FAST workflow and paired it with BMD assays. We observed MICBMD for ATCC® 29213 
and ATCC® 33592 of ≤0.25 µg/mL and 256 µg/mL, respectively. 
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By comparing the population distributions of the susceptible and resistant strain, we found 
reproducible features consistent with those seen earlier using S. aureus and Live/DEAD™ Fixable 
Violet (presented earlier this chapter) and with the general principles of meropenem FAST (Figure 
6.21). We noted a wider range in the FSC vs SYTO® 9 distribution when examining the unexposed 

bacterial populations. We observed proportional increases in FSC and SYTO® 9 fluorescence. 
These increases were amplified if co-incident events were not excluded from the typical analysis 
workflow. For ATCC® 29213, across the range of lowest concentrations, we saw increases in FSC 

and SYTO® 9 fluorescence that corresponded with reductions in overall and AUP gated cell 
densities consistent with antimicrobial effects. For ATCC® 33592, a relatively small overall increase 
in FSC and SYTO® 9 distribution occurred upon exposure to the lowest oxacillin concentration 

(0.25 µg/mL). It was not until higher concentrations (≥16 µg/mL) that we saw larger changes in 
population distributions or large decreases in cell numbers. 
 
To define a SAS for S. aureus with oxacillin we paired ATCC® 29213 (MSSA – oxacillin MICBMD 

≤0.25 µg/mL) with W08666111 (MRSA – oxacillin MICBMD 16.0 µg/mL) and took measurements of 
total cell numbers / µL and AUP gated cells / µL (Figure 6.22). Unlike the data seen with ATCC® 
33592, we did not observe significant differences between the progression of distributions between 

both isolates. In general terms, both underwent large magnitude increases in bivariate distribution 
(FSC and SYTO® 9 fluorescence) at the lowest concentration tested (0.25 µg/mL). This caused 
most of the cell population moved outside the AUP gate at 0.25 µg/mL. As oxacillin concentration 

increased, the population “collapsed” back down into the AUP gated region, with few cells 
remaining. 
 
We expanded out to test 11 isolates total (4 MRSA, 7 MSSA – Table 6.3). We generated putative 

quantitative end points suitable for FAST performance score comparisons. Performance was poor 
(Table 6.4) – the best performance was 72.73% EA and 72.73% CA (3 VME), with a FEC of 7.55 
and an overall performance score of 4.06.  At this point, it seemed evident that, if we were to 

continue with a single wet-lab workflow across organisms and drug classes, different analytical 
approaches would be required for the data. 
 

6.3.2 Machine learning of multiparametric AFC data (tSNE) can be used to 
determine potential parameters for analytical workflow modifications to allow 
for MIC determination for S. aureus with oxacillin 

We turned to in silico data modelling to develop a new analysis strategy. We paired data from 
isolates with the most obvious differences from each other (ATCC® 29213 and ATCC® 33592) and 
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prepared it for tSNE visualisation. In brief: all technical triplicates across a full MIC series (36 data 
files per isolate) were concatenated into a single FCS file (adding an FCS file keyword to identify 
the oxacillin concentration the events were exposed to), and then we used tSNE to cluster the 
populations in an unbiased manner across all optical and fluorescence channels, the oxacillin 

concentration they were exposed to, and the time it took to collect specimens.. 

 

While tSNE was developed with assumptions geared around eukaryotic FCM data and using 
fluorescently labelled antibodies to distinguish between phenotypic characteristics, there are some 
useful inferences to be made from the FAST data. Distribution maps for ATCC® 29213 and ATCC® 

33592 are presented in Figure 6.23 and Figure 6.24 respectively. In summary, we inferred: 

 

1. In both MSSA and MRSA specimens, the most obvious parameter for delineating clusters 
was the oxacillin concentration keyword. This suggests there are genuine features of the 
recorded data-sets that can be used to correlate the data with the drug concentration to 
which it was captured from (i.e. even if it is non-obvious, there is an oxacillin concentration 

dependent effect in the data). 
2. In the MSSA, the distances between populations (i.e. the amount of relative multiparametric 

separation between clusters) was larger than between MRSA populations. This suggests 

that, across the range of parameters measured, there are clearer distinctions to be made 
between population clusters in the MSSA than in the MRSA. Extension of this logic 
suggests that the oxacillin concentration dependent effects have less overall impact on the 

biology measured in the MRSA, which is consistent with an oxacillin resistant phenotype. 
3. For the “Aggregate Detection” parameter (the same parameter used in the FAST analytical 

workflow to exclude doublet events – FSC-A/FSC-H), there is no significant association 
between distribution of the parameter and individual clusters. This suggests that the 

changes detected in other parameters are not a function of clustering or aggregation of 
cells that can be detected by AFC. 

4. For FSC, in the MSSA, the samples with highest FSC intensity associate with clusters of 

low to middle oxacillin concentration and 488 nm Ex 530/30 nm Em fluorescence. This 
association is weaker at higher concentrations. In MRSA, this association was weaker 
across all concentrations and did not decrease as rapidly at higher concentrations. We 

hypothesised that this was indicative of complex structural biology resulting in non-obvious 
FSC and fluorescence effects at the middling oxacillin concentrations.  

5. For both 405 nm Ex and 488 nm Ex fluorescence, in both the MSSA and the MRSA there 
was an association between red autofluorescence (i.e. ≥ 600 nm Em) and FSC that 
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weakened as oxacillin concentration increased. We hypothesised that this was associated 
with staphylococcal cell wall biology (given the activity of oxacillin). 

6. There was a directly proportional relationship between the time taken to complete collection 
of 20,000 events, and the oxacillin concentration of the sample.  

 

We hypothesised that we would be most likely to obtain a model predictive of oxacillin MIC by 
examining the relationships between measured AFC parameter distributions and cell 
concentrations in the mid-range antimicrobial concentrations (i.e. 0.5 µg /mL – 4 µg/mL) and 

returned to the data to attempt to establish useful predictive relationships. 

 

6.3.3 Comparative gating, using enumeration with an antimicrobial exposed 
population at a known threshold, gives accurate MICFAST values for S. aureus 

with oxacillin 

We recognised that all S. aureus isolates, regardless of resistance phenotype, underwent an 

increase in FSC and SYTO® 9 fluorescence, with a reduction in overall cell suspension density 
(approximately to 60-90% reduction from contemporaneous unexposed controls), at the lowest 
concentration of oxacillin tested (0.25 µg/mL). These effects stabilised in all isolates at 

concentrations ≥ 0.5 µg/mL. We developed a hypothesis that all S. aureus populations showed 
some antimicrobial-induced changes in distribution by AFC, and that to accurately predict MIC, we 
needed to see continued dose-dependent effects following the initial low-concentration exposure. 
We used a comparison of cell numbers falling in the AUP region to cell numbers falling in a similar 

gate, set from the population in the 1 µg/mL sample (we referred to this as the antimicrobial 
exposed population at 1 µg/mL, or AEP1). A demonstration of this 2-gate analysis strategy can be 
observed in Figure 6.25. We found that comparing the events in the AEP1 gate in antimicrobial 

exposed samples to the events in the AUP gate in contemporaneous unexposed controls gave 
results that more accurately reflected the oxacillin resistance phenotype. Using this strategy meant 
that the analyses could only accurately report MIC to a lowest value of ≤ 1.0 µg/mL. This still 

allowed for accurate resistance category determination (i.e. MSSA or MRSA). 

 

We passed these data back through FAST threshold modelling using the new analysis workflow 

and found substantial improvements in performance (Table 6.5). There was equal performance 
using a 5% or 10% threshold: 100% EA, 100% CA, a FEP of 1.00 and a total performance score of 
57.91. The performance score was hampered by 3 isolates in disagreement on MIC, despite 
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maintaining EA, and a small sample number (n=11). We deemed this acceptable as proof of 
concept for FAST with S. aureus and oxacillin. 

 

6.3.4 Adaptation of the method used for FAST with S. aureus and oxacillin 
demonstrates that FAST with S. aureus and cefoxitin is equally possible, 
without the need for additional analysis workflows 

We tested the same collection of S. aureus isolates using cefoxitin (Table 6.6). We used the same 
modifications to the wet laboratory workflow as used with oxacillin. We found the observations 
made for S. aureus and oxacillin held true for cefoxitin, however the magnitude of population shift 

caused by initial exposure (i.e. the proportion of events moving outside an AUP gate upon 
exposure to the lowest concentration of cefoxitin) was substantially smaller. We used the modified 
analytical workflow to analyse the cefoxitin FAST data (Figure 6.26). We also compared model 
performance using the original AUP gating strategy (Table 6.7) and the AEP1 gating strategy 

(Table 6.8). We found that the AEP1 gating strategy, at a 10% threshold, provided the best 
performance: 100% EA, 100% CA, no errors, FEP 1.0 and performance score 93.15. While these 
results were extremely promising, we tempered enthusiasm given the low sample number (n=11). 

FAST performance for S. aureus with oxacillin and cefoxitin is summarised in Figure 6.27. 

 

6.4 FAST can provide MIC results for gentamicin, ceftriaxone and 
meropenem maintaining a standard organism preparation pipeline 

Having demonstrated the potential generalisability of the method across the two major organism 

Gram stain categories, we sought to assemble a series of antimicrobial assays representative of a 
therapy decision escalation pathway. Having already demonstrated the utility of the FAST 
meropenem assay, we targeted gentamicin and ceftriaxone for further development activities. 

 

6.4.1 Susceptibility-associated signatures for ceftriaxone and gentamicin associate 
with varied cell morphotypes by transmission electron microscopy 

Following preliminary experiments to confirm that ceftriaxone and gentamicin activity could be 

measured by AFC, we selected for EM studies for two pairs of K. pneumoniae isolates for 
ceftriaxone (43558, MICBMD: 0.25 µg/mL, and ATCC® 700603, MICBMD: 32.00 µg/mL) and 
gentamicin (2440606, MICBMD: 0.25 µg/mL, and ATCC® 700603, MICBMD: 16.00 µg/mL). Cell 
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pellets, prior to fixation and sectioning, were prepared as per the standard FAST workflow. We 
imaged cells up to the bacteria/antimicrobial specific resistance EUCAST 9.0 break point to 
observe comparisons between resistant and susceptible organisms. 

 

For ceftriaxone, in the susceptible isolate, the AFC data showed bivariate increases of 1-2 log10 in 
FSC and SYTO® 9 fluorescence at all concentrations of antibiotic tested, and drastic decreases in 

cell numbers from unexposed to exposed. In the paired TEM preparations, compared to controls 
we observed elongation, swelling, ballooning, and burst, distended cells typical of lysis caused by 
catastrophic cell wall failure. The resistant isolate did not show any significant changes in AFC data 

distribution, or cell suspension density, across any of the concentrations tested. The paired TEM 
images did not show any evidence of morphotypical changes: cells remaining intact, of a normal 
bacillary shape, and showed no obvious differences in cell size or internal complexity across any 

drug concentration level. Representative images of these data are shown in Figure 6.28. 

 

For gentamicin, in the susceptible isolate, the AFC data from exposed samples showed no 

changes in FSC, but a 1-2 log10 decrease in SYTO® 9 fluorescence, with a high degree of 
variability in overall fluorescence distribution across the range of samples tested. This change in 
distribution was accompanied by a drop in in cell numbers that was more modest than the other 

organism/antimicrobial combinations tested prior to this point. The paired TEM images showed a 
divergence into two cell morphotypes when compromised by gentamicin: a small (approximately 
40% - 60% reduction in cell length from unexposed) form with a general bacillary shape and an 

electron dense cytoplasm, and an equally small structure, generally spherical but often with an 
irregular border, with minimal electron density and internal complexity. In the resistant isolate, no 
significant changes in FAST data distributions were seen, however there were morphotypical 
changes commonly observed in cell structures at higher gentamicin concentrations. Cell sizes 

remained consistent between exposed and unexposed cell preparations, however the drug 
exposed cells showed relative increases in cytoplasmic electron density, and formation of atypical 
complex internal structures. These data are summarised in Figure 6.29. 

 

6.4.2 FAST can accurately predict ceftriaxone MIC in K. pneumoniae 

We selected K. pneumoniae isolates (n=22, Table 6.9) for validation of FAST for ceftriaxone using 
the FAST protocol developed with meropenem. The post-analytical workflow remained the same, 
with use of the FAST performance scores as with previous assay developments. We found the 
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standard AUP gating strategy showed excellent correlation between MICBMD and MICFAST without 
the need for secondary gating strategies (Table 6.10). Best performance was achieved using AUP 
gating with a 10% threshold and gave 100% EA, 95.65% CA, FEC of 1.01 and a performance 
score of 92.07. 

 

6.4.3 FAST can accurately predict gentamicin MIC in K. pneumoniae  

For validation of FAST with gentamicin, we again selected a collection of K. pneumoniae isolates 
(n=22, Table 6.11) and used the same wet-lab workflow as meropenem and ceftriaxone. The post-

analytical workflow remained the same including use of the performance assessment model as 
with previous assay developments. The standard AUP gating strategy provided excellent 
correlation between MICBMD and MICFAST (Table 6.12). AUP gating with a 65% threshold gave the 

best performance with 95.65% EA, 82.61% CA, FEC of 1.03 and a performance score of 70.34. 

 

6.5 FAST can be directly applied to positive blood culture specimens 

The ISPD 2016 guidelines31 recommend inoculation of sedimented PD effluent from suspected 

peritonitis cases directly into automated blood culture bottles as the preferred method of culture-
based microbiology. We sought to demonstrate the potential applicability of FAST to blood culture 
specimens, focusing the development efforts on specimens containing Gram negative bacteria. We 

selected blood cultures from adult patients with a Gram negative organism confirmed by Gram 
stain (performed as part of the regular pathology service workflow) that had been stored at ambient 
conditions for not more than 24 hours after being removed from incubation and discarded by the 
pathology service. We selected 4 antibiotics for testing against these organisms: gentamicin, 

ceftriaxone, meropenem, and piperacillin/tazobactam. The FAST piperacillin/tazobactam method 
was developed independently by a colleague and uses the standard wet-laboratory workflow for 
Gram negative organisms with the AUP gating strategy. 

  

6.5.1 Pre-challenge optimisation of the workflow allowed for adaptation of the 
FAST method to a high, through-put assay capable of reporting 3 MICs ≤ 4 
hours 

We recognised that, for integration into a clinical laboratory workflow, the method should minimise 
manual handling and maximise consistency in exposure conditions for isolates. We pre-dispensed 
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antimicrobials into 96 well plates, sealed them using a heat sealer, and stored them at -80°C until 
use (Figure 6.30). 

 

We adapted a method developed by a colleague to sample and recover bacteria from a blood 
culture bottle specimen. In brief, 500 µL of blood culture suspension were mixed 1:1 with 10% 
Triton X-100, incubated for 5 minutes, centrifuged, washed, stained with SYTO® 9 and then 

enumerated by AFC as an input suspension for FAST assays. Organisms were inoculated into 
MHB at 1.0 × 106 cells/mL and incubated for one hour before re-enumeration by AFC. If organism 
counts had doubled the suspensions were carried forward for FAST assays, with organisms not 

doubling in this time being failed out on QC grounds. Antimicrobial exposure was for 30 minutes in 
96-well microplates, in 300 µL reaction volumes. Following exposure, plates were centrifuged at 
3,000 × g, washed, and resuspended in SYTO® 9 stained HBSS before sampling with an Attune™ 

NxT 96-well plate autosampler. This method is summarised in Figure 6.31. 

 

6.5.2 Direct comparison of MICFAST results to VITEK® susceptibility results 
performed by the clinical pathology service demonstrated adequate 
performance   

We compared the FAST results with the S/R susceptibility results reported from our clinical 

pathology service using the VITEK®. This comparison provided two main points of difference from 
the traditional test validation workflow: comparisons to a S/R susceptibility result made it 
impossible to calculate EA for each assay and, because our clinical pathology service reports 
results using CLSI breakpoints (M100S 26th Edition), we used this AST framework as the 

comparator. 

 

During the trial period, we captured 53 unique Gram negative isolates from Order Enterobacterales 
and Family Pseudomonadaceae for which we generated at least one reportable MICFAST (Table 
6.13). Organisms without CLSI breakpoints for the specific drug challenge (e.g. Pseudomonas sp. 

with ceftriaxone) were excluded from analysis. When compared directly with VITEK® results, we 
saw the following CA results: ceftriaxone 89.9% (3 ME, 2 MIE), gentamicin 84.9% (6 ME, 2 MIE), 
meropenem 98.1% (1 MIE), and piperacillin/tazobactam 90.9% (1 VME, 1 MIE). These results are 
summarised in Table 6.14A. Given the high standard of performance of these FAST assays during 

development, we were concerned by the ME rate, and resolved to investigate these discrepancies 
using Sensititre™ BMDs. 
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6.5.3 Discrepancy analysis using the Sensititre™ BMDs showed improvements in 
FAST performance across all organism/antimicrobial combinations  

we selected any isolate that resulted in a categorical error for one or more of the drugs tested, or 
that failed to meet QC metrics (established in 6.5.1) to carry through to Sensititre™ BMD for 
discrepancy analysis with paired FAST. We produced AST results using both CLSI (Table 6.14B) 

and EUCAST (Table 6.14C) breakpoints. As a general trend, the performance metrics of FAST 
improved. Importantly, the very major and major error rates dropped drastically (0 VME, 1 ME), 
with all other errors remaining as minor errors. The best results were obtained using EUCAST 

breakpoints; only minor errors were observed with AXO, MEM and PT4 (2, 0 and 3, respectively), 
and 3 minor and 1 major error for GEN. 

 

6.6 FAST can be adapted into a 96-well plate format high-throughput assay 
yielding as many as 22 individual MIC results in 3 hours 

We found that Sensititre™ BMD plates can be used to standardise FAST assays for high-
throughput processing. Customisable antimicrobial layouts designed to target clinical priorities for 
the organisms being tested are an attractive option in any clinical workflow. We substituted 
commercially available Sensititre plates for the in-house antimicrobial agent plates. (For the 

purpose of this exercise, we extended the thresholds determined previously for single members of 
an antibiotic class to all other agents in that class, e.g. a 65% threshold, determined empirically for 
gentamicin, was applied to all aminoglycosides.) We interpreted S/I/R results using EUCAST v9.0 

breakpoint tables. 

 

6.6.1 K. pneumoniae high throughput FAST with Sensititre™ SEMPA1    

To demonstrate proof of principle, we selected two strains of K. pneumoniae from the initial 
meropenem characterisation work: ATCC® 700603 and K14. The SEMPA1 format was made 

available to us through the collaboration with the EUCAST development laboratory, has 13 
antimicrobials on the plate, and is used for epidemiological monitoring of susceptibility patterns. 
We inoculated two Sensititre plates: one for FAST analysis and one that was sealed and incubated 

for 24 hours and read as a BMD as per manufacturer’s instructions.  
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For ATCC® 700603, 10 of 13 antimicrobials produced results within essential agreement of the 
BMD that also produced categorical concordance. Two of 13 antimicrobials produced minor errors 
while remaining in essential agreement (piperacillin/tazobactam – BMD 32, R vs. FAST 16, I, and 
ciprofloxacin BMD 0.5, I vs. FAST 1, R). The results for cefepime produced a very major error 

(BMD 8, R vs. FAST 1, S). For K14, 12 of 13 antimicrobials produced results that were within 
essential agreement and categorically concordant. One antimicrobial, imipenem, was within 
essential agreement, but produced a minor error (imipenem – BMD 4, I vs. FAST 2, S). These data 

are summarised in Figure 6.32 and Figure 6.33 respectively. 

 

6.6.2 For K. pneumoniae strains, there is evidence of putative heteroresistant 
populations found in cefepime and aminoglycoside data 

We elected to perform extensive manual curation of these data to better understand the 
susceptibility-associated signatures we saw in previously untested drugs. Given the broad 
generalisability of the method, we were motivated to understand the very major error with ATCC® 

700603 and cefepime. We found that, much in the same way that S. aureus underwent whole 
population bivariate distribution shifts when exposed to sub-inhibitory doses of antimicrobial tested, 
the bacterial population in ATCC® 700603 increased by approximately 1 log10 in both forward 

scatter and SYTO® 9 fluorescence. This shift pushes most events (≥ 90%) outside the AUP gate 
prior to a known inhibitory effect (by BMD – MIC 8 µg/mL). After this initial shift, the numbers of 
total cells with the specimen remained static until 8 µg/mL of cefepime, and then diminished. 
These trends confounded AUP gating based analysis. 

 

We speculated this may be a heteroresistant sub-population of cells. We applied the same AEP 

gating strategy we used for S. aureus FAST (summarised in Figure 6.34) and found that this 
strategy returned an MICFAST result that was concordant with the MICBMD. If this alternative strategy 
was applied to K14, for which standard AUP analysis presented no issue, no difference in MICFAST 

was observed and it remained concordant with the MICBMD. 

 

Closer examination of data for the aminoglycosides on this plate format (gentamicin and 
tobramycin) showed an interesting example of putative heteroresistance. For both drugs, we 
noticed a bimodal distribution of events in the SYTO® 9 that flips from the majority of events falling 
into the AUP gated region at low antimicrobial concentrations, to being majority falling outside the 

gated region at concentrations approaching the isolate specific MICBMD (Figure 6.35). While the 
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conventional FAST analysis pipeline did not require modification to make a correctly MICFAST 
determination, these findings highlight the complexity of single-cell resolution antimicrobial 
resistance phenotype. 

 

6.6.3 S. aureus high throughput FAST with Sensititre™ SEMSE3 and SEMSE4 

For the proof of concept experiments with S. aureus we sought to hat the conversion to high-
throughput Sensititre™ FAST was possible, while maintaining appropriate precision and accuracy, 
across a far broader range of drugs. We used the custom Gram positive surveillance plates from 

the EUCAST development laboratory SEMSE3 and SEMSE4 to produce 32 MICFAST results in 6 
hours (1 hour pre-incubation, 3 hours of antimicrobial exposure, and 2 × 1 hours to read both 96 
well plates consecutively by AFC). We used MSSA ATCC® 29213 and MRSA ATCC® 33592 since 

they are isolates for which many MICBMD values are well-established. Extrapolating from the work 
with oxacillin and cefoxitin we applied a 10% threshold for MIC determination. There was 
categorical and essential agreement for all 32 antimicrobial agents. There was correct categorical 
susceptibility prediction in 30 out of 36 results for ATCC® 33592 (Figure 6.36, Figure 6.37, Figure 

6.38 and Figure 6.39). Azithromycin, daptomycin, roxithromycin, and quinupristin/dalfopristin each 
had a minor error. There was a major error for tigecycline and very major error for clarithromycin. 

 

6.7 Discussion 

FAST is a robust assay platform capable of accurately predicting MIC and categoric susceptibility 
results for ≥ 34 antimicrobial agents and ≥ 26 microbial species within 3-6 hours of isolating viable 
bacteria from a primary specimen. While any specimen containing bacteria can be used, FAST is 

ideally suited for used with PD-associated peritonitis because of large volume of PDE in a 
specimen to isolate bacteria from. FAST elucidates the complexity of microbial responses to 
antimicrobial agents that many existing assays (both clinical and academic) fail to address 

adequately. 

 

6.7.1 Single-cell resolution on population-wide antimicrobial agent effects provides 
novel insights into the nature of antimicrobial responses 

After the in silico thought experiments (Appendix 3), we recognised that the ideal assay design was 
essentially a broth-microdilution test with an analytical process allowing for earlier, more precise 
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measurements. We standardised the inoculum using AFC counts at 5.0 × 105 bacteria/mL, used 
MHB as the challenge medium, and sought to measure changes in phenotype and growth that 
would correlate directly with a BMD test. 

 

SYTO® 9 and PI staining showed reproducible distribution patterns in the AFC data, but we were 
unable to meaningfully correlated these with the MICBMD (Figure 6.2). Live/DEAD™ Fixable Violet 

viability staining showed a correlation between the percentage of non-viable cells and the MICBMD 

(Figure 6.3). Data from supra-MIC concentrations showed lower percentages of non-viable cells 
than at the MICBMD. We hypothesise this may be due to complete cell lysis – lysed cells are 

measured as debris and blend into the background noise. Simply summarised, traditional 
measures of viability by AFC gave indications of complex antimicrobial effects that defied 
traditional ordinal susceptibility classification.  

 

These observations prompted me to develop the approach of comparing exposed cells to an AUP 
– an Antimicrobial Unexposed Population. Cells of different strains within a species, and even cells 

of the same strain, show complex and variable distributions by AFC in any given experiment. 
Consequently, absolute measures would be near to useless to accurately measure an 
antimicrobial effect. We hypothesised that contemporaneous comparison between antimicrobial 

exposed, and antimicrobial unexposed cells would be required to encapsulate the dynamic 
interaction.  

 

This hypothesis was supported by the comparison of a control susceptible (ATCC® 700603 – 
Figure 6.4) and control resistant (ATCC® BAA1705 – Figure 6.5) K. pneumoniae when given a 30-
minute pre-incubation, and a 30-minute exposure to meropenem. We noted two key features: 

 

1. While overall cell numbers varied widely between replicates of experiments, the 

proportional changes when the SAS occurred remained constant and, 
2. A clinically resistant isolate could be made to display an SAS if the drug concentration was 

high enough. 

 

We speculated that previous attempts to reliably perform AST by FCM might have failed due to the 
inability to reproducibly discriminate between uncompromised microbial cells, and antimicrobial 
compromised cells (or cell fragments). The inherent variability of microorganisms may subvert 
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strategies based solely on measuring stain indices as a measure of antimicrobial agent-induced 
compromise. 

 

If we were to be successful in accurately predicting MIC by AFC, we needed a self-referential, 
internally controlled process to measure concentration-dependent antimicrobial effect. we 
recognised that more data across a broader range of phenotypes was necessary to understand the 

relationship between measurements of AUP and distributions changes seen in an SAS. 

 

6.7.2 Standardising wet-laboratory and analytical workflows allowed for meaningful 
quantitative inter-isolate comparisons  

Comparisons of our proof-of-concept data to the earlier attempts in the literature suggested we had 
measured similar effects as others before us331,333. A lack of precision and reproducibility limited 
those studies. A key difference comes from the power of a flow cytometer designed to accurately 

dispense and measure known volumes of fluid. While we do not present data on the empirical 
accuracy of the volume dispensed, the summation of the data presented in this thesis shows less 
than 4% total variability in technical replicates of data. This internal self-consistency of the 

measurements allowed me to make rigorous comparisons between specimens.  

 

When designing an analytical workflow, the design choices were two-fold: firstly, we aimed for a 
method that removed as much user bias as possible. The example presented in Figure 6.7 uses 
simple histogram gating and derived parameters for exclusion of aggregate events and non-
staining particles. We could have used free-hand polygon gating strategies common in eukaryotic 

flow cytometry data handling workflows, but this approach allowed a standard analysis template 
that could be applied without the need for an expert user. Secondly, we chose comparisons and 
gating techniques that would be amenable to automation in future incarnations of an analysis.  

 

The data from three meropenem susceptible isolates and three meropenem resistant isolates 

(Figure 6.8) were carefully aligned (both as a comparison between sets of AFC data and with BMD 
tests run in parallel from the same cultures). These data, and the use of a consistently applied 
statistical measure (the nearest-neighbour contouring algorithm used to set the AUP gate) gave 
me the means to test the hypothesis that direct comparison back to contemporaneously measure 

unexposed control was the essential component in turning AFC observations into a universal 
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metric of antimicrobial compromise. The remaining challenge was turning these observations into a 
useful AST endpoint. 

 

These data showed that susceptible isolates declined immediately in numbers of bacteria (per µL 
of the sample acquired by AFC) falling within the AUP gated region at the lowest concentrations 
tested. Resistant isolates showed a more gradual decline in event numbers as they approached 

the meropenem MICBMD. The appearance of the SAS associated these numerical trends: changes 
in distribution were linked to decreases in numbers of bacterial cells. The prototype FAST assay 
prototype was never designed to assay viability or vitality, but to measure the magnitude of an 

antimicrobial effect and correlate that with known measures of antimicrobial susceptibility. It was 
tempting to speculate that high FSC, high SYTO® 9 fluorescence subpopulations observed were a 
direct measurement of the ballooned, swollen cells we saw by microscopy. However, assigning 

morphotypical features to AFC data in this manner is tenuous without rigorous quantitative 
fluorescence microscopy.  

 

Comparing event numbers in the AUP gate / µL (representative Figure 6.10 and Figure 6.11) 
across the first ten training isolates demonstrated some features of meropenem susceptibility that 
are not apparent in BMD tests. BMDs are interpreted as a binary: growth, or no growth. Ambiguous 

endpoints (like patchy growth or skipped wells) are a known limitation of BMD. Data from FAST 
show different levels of magnitude of antimicrobial effect across an antimicrobial dilution series. 
Some isolates retain comparatively high numbers of cells within the gate until they reach the 

MICBMD, and then drop sharply. Others show a more gradual decline in cell numbers in the 
exposed samples across an antimicrobial dilution series. We speculated these phenomena were 
the potential cause of BMD artefacts such as trailing endpoints but were limited in the conclusions 
we could draw. Further wide-scale studies should be implemented to examine to potential impact 

of the known flaws of BMD (e.g. skipped wells, patchy growth, etc.) on the biology underpinning 
FAST. 

 

Rather than pursue the underpinning biology, we chose to remain focused on translating single-cell 
resolution AST data into a reportable prediction of MIC. The performance of the training set data 

(Figure 6.12) using a heuristic threshold at 30% was encouraging, but left me faced with a novel 
problem: without precedents for single-cell resolution AST method, how could we rigorously set 
and compare the performance of potential end-points? 
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6.7.3 Setting standards for single-cell resolution AST endpoints requires large and 
varied data sets to ensure that selection biases do not influence results 

When we collected FAST data from the internationally representative collection of K. pneumoniae 
we made a philosophical choice to keep the AFC analysis blinded to the BMD data. For the initial 
round of analysis and MICFAST prediction, we continued to use the 30% threshold, but were ever 

conscious of endpoint performance. Conventional methods of AST performance are based entirely 
on the performance of the assay relative to an external comparator; best practice dictates the best 
comparator is BMD). Consulting with international colleagues, we reasoned that no single measure 

would be enough: while numerical correlation between MICFAST and MICBMD is essential, such a 
measure is agnostic to the clinical consequences of the categorical assignment an MIC carries. 
Conversely, merely relying on a susceptibility categorical assignment loses the inherent power 
gained by quantitative measures of MIC.  

 

Combining measures of Spearman rank correlation (to correct for the discontinuous MIC data – 

Figure 6.13), essential agreement (i.e. correcting for the known ± 1 doubling dilution variability of 
the BMD comparator), and categorical agreement was a logical first step towards achieving a 
measure of “goodness of fit”. We felt it was still missing one key component: not all errors are 

created equal. Minor errors are primarily artefacts born out of a rigid categorical boundary when 
the BMD has a known margin of error of ± 1 doubling dilution. On the other hand, a very major 
error has the potential to be imminently fatal to a patient. Instituting a weighting based system 
became an obvious necessity when comparing EA and CA percentages across the full data set at 

different numerical thresholds (Figure 6.14). Comparing the range from a putative 20% threshold to 
a putative 50% threshold demonstrates that EA and CA will not always behave in a manner that is 
entirely linked, and the artificial nature of the system can make the ideal performance point non-

obvious. The FAST Error Coefficient (FEC) became a simple way to encapsulate this philosophy. 

 

We simulated die-rolling experiments (Figure 6.14) to demonstrate two points. Firstly, we wanted to 
prove that the FEC and Performance Score parameters would adequately penalise objectively 
poor performance data (i.e., data that was not a correct AST endpoint would receive a bad score). 
Secondly, we wanted to demonstrate that the threshold for adequacy was set high enough. Even in 

the case of the third presented replicate of random data (where we reach a CA of 60%) the 
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performance score remains orders of magnitude smaller than performance scores for endpoints 
performing to the standard to be clinically acceptable.  

 

Errors, when they occur, never occur in those isolates that are exquisitely susceptible or extremely 
resistant. We found they occur clustered around the breakpoints. This finding is not novel, but the 
implications are rarely discussed explicitly in the literature345. The rise of AMR has sparked 

extensive innovation AST, but many examples of this innovation lack the appropriate 
microbiological context to support claims. Without a collection of isolates with quantifiable 
resistance phenotypes at, or approaching, the resistance breakpoints, it is difficult to assess the 

actual performance of any new AST system.  

 

FAST shows the potential to be used as a discovery tool to understand the interactions between 
changes in phenotypic distribution (as measured by AFC), their correlation to existing AST 
standards, and the association of these measures of AST to the underpinning resistance biology. 
To design better ASTs, we must better understand AMR at a single cell level. 

 

6.7.4 Single-cell resolution FAST data can be used to elucidate features of 
biological complexity in the interaction between K. pneumoniae and 
meropenem 

We investigated the very major error we encountered with K16. The persistence of the colony 
variants, even after numerous sub-cultures from single colonies of each variant (Figure 6.17A), 

demonstrates the complexity of resistance phenotype at a sub-population level. Low-prevalence 
populations with inducible phenotypes that convey meropenem resistance exist. In many cases 
exposure to the antibiotic is required to initiate expression of factors responsible for the phenotype. 

We began to question to the biases introduced in the MICBMD result for K16. During development, 
we followed the BMD ISO standard281, which mandates that inocula be prepared by touching a 
sterile loop to three colonies on a plate. When we performed FAST touching only colonies of each 

variant, we assayed one susceptible value (2 µg/mL) and one resistant value (64 µg/mL) (Figure 
6.17B). We noted that the MICBMD observed during the initial data set (16 µg/mL) is the median 
between these two values. We hypothesised that these observations were resultant from selection 
and enrichment of subpopulations of differing resistance phenotypes and that this observation was 

consistent with heteroresistance. 
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Investigation into this question was philosophically simple: "if we conduct one round of 
antimicrobial challenge to select for the more highly resistant subpopulation, we will see an 
increase in MICFAST following a second challenge." The data in Figure 6.18 show two key 
observations: firstly, that the double-population (one inside the AUP gate, one outside the AUP 

gate) at 2 µg/mL of meropenem that is present during the first round of the antimicrobial challenge 
is absent after subculture. Secondly, the MICFAST and MICBMD are both reproducibly raised 1-2 
doubling dilutions (which results in a resistant categoric assignment and categorical agreement 

between FAST and BMD). 

 

While these data support the hypothesis of observable heteroresistance, we note an alternative 
biological hypothesis. During the first round of FAST, following 2 µg/mL meropenem exposure, the 
data show a subpopulation of cells that persist with FSC and SYTO® 9 fluorescence consistent 
with the cells in the unexposed control. After meropenem exposure and subculture (i.e. the second 

round of FAST), there was a 6.67-fold increase in cells with a distribution consistent with 
meropenem-unexposed cells. These changes were corroborated by the MICBMD. The reproducible 
presence of two colony variants may suggest that factors other than the IMP-4 enzyme may be 

responsible for the resistance phenotype, and that we have simply been applying selection 
pressures to bias the global phenotype.  Lack of a consensus definition of heteroresistance in the 
literature make it problematic to decide if we have reached the burden of evidence required308. 

These data highlight the fundamental questions that must be considered in any discussion of 
heteroresistance:  

 

1. What components of heteroresistance result from biological phenomena that will accurately 
reflect the probability of treatment success with the antimicrobial agent in question in a 
patient? 

2. What features of heteroresistance result from the artificial nature of the in vitro antimicrobial 
challenge in existing AST-testing (e.g., the discontinuous nature of concentrations tested in 
a BMD)? 

3. How can we predict which features will be of clinical significance and, if they are deemed to 
be clinically significant, what percentage of a total microbial population will need to be 
resistant to an antimicrobial to ensure persistence and viability in vivo? 
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These questions need to be pursued with methods more encompassing than just FAST and BMD 
analysis. Given the lack of appropriate solutions for single-cell resolution cell sorting equipment 
with the precision required to sort bacteria without drastically reducing viability, experimental 
investigation with multiple ‘omics tools to confirm the finding would be ideal.  

 

Gaining an understanding of the accuracy of single-cell resolution phenotypic analysis reinforced 

necessity of precision analytical options, which led to standardisation of the post-analytical 
workflow (Figure 6.19). Following rigorous data workflows, without any subjective gating, allowed 
me to continue to document incidences of putative heteroresistant subpopulations (which we found 

in 17 of the 48 isolates tested in the characterisation data sets). We understood that, as we moved 
to address new challenges with FAST, this design philosophy would be essential to continued 
success.  

 

6.7.5 The principles of FAST remain true when assaying S. aureus and 
oxacillin/cefoxitin 

When developing FAST for MRSA screening, we were motivated to keep the method as close to a 

universal wet-lab workflow as possible. Comparing the extremely resistant strains with the 
exquisitely susceptible strains (Figure 6.21) led me to believe that FAST would be adapted to S. 

aureus and oxacillin with no modification required, but using a clinically resistant, lower oxacillin 

MIC strain showed that we were incapable of distinguishing between susceptible and resistant 
isolates with the existing analysis workflow (Figure 6.22).  

 

Shallow machine learning algorithms such as tSNE148145 suffer from reproducibility issues that 
negate their utility as an analysis strategy for an assay designed to be clinical in use, but they have 
demonstrated utility in interrogating complex data sets to answer specific questions. In this case, 

we sought to understand the complexities in the evolution of a SAS for oxacillin with S. aureus that 
would allow me to design in silico processes to produce a MICFAST prediction that aligned with 
MICBMD. Interpreting the data patterns found in Figure 6.23 and Figure 6.24 led me to a hypothesis 

that is consistent with the known in vivo activity of oxacillin on S. aureus: even at sub-inhibitory 
concentrations, the presence of oxacillin causes a reduction in overall cell numbers and leads to 
the formation of tight clusters of cells. As oxacillin concentrations approach and exceed the 
inhibitory concentration, cell wall synthesis is inhibited which leads to loss of cell envelope integrity 

and dispersal of cell clusters. The antimicrobial concentration-dependent changes in Forward 
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Scatter, the fluorescence channels in which the SYTO® 9 signal is measurable, and cell 
suspension density are consistent with this hypothesis. Low doses of oxacillin see 1-2 log10 
increases in FSC and a proportional increase in SYTO® 9 stain fluorescence across multiple 
channels. In the susceptible isolate, the nexus of these altered parameters returns to values 

consistent with the AUP within 1-2 doubling dilutions of oxacillin concentration increase, whereas in 
resistant isolates it does not. We made three conclusions from these data that were conceptual, 
rather than functional: 

 

1. All S. aureus isolates show an alteration in the phenotypical parameters measured by 

FAST that is independent of their susceptibility phenotype. 
2. These effects, especially the reduction in overall cell numbers, occur rapidly. Given that 

turbid BMD wells, after 24 hours of incubation, mostly contain similar cell number we can 

infer that there is a degree of dynamic "recovery" after the initial chemical insult. 
3. To accurately predict oxacillin susceptibility by FAST, we need to focus efforts on 

measuring continuing antimicrobial concentration-dependent effects that are independent of 
the initial, consistent insult. 

 

The AEP1 (Antimicrobial Exposed Population 1 µg/mL) gating strategy is the in silico kludge that 
allows me accurate predictions of oxacillin MIC without modifying the wet laboratory workflow 
(Figure 6.25). Given the EUCAST 9.0 susceptibility tables282 set ≤2 µg/mL as the breakpoint 

definition for an MSSA, we selected the 1 µg/mL exposed concentration to set the AEP gate to 
keep the breakpoint on scale. This strategy holds for cefoxitin (Figure 6.26) and improves the 
performance of the test when compared with traditional AUP gating. While both antimicrobials 
provided perfect EA and CA using the AEP1 strategy for the range of isolates tested (Figure 6.27), 

we note that this data set needs expanding to ensure success with a wide range of resistance 
phenotypes. 

 

Recent literature casts doubt on the suitably of oxacillin as an MRSA screening agent, in favour of 
cefoxitin346–350. For S. aureus, the concentration-dependent antimicrobial effect for cefoxitin is 

simpler to assess qualitatively than oxacillin. Combined with relative simplicity of accurately 
predicting cefoxitin MIC by FAST compared with oxacillin, we cannot help but be drawn to offer an 
opinion to the debate to suggest that much of the uncertainty that is seen with ambiguous 
susceptibility results in mecA negative borderline oxacillin-resistant S. aureus (BORSA) and S. 
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aureus with modified PBPs (MODSA)351,352 might be avoided by universally adopting cefoxitin as 
the MRSA screening drug of choice. 

 

6.7.6 FAST produces rapid and accurate ceftriaxone and gentamicin MICs for K. 
pneumoniae without modification to the wet laboratory workflow 

Choosing ceftriaxone and gentamicin as the next candidates served two purposes: 

 

1. Test whether the SAS would vary between two drugs with similar final mechanisms (i.e. 
compare meropenem and ceftriaxone) 

2. Characterise an antimicrobial whose final mechanism of action was not directly lytic in 
action.  

 
We rationalised that, if FAST were going to have a limit in direct applicability across different drug 

classes, the aminoglycosides would be the likely point of failure due to a lack of early lytic activity. 
We chose transmission electron microscopy studies to give greater resolution to observe 
qualitative changes in cell structures without relying on single-stain fluorescence microscopy. The 

choice to limit studies to representative qualitative studies was framed around our intention: we 
aimed to contextualise the changes in phenotypic data collected by FAST, rather than attempting 
to draw evidential links between the two techniques. For the ceftriaxone examples shown in Figure 

6.28, we saw essentially what we expected to see: a cell-wall active antimicrobial produced 
elongation, swelling, ballooning, and disordering of the cell envelope (specifically of the electron-
dense peptidoglycan cell wall) that was associated with cell lysis. Non-susceptibility to ceftriaxone 
was characterised by an absence of these changes, with K. pneumoniae cells exposed to sub-

inhibitory doses of ceftriaxone showing no consistent differences in cell structure from unexposed. 
The FAST data distributions across FSC and SYTO® 9 fluorescence showed the same general 
trends as both meropenem and cefoxitin; however, the best performing numerical threshold was 

consistent between cefoxitin and ceftriaxone.  

 

For gentamicin, the EM studies were less easily interpreted (Figure 6.29). The highly resistant 
isolate, while retaining cell numbers comparable to the unexposed specimen, underwent consistent 
changes in overall electron density of the cytoplasm. The TEM studies lacked the statistical power 
to perform rigorous comparisons of relative electron density; however, the electron dense area in 

the cytoplasm has an apparent density comparable to that of the protein-rich cell wall. ATCC® 
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700603 has a plasmid encoded aadB gene which produces a 2”-acetyl-transferase353. We 
speculate that the diffuse electron-dense regions in the cytoplasm arise from overexpression of 
ribosomal subunits (to replace those bound by the gentamicin prior to modification by the enzyme) 
and accumulated misfolded peptide chains arising from disordered protein synthesis arising from 

sub-inhibitory ribosomal compromise. It is likely that, given sufficient time in culture (rather than 
fixing cells at the end of standard FAST exposure window) we would see these measures of sub-
inhibitory compromise rescind, with the return of the unexposed morphotype, as the enzyme 

continued modifying the free gentamicin remaining in the challenge suspension. The susceptible 
isolate, on the other hand, underwent a general trend of splitting into two morphotypes: one that 
was smaller (when compared with the unexposed) and had a more electron dense cytoplasm, and 

one that was small, had an electron-lucent internal structure, and a poorly defined cell wall. There 
was an association between these electron lucent structures and the reduced SYTO® 9 
fluorescence in the gentamicin susceptible specimens. We can speculate that the electron-sparse 
structures are some form of "cell ghosts"354. These are either cells that have failed to divide 

correctly and contain minimal internal structure (resulting in the extensive electron lucent regions), 
or cell-derived vesicles that have formed from cellular debris following lysis. Given the variable 
binding affinities of the 16S and 30S ribosomal subunits by gentamicin355 and the varying degrees 

of protection conferred by ribosomal mutations known to arise de novo during gentamicin 
challenge356, it is likely that these anomalous cell morphotypes arise in a chaotic manner that will 
be difficult to predict at a single cell level.  

 

For clinical application of FAST, these findings underscore the necessity of using a "deviation from 
unexposed" model for predicting susceptibility. We have seen conservation of SAS distribution 

changes across mechanisms of action (e.g., meropenem and ceftriaxone) and we have seen 
conservation of numerical thresholds from drugs of the same class (e.g., cefoxitin and ceftriaxone 
share the same numerical threshold for predicting MICFAST). When we examined aminoglycoside 

susceptibility using gentamicin, we saw a varied and often chaotic SAS across antimicrobial 
dilution series. By retaining a conventional AUP gating strategy, and setting a 65% threshold, 
FAST makes adequately accurate predictions of gentamicin susceptibility, with only minor errors 

across the 24 isolates tested.  

 

We must acknowledge a limitation of these data in that the distribution of ceftriaxone and 
gentamicin MICs assayed are biased towards the highly resistant and very susceptible. The 
isolates used were selected from the panel of K. pneumoniae used to test meropenem 
susceptibility. We anticipate that there may need to be revisions in the setting of numerical 
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thresholds used to predict MIC. When categorical errors occur, they occur with isolates with an 
MICBMD close to AST breakpoints.  Best practice standard setting for single-cell resolution 
phenotypic AST would be achieved by acquiring a collection of isolates with known MICs within 
two doubling dilutions of the breakpoint transitions (i.e., S to I, I to R). With that limitation 

acknowledged, we feel it demonstrates that, even with suboptimal isolate selection, FAST is 
suitably rugged as to obtain clinically correct predictions of MIC and, at this point, we felt FAST 
was ready for a more robust challenge. 

 

6.7.7 FAST applied to Gram negative bacteria taken directly from blood culture 
specimens produces rapid AST results consistent with the degree of 
accuracy required for clinical adoption 

Blood culture bottles were chosen as the first "direct from clinical specimen" for two primary 
reasons: firstly, blood cultures are the setting in which rapid AST has the potential to most directly 

impact the course of clinical outcome269,357, and secondly the ISPD recommends inoculation of 
sedimented PDE from suspected peritonitis cases into blood culture bottles as a means of primary 
culture31. Given the relative severity of Gram negative infections31,34, it became the obvious choice 

for a first preclinical study. 

 

After transition to a medium throughput assay using the Attune™ NxT autosampler, the method 
produced results in 4-6 hours from receiving the positive blood culture specimen. As we did not 
explicitly track time from initial blood culture reception at the pathology service, and blood culture 
bottles were often not immediately processed due to the delay between a positive flag and the 

pathology service certifying that the specimen was discarded and available for FAST development 
use, claims cannot be made as to direct time savings. Future studies should be designed and 
resourced with the required ethical oversight and staffing allowances to facilitate direct parallel 

analysis of specimens to allow for estimation of health economics indices such as in-patient 
hospital days and days in intensive/critical care facilities. 

 

The range of species tested (Table 6.13) shows further evidence to assertions that SAS 
distributions are conserved at the level of antimicrobial class. When we began to investigate the 
discrepancies (Table 6.14A), we found that major errors and very major errors we encountered 

using the VITEK™ as the comparator resolved when using Sensititre™ BMD as the comparator 
(Table 6.14B and C). In the absence of major errors and very major errors, minor errors are an 
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acceptable outcome, especially in the low percentage incidence rates. We recognise that the 
numbers of isolates tested, specifically the numbers of resistant organisms assayed across the 
whole data set, are suboptimal and hamper formal calculations of statistically meaningful error 
rates. The "direct-from-blood-culture" incarnation of FAST is not yet ready for full preclinical 

validation studies. The optimisations to workflow, combined with a more streamlined method of 
delivering the antimicrobial challenge would be the ideal first candidates for optimisation. Using 
Sensititre™ BMD plates for the antimicrobial challenge seems the most likely candidate: they are 

stabilised antimicrobial doses, with many plate formats having already received IVD certification 
from the FDA. 

 

6.7.8 Sensititre™ enhanced high throughput FAST demonstrates an optimised 
workflow for potential commercial applications of FAST for academic and 
clinical use 

The preliminary data we have presented using Sensititre™ BMD plates to optimise the 
antimicrobial challenge for FAST demonstrates a potential incarnation for a commercially viable 
AST system. While the data presented in this thesis arise from manually inoculated Sensititre™ 

plates, the use of equipment such as a Sensititre™ AIM auto-inoculator to inoculate bacterial 
culture and stained buffers into FAST plates would allow for the required reduction in manual 
handling to integrate into clinical workflows. 

 

The Gram negative Sensititre™ proof of concept experiments (Figure 6.32, Figure 6.33) showed 
excellent conservation of SAS distributions across drug classes and acceptable performance given 

that non-optimised MICFAST prediction thresholds were used. The minor errors present are within 
the resolution of the BMD, and the cefepime very major error for ATCC® 700603 was corrected 
using an AEP gating strategy (Figure 6.34). The use of an AEP gating strategy for cefepime did not 

change the MIC prediction in the resistant isolate (K14). The unusual phenotypic distribution 
observed in the cefepime discrepancy analysis, combined with the putative aminoglycoside 
heteroresistance in ATCC® 700603 (Figure 6.35), is further evidence to support the necessity of 

further work developing a single-cell resolution definition of heteroresistance. 

 

The Gram positive Sensititre™ proof of concept experiments (Figure 6.36 - Figure 6.39) contain 

equally powerful demonstrations of the potential broad applicability of FAST. Not only can we apply 
the FAST principle to one 96-well plate, we have demonstrated that each initial 96-well plate of 
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antimicrobial agents after the first, if scheduled into an appropriate workflow, adds only the time 
required to read the plate through the Attune™ NxT autosampler to the overall process. We were 
unable to resolve the tigecycline major, or clarithromycin very major errors with the limited data 
available but note that the 10% threshold used to predict MICFAST may be inappropriate for these 

drugs. Future development for this widely expanded range of drugs should follow the roadmap 
outlined earlier in the chapter, testing large numbers of phenotypically diverse isolates to allow for 
rigorous endpoint modelling to assess FAST performance with these drugs.   

 

While it is tempting to suggest that the development data sets presented earlier in this chapter, 

when combined with the limited proof of concept data presented in Figure 6.32 - Figure 6.39, are 
sufficient to claim that FAST has the potential for universal applicability, this thinking illustrates one 
of the great challenges faced by any new AST system. The incremental changes to the method 

made during development render the datasets (for example, the meropenem FAST method from 
6.2 and the meropenem FAST performance from the BC FAST in 6.5) not directly comparable in 
any meaningful manner. For example, to validate an in vitro diagnostic device (Class 2) with the 
FDA via a 510(k) (i.e., the type of validation required to see a new AST used directly in clinical 

practice)358, there are a series of criteria all data must meet to be presented as evidence for 
validation. A (non-exhaustive) summary of the concerns as they apply to FAST development 
activities: 

 

1. All hardware and software designs must be finalised and ruggedised. Changes to hardware 

and software are not permitted during the validation process. 
2. The method must not deviate from a standard workflow. Deviations to the workflow 

invalidate previous acquired data and collection must begin again. 
3. Essential agreement and categorical agreement must be calculated on an 

organism/antimicrobial pairing-specific basis (e.g., assay results must be collected for K. 

pneumoniae exposed to meropenem and K. oxytoca exposed to meropenem separately, 
with no equivalence between the two accepted). 

4. Intended use cases are subject to discretionary oversight by the regulatory body (e.g., K. 

pneumoniae with meropenem for treating peritonitis may be, at the sole discretion of the 
regulatory body, deemed to require a different set of validation data for K. pneumoniae with 

meropenem for treating urosepsis). 
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Based on these restrictions and continuing to pre-suppose we were attempting FDA in vitro 
diagnostic device accreditation for FAST, we can begin to construct a hypothetical example of the 
validation workload required. If one were attempting FDA 510(k) pre-market validation, 375 isolates 
per organism/antimicrobial combination would be required358. To be considered evaluable (i.e., be 

a valid assay result for inclusion in validation data sets), those isolates must have an MIC that is 
within the range of concentrations tested. Of those, 75 must be from fresh isolates (i.e., within 
seven days of isolates, without ever having been cryopreserved)358. It is recommended, without 

binding resolution and left to the discretion of the regulatory body, that ≥25% of all isolates tested 
be phenotypically resistant to ensure accurate calculation of error rates. In addition to these 
restrictions, specific panels of challenge isolates are required to be tested. Many of these 

organisms are available in restricted culture collections, with financial and regulatory barriers to 
access. To put it in perspective, for the range of organisms presented in 6.5 (11 species), we 
would require 4125 FAST assays per drug to achieve a validation data set. Using a high-
throughput Sensititre™ enhanced FAST variant has undeniable attraction in that many drugs (≥13 

drugs per plate) could be assayed for each isolate, giving ≥13 complete drug validation sets for the 
same effort as one (assuming reportable AST breakpoints for all organism/antimicrobial 
combinations. The counterpoint is that any variation to the plate-format and design has the 

potential to be classified as a new indication and require revalidation. 

 

This validatory burden is an impossible undertaking for any individual researcher to accomplish. 
Stable resistant phenotypes for specific organism/antimicrobial combination can be challenging to 
find in the volumes required. Related to PD-associated peritonitis, vancomycin resistance is 
present in wild-type carriage in Gram positive organisms in ≤10% of all isolates, yet vancomycin-

resistant isolates of any of the low prevalence genera are equally likely to cause severe adverse 
outcomes for patients. To collect enough isolates of low prevalence genera with the required 
antimicrobial susceptibility phenotypes will present an enormous challenge. This is best addressed 

by the alignment of international consortia of groups identifying the rare phenotypes and collecting 
isolates for validation studies279.  

 

The more realistic immediate-term goal for future work for FAST development is to focus 
development tasks on building isolates with known susceptibilities around antimicrobial breakpoints 

to optimise and calibrate numerical AST thresholds. These data will drive the four essential 
ongoing development tasks: 
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1. Continuing to expand the repertoire of organism/antimicrobial combinations with 
academically demonstrative proof of concept data sets to demonstrate the broad 
applicability of FAST. 

2. By continuing to expand the range of organism/antimicrobial combinations tested, we can 

develop a set of data that will inform the minimum viable specification for a FAST hardware 
and method specification that could be locked down before validation. 

3. Continuing to optimise in silico processing of FAST data to improve endpoint generation. 

While accuracy is a priority, unsupervised analysis methods that require no intervention 
from a user would be mandated before proceeding with software specification lockdown for 
validation. 

4. The assay design methodology and the quasi-statistical model for testing the performance 
of different numerical endpoints for FAST predictions of drug MICs will act as a guide to 
future development efforts to the above activities. 

 

6.7.9 Considerations for FAST as a new AST platform for peritoneal dialysis-
associated peritonitis 

PD-associated peritonitis mandates that empirical antimicrobial therapy be commenced before any 

AST-testing, even a test as rapid as FAST, can be performed. Current pre-validated incarnations of 
FAST demonstrate an immediate pathway to validation by using FAST to assess susceptibility of 
isolates obtained from blood culture bottles (as is recommended by ISPD guidelines)31. Based on 

reported literature and our development work, it can be estimated that this will give clinicians 
results in approximately 12-24 hours from initial sample provision269–274. While this is an objective 
improvement on the existing testing paradigm, it limits the benefits to patient care to a few 
treatment scenarios: 

 

1. Patients with bacterial peritonitis for which empirical vancomycin/gentamicin combination 

therapy will fail due to one of more antibiotic resistances carried by the causative organism. 
2. Patients with bacterial peritonitis for which empirical vancomycin/gentamicin combination 

therapy is unavailable (usually due to drug allergies) and prescribing physicians are 

required to rationally prescribe based on a “best coverage vs. applicable antibiogram” 
approach. 

3. Patients with fungal peritonitis that may take 3-7 days to be identified by existing pathology 
methods. 
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As it stands, these benefits are immense to the patients fitting into those categories42 but do not 
minimise the burden of validation required to provide commercially available products for FAST 
applied to PD-associated peritonitis. To greatly expand the utility of FAST for PD-associated 
peritonitis, we must develop a “direct-from-PDE” variant of the test that would allow results in 3-6 

hours from initial sample provision. While this will not guide the first dose of antimicrobial therapy, 
such rapidity would allow rationalisation of the second antimicrobial dose given to any PD 
peritonitis patients. 

 

As for drug-selection, the empirical therapy agents recommended by the ISPD would be primary 

candidates: vancomycin, aminoglycosides, and first and third generation cephalosporins31. We 
would aim to give clinicians a screening tool to rapidly identify cases in which empirical 
antimicrobial therapy will fail – while every prescription decision should aspire to best-practice 

antimicrobial stewardship, the more immediate goal must always be to safeguard against 
technique failure and the consequences of serious infection up to and including death. Inclusion of 
additional drugs, tailored to the antibiogram of strains endemic to the region, would allow for 
clinicians to rationalise their on-going prescription decisions, based on empirical evidence, 2-5 

days earlier than the current pathology services permit. 

 

FAST is an imperfect solution for PD-associated peritonitis AST as it stands now but has not yet 
encountered a barrier that could preclude eventual use. Following the development roadmap we 
envisage, there is potential to continue development work into a ruggedized near-point-of-care 

testing system that will provide clinicians with evidence required to make definitive antimicrobial 
prescription choices, tailored to the infecting isolate for this specific case of peritonitis, when 
managing patients with PD-associated peritonitis. 
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6.8 Chapter 6 Figures 

 
Figure 6.1 - Potential interactions between factors influencing antimicrobial resistance phenotype are complex: Summarising the literature, we know that 
interactions between all the potential factors inf luencing resistance have complex biological interactions. The complexity of  these interactions is poorly understood, 
dif f icult to measure in isolation, and of fers a hypothesis as to why simple genomic solutions fail to provide AST solutions. 
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Figure 6.2 - BacLight Live/DEAD™ staining produces uninterpretable results when K. pneumoniae is exposed to meropenem: The Baclight™ Live/DEAD kit 
is predicated on a binary staining phenotype that produces 4 potential staining populations (A). Of  these, two populations are useful for viability determination (“Live”:  
SYTO® 9 +ve, PI -ve, and “dead”: SYTO® 9 +ve and PI +ve). When ATCC® 700603 is exposed to meropenem at concentrations exceeding the MIC, consensus 
gating using Autogate for compensated SYTO® 9 and PI produce 7 reproducible populations with no known correlation to genuine resistance biology. 
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Figure 6.3 - Live/DEADTM Fixable Violet staining displays evidence that S. aureus cell viability associates with oxacillin susceptibility status: Clinical 
MRSA (WACC 0866111) was exposed to oxacillin for 3 hours and stained with 5µM SYTO® 9 and 2 × Live/DEAD™ Fixable Violet (FV) before measurement by 
AFC. Using binary viable/non-viable gating strategies (A), it was found that predominance of  non-viable cells in suspension associated with MIC and supra-MIC 
concentrations of  oxacillin. There was an association between the overall cell suspension density, total percentage of  cells that were FV positive, and oxacillin 
concentration (B), however it was found that at supra-MIC concentrations of  oxacillin, percentage non-viable was not an accurate predictor of  antimicrobial ef fect (C).
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Figure 6.4 - K. pneumoniae exposed to meropenem concentrations exceeding the isolate-specific meropenem MIC demonstrates a reproducible event-
distribution pattern when measured by AFC: Clinically meropenem-susceptible reference strain ATCC® 700603 was used to demonstrate reproducible changes 
in bi-variate FSC and SYTO® 9 f luorescence distribution following 30 minute exposure to meropenem. As a general description, majority cell populations increase in 
FSC and SYTO® 9 f luorescence intensity when exposed to inhibitory concentrations of  meropenem and form additional cell-populations of varying FSC and  SYTO® 
9 f luorescence when exposed to supra-inhibitory concentrations. These changes are associated with a reduction of  overall numbers of  events measured consistent 
with bacterial cells. 
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Figure 6.5 - K. pneumoniae exposed to meropenem concentrations approaching the isolate-specific meropenem MIC for a meropenem resistant isolate 
displays a set of changes consistent with changes seen around the MIC for clinically susceptible isolates: Clinically meropenem-resistant reference strain 
ATCC® BAA1705 was used to demonstrate reproducible changes in bi-variate FSC and SYTO® 9 f luorescence (SYTO® 9 Em) distribution following 30 minute 
exposure to meropenem. As a general description, majority cell populations increase in FSC and SYTO® 9 f luorescence intensity when exposed to near- inhibitory 
concentrations of  meropenem. These changes are associated with a reduction of  overall numbers of  events measured consistent with bacterial cells. 
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Figure 6.6 - Flow Cytometry-Assisted Susceptibility Test workflow: Overnight TSB suspensions of  
bacteria (to simulate clinical f luids) were harvested, stained with SYTO® 9, counted by AFC, and 
standardised to 5.0 × 105 cells/mL for inoculation to MHB. This suspension was pre-incubated for 30 minutes  
at 37°C with 200 RPM shaking as broth macrodilutions to ensure actively dividing bacterial cells were 
present and exposed to antimicrobials for 30 minutes at 37°C with 200 RPM shaking. The broth 
macrodilutions were subsampled, washed, stained with SYTO® 9, and measured using an Attune™ Classic 
AFC to collect for 3 minutes, or until 20,000 events were collected (whichever occurred f irst).
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Figure 6.7 - Introduction of user-introduced bias can be minimised by utilising a standard gating 
template, combined with derived parameter gating: To ensure high quality data for AST performance, the 
following in silico curation steps were performed. Step 1: exported FCS data are imported into analysis 
sof tware and those events with 488 nm Ex, 530/30 nm Em f luorescence of  104 or greater (assuming 
consistent PMT voltages) are selected as nucleic acid containing, putatively bacterial events. Step 2: 
traditional doublet discrimination gates are eschewed (to avoid user inconsistencies f rom hand-drawn gates) 
and an FSC-A / FSC-H derived parameter is used, and those events with a value ≤ 1 are included. Step 3: 
SYTO® 9 specif ic f luorescence is measured by use of  a derived parameter (488nm Ex, 690/60nm Em / 
SYTO® 9 f luorescence) to compare non-specif ic dye activity and/or autof luorescence with specif ic, nucleic 
acid-bound f luorescence – events with a value ≤ 1 are selected. Step 4:  a 10% nearest neighbour 
contouring projection of  the data is produced to determine the region containing the bacterial population. 
Quality control checks of  SYTO® 9 stained resuspension buf fer (without bacterial inoculation) is examined  to  
ensure absence of  bacterial contamination.
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Figure 6.8 - Defining the distribution of the antimicrobial unexposed population (AUP) allows for robust comparisons between antimicrobial exposed 
samples: While overall event numbers (as a metric of  antimicrobial compromise) can be easily confounded, an analysis strategy that draws direct comparisons 
between antimicrobial unexposed and antimicrobial exposed allows for quantitative end-point determination. Using a 10% nearest-neighbour contour (at 10% 
similarity) allows for unbiased gating of  a region delimiting the distribution of  the AUP (marked in purple).  By applying the gate (set in the unexposed samp le) to  al l  
other antimicrobial exposed samples in the series, we found a robust association between meropenem MIC and percentage of  cells remaining (f rom unexposed  cell 
concentration) in the AUP gate. 
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Figure 6.9 - Pairing fluorescence microscopy with AFC demonstrates that changes in distribution in 
AFC data following meropenem exposure are representative of observable biology: We observed 
representative susceptible (ATCC® 700603) and resistant (clinical isolate K8) and observed that, as the 
features of  the SAS emerged in AFC data (and meropenem concentrations approached MIC), an overall 
decrease in cell numbers was observed. Those cells that remain show evidence of  swelling, ballooning and 
elongation consistent with the known action of  meropenem. 
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Figure 6.10 - Comparing the numbers of events per unit volume that fall within the Antibiotic 
Unexposed Population (AUP) gate across an MIC series shows concentration dependent effect that 
associates with MICBMD: Using a clinical susceptible isolate (500638: Reference MICBMD 2 – 4 µg/mL) as a 
representative example, we examined an association between AUP gate events / µL and the MICBMD. We 
found that setting a threshold whereby MICFAST was called when only ≤30% of  the events falling into the 
unexposed AUP gate remained correlated strongly with MICBMD. In this case, MICFAST is called as 2 µg/mL, 
and a paired MICBMD was 4 µg/mL (within essential agreement, and concordant with reference centre MIC). 
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Figure 6.11 - Comparing the numbers of events per unit volume that fall within the Antibiotic 
Unexposed Population (AUP) gate across an MIC series shows concentration dependent effect that 
associates with MICBMD: Using a clinical susceptible isolate (A20: Reference MICBMD 16 µg/mL) as a 
representative example, we examined an association between AUP gate events / µL and the MICBMD. We 
found that setting a threshold whereby MICFAST was called when only ≤30% of  the events falling into the 
unexposed AUP gate remained correlated strongly with MICBMD. In this case, MICFAST is called as 16 µg/mL, 
and a paired MICBMD was 16 µg/mL (concordance between measures, and concordant with reference centre 
MIC). 
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Figure 6.12 - Using a threshold set at 30% of cells remaining in the AUP gate, when compared to the 
unexposed control, gives a robust prediction of MIC: Across 3 biological replicates of  the 10 training 
isolates, we achieved good correlation, MICFAST (Spearman (α = 0.05): 0.994, ***), 96.67% essential 
agreement (29/30), and 80.00% categorical agreement (25/30 – 5 minor errors). 
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Figure 6.13 - Non-parametric correlation of MIC can be used to assess the suitability of quantitative AFC data endpoints used to generate MICFAST: A 
series of  hypotheses were tested such that MICFAST was called at each 5% increment reduction of  cells remaining in the AUP gate (compared with unexposed AUP 
gate contents). All replicates of  data f rom the training set of  organisms (n=10 isolates, 3 technical replicates, n=30 replicates total) underwent alignment of  MICBMD 
and MICFAST (A – 6 replicates shown for demonstration), had Spearman rank calculated (B), and were correlated. We assessed that direct correlation alone was not 
the best measure of  model performance.  
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Figure 6.14 - Using qualitative endpoints derived from quantitative endpoints provides additional measures of goodness of fit across varied hypothetical 
FAST endpoints: EUCAST 9.0 clinical breakpoint tables were applied to generated error rates, categorical agreement and essential agreement for each 
hypothetical FAST breakpoint (A). To assess the suitability of  FAST error coef f icients (FEC) and performance scores, a series of  random data were generated us ing  
a hypothetical 11-sided die to assign random values, with commensurately low scoring results (B). FEC scores and performance scores were assigned to each 
hypothetical FAST endpoint. These scoring components are demonstrative that the initial MICFAST endpoint (30% of  cells remaining in the AUP gate when 
compared with the unexposed) is the most suitable quantitative endpoint for meropenem. 
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Figure 6.15 (Part 1) - FAST was performed on a collection of internationally representative K. 
pneumoniae and MICFAST values generated showed excellent agreement with MICBMD: Susceptible 
isolates showed 100% CA and EA%, with superb non-parametric correlation between MICBMD and MICFAST. 
The second half  of  the data set is continued in Figure 6.16 (Part 2). 
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Figure 6.16 (Part 2) - FAST was performed on a collection of internationally representative K. 
pneumoniae and MICFAST values generated showed excellent agreement with MICBMD: Susceptible 
isolates and resistant isolated showed 89.58% CA and EA%, with superb non-parametric correlation 
between MICBMD and MICFAST. Four MIE and one VME were present in the data set. The f irst half  of  the data 
set is preceded in Figure 6.15 (Part 1). 
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Figure 6.17 - Investigation of K16 very major error demonstrates two stable meropenem resistance 
phenotypes that associated with stable colony variants: We returned to the cryo-preserved stocks of  
K16 and repeated plating of  the isolate to determine the presence of  a common colony morphotype (“rough” 
– irregular, umbonate) and a rare variant (“smooth” – circular, raised). These colony variants persisted 
through ≥ 3 subcultures (A). When meropenem resistance phenotype was assessed (B), the rough colony 
was found to have an MICBMD of  2 µg/mL (S) and an MICFAST of  2 µg/mL (S). When the smooth variant was 
assessed, it was found to have an MICBMD of  64 µg/mL (R) and MICFAST of  64 µg/mL (R).  



199 
 
 

 

Figure 6.18 - Investigation of K16 very major error demonstrates presence of heteroresistant 
subpopulation within the total cell population: During the colony variant analysis, we noticed an 
anomalous split in cell distribution: upon exposure to meropenem, one subpopulation of  the whole event 
distribution showed the features of  the SAS, while one population remaining within the AUP gate (A). We 
performed FAST as per normal, demonstrating the split population (B) and an MICFAST of  2 µg/mL (B). We 
subcultured f rom the 2.0 µg/mL meropenem exposed macrodilution and, af ter overnight incubation, 
performed a second round of  FAST. On the second day, the two population clusters were no longer visible, 
and the MICFAST was 4.0 µg/mL (B). 
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Figure 6.19 - Streamlining the post-assay analytical workflow allows for rapid results processing by non-expert users: we determined that use of  a 
standardised workspace template (FlowJo V10.1) could be used to minimise the requirements of  a highly prof icient user in generating data MICFAST data. We 
established an SOP (as detailed in the f igure) that allowed non-experts to generate MICFAST results in ≤2 minutes. 
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Figure 6.20 - Measuring the cell density present in meropenem unexposed FAST samples allowed calculation of K. pneumoniae generation times for 
assessment of the validity of initial in silico prediction of bacterial growth parameters: we paired measurements of  initial inoculum density with cell 
concentrations in unexposed FAST samples following 2 × 30 minute preincubations. Based on these measurements we found that K. pneumoniae cultures 
underwent between 2 and 5 doubling divisions (mean 3.77, SD 0.84) for a generation time of  between 12 and 50 minutes (mean 17.01, SD 5.18). We found no 
statistically signif icant association between MICBMD and generation time.  
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Figure 6.21 - Exposure of methicillin-susceptible and methicillin-resistant S. aureus to oxacillin 
generates AFC data amenable to adaptation into a FAST assay: Following a 1 hours pre-exposure, and 
a 3 hour exposure to oxacillin, samples of  MSSA ATCC® 29213 and MRSA ATCC® 33592 demonstrated 
features typical of  a FAST assay. Comparing unexposed with 4.0 µg/mL, the MSSA shows increases in FSC 
and 488nm Ex 530/30 nm Em f luorescence, accompanied with extreme reductions of  cell suspension 
density (97.60% reduction). The MRSA shows a similar increase in FSC and 488nm Ex 530/30 nm Em 
f luorescence but does not suf fer the same drastic reduction in cell numbers (34.97% reduction). 
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Figure 6.22 - S. aureus exposed to oxacillin shows concentration dependent effects on AFC data distribution: Oxacillin susceptible S. aureus shows an 
immediate bi-factorial increase in both FSC and 488nm Ex 530/30 Em f luorescence, associated with almost total reduction in cell numbers present. At higher 
oxacillin concentrations, those cells remaining in the sample undergo reductions in FSC and 488nm Ex 530/30 Em f luorescence such that the intersect the AUP 
gate. Oxacillin resistant isolates undergo the same initial increases in measured parameters, however the reduction in f luorescence parameters at higher 
concentrations does not occur. While AUP gate events drop immediately on exposure to oxacillin, overall cell numbers remain commensurably higher.
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Figure 6.23 - tSNE analysis of ATCC® S. aureus 29213 following exposure to oxacillin reveals complexity in multi-parametric fluorescence signals that associate with drug 
concentration: By concatenating FAST data f rom a full MIC series with oxacillin (0.25 µg/mL – 256 µg/mL) and applying the machine learning visualisation tool tSNE, 
we can observe a series of  cell population clusters across the full data set. Close examination of  the correlation between clusters and oxacillin concentration allows 
us to draw inferences regarding the overall progression of  a susceptibility associated signature, and the specif ic changes that occur at low oxacillin concentrations.
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Figure 6.24 - tSNE analysis of ATCC® S. aureus 33592 following exposure to oxacillin reveals complexity in multi-parametric fluorescence signals that 
associate less strongly with oxacillin concentration when compared with the susceptible control: By concatenating FAST data f rom a full MIC series with 
oxacillin (0.25 µg/mL – 256 µg/mL) and applying the machine learning visualisation tool tSNE, we observe smearing between population clusters that is indicative of  
dif f iculty classifying population clusters (i.e. the data f rom which the clustering is performed is highly similar). These data suggest an absence of  a clear 
concentration dependent ef fect by oxacillin on this isolate which is concordant with the known oxacillin resistance phenotype. 
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Figure 6.25 - A modified gating strategy allows for accurate prediction of oxacillin MIC in S. aureus by FAST: To correct for the changes in phenotype 
observed in all S. aureus cells, regardless of  oxacillin susceptibility phenotype at low concentrations of  oxacillin, a secondary gate is placed bounding the bacterial 
population in the 1.00 µg/mL samples (Antimicrobial Exposed Population – 1.00 µg/mL or AEP1). For samples with an oxacillin concentration ≥1.00 µg/mL, the 
contents of  the AEP1 gate / µL is compared with the contents of  the unexposed AUP gate / µL to generate numerical FAST endpoints, with the MIC being ascribed 
to the f irst concentration at which the derived numerical metric falls below 10.0% of  the unexposed. 
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Figure 6.26 - A modified gating strategy allows for accurate prediction of cefoxitin MIC in S. aureus by FAST: To correct for the changes in phenotype 
observed in all S. aureus cells, regardless of  cefoxitin susceptibility phenotype at low concentrations of  cefoxitin, a secondary gate is placed bounding  the bacterial 
population in the 1.00 µg/mL samples (Antimicrobial Exposed Population – 1.00 µg/mL or AEP1). For samples with an cefoxitin concentration ≥1.00 µg/mL, the 
contents of  the AEP1 gate / µL is compared with the contents of  the unexposed AUP gate / µL to generate numerical FAST endpoints, with the MIC being ascribed 
to the f irst concentration at which the derived numerical metric falls below 10.0% of  the unexposed. 
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Figure 6.27 - FAST provides rapid and accurate prediction of MIC with excellent concordance to 
BMD: After one hour of  pre-incubation, and 3 hours of  exposure to either oxacillin or cefoxitin, FAST 
accurately predicts MICBMD to within essential agreement of  the BMD in all cases, and accurately 
characterises methicillin susceptibility in all isolates tested. 
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Figure 6.28 - Representative transmission electron micrographs, paired with representative FAST 
data AFC plots, show association of ultra-structural changes in K. pneumoniae cells with changes in 
bivariate population distribution following ceftriaxone exposure: Exposure to cef triaxone, in the 
susceptible isolate (A), showed elongation and ballooning of  cells at inhibitory concentration, and disordering  
of  the cell envelope consistent with lysis at supra-inhibitory concentrations. These ultra-structural changes 
associated with changes in distribution outside the AUP gated area (indicated in purple) consistent with 
susceptibility by FAST. A phenotypically resistant isolate (B) did not show these changes in ultrastructure or 
AFC data distribution across the range of  concentrations tested. 
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Figure 6.29 - Representative transmission electron micrographs, paired with representative FAST 
data AFC plots, show association of ultra-structural changes in K. pneumoniae cells with changes in 
bivariate population distribution following gentamicin exposure: Exposure to gentamicin, in the 
susceptible isolate (A), showed an overall decrease in cell size, with relatively more dense cytoplasm (as 
compared with unexposed cells) at inhibitory concentrations, the presence of  electron-lucent cell-like 
structures at supra-MIC concentrations. These ultra-structural changes associated with changes in 
distribution outside the AUP gated area (indicated in purple) consistent with susceptibility by FAST. A 
phenotypically resistant isolate showed the increase in cytoplasmic electron density at subinhibitory 
concentrations but lacked the presence of  electron lucent structures. There were no signif icant changes in 
AFC data distribution across the range of  concentrations tested. 
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Figure 6.30 - Schematic representation of custom fabricated FAST antimicrobial exposure micro-titre trays for transition to medium-throughput FAST: 
96-well micro-titre trays were pre-dispensed f rom single-stock batches and cryo-preserved at -80°C until used. GEN: gentamicin, AXO: cef triaxone, MERO: 
meropenem, PT4, piperacillin with constant 4 µg/mL tazobactam. 
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Figure 6.31 - Workflow for medium throughput FAST direct from blood culture specimens with automated sampling: Discarded blood culture specimens 
with a known Gram negative organism were aseptically sampled and treated with 1% v/v Triton X-100 for 5 minutes. Samples were washed and enumerated. 
Specimens were diluted to 1.0 × 106 bacteria/mL and incubated for 30 – 60 minutes. Cell numbers in sub aliquots were enumerated to ensure actively dividing cells. 
Culture was then diluted to 5.0 × 105 bacteria / mL and inoculated into the custom FAST antibiotic exposure plate. Af ter 30 minutes, the plate was washed twice with 
PBS, stained with SYTO® 9 and sampled with an Attune™ NxT autosampler.   
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Figure 6.32 - Sensititre™ High-Throughput FAST with ATCC® 700603 and the SEMPA1 Sensititre™ Plate: Using a high-throughput variant of  the conventional 
FAST workf low, K. pneumoniae ATCC 700603 was inoculated into a 96-well Sensititre™ plate and processed with the Attune™ NxT autosampler to provide 
accurate MIC results in ≤ 3 hours for 13 antibacterials. A very major error for cefepime was present. 
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Figure 6.33 - Sensititre™ High-Throughput FAST with clinical KPC-producing isolate K14 and the SEMPA1 Sensititre™ Plate: Using a high-throughput 
variant of  the conventional FAST workf low, K. pneumoniae K14 was inoculated into a 96-well Sensititre™ plate and processed with the Attune™ NxT autosampler to 
provide accurate MIC results in ≤ 3 hours for 13 antibacterials. One minor error was reported. 
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Figure 6.34 - Investigation of the cefepime very major error for ATCC® 700603 yields a putatively heteroresistant population: Exposing K. pneumoniae 
ATCC® 700603 to the lowest concentration of  cefepime tested (1 µg/mL) resulted in an increase in Forward Scatter and SYTO® 9 f luorescence the moved the 
overwhelming majority of  the population out of  the AUP gate region (bounded in purple). Examining the distribution observed in the lowest concentration (i.e. ,  us ing  
an AEP gating strategy – in this case designated HRP (HeteroResistant Population) and bounded in green) demonstrated a lack in continued antimicrobial ef fec t  on 
this population until exposed to 8 µg/mL of  cefepime.  
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Figure 6.35 - Discrepancy investigation for ATCC® 700603 with aminoglycosides yields a putatively heteroresistant population: Exposing ATCC® 700603 
K. pneumoniae to gentamicin and tobramycin at the lowest concentrations tested (2µg/mL) displayed similar Forward Scatter and SYTO® 9 f luorescence with 
approximately half  of  all events measures in the unexposed control specimens remaining in the AUP gate (displayed in purple). Looking at higher concentrations, a 
bi-modal distribution was observed in each specimen: at 4 µg/mL approximately half  of  the population remained in the AUP gate, and at 8 µg/mL the predominant 
population has moved out of  the AUP gate. We speculate that this is an example of  single-cell resolution of  clinically signif icant heteroresistance to aminoglycosides. 
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Figure 6.36 - Sensititre™ High-Throughput FAST with ATCC® 25923 and the SEMSE3 Sensititre™ Plate: Using a high-throughput variant of  the conventional 
FAST workf low, S. aureus ATCC® 25923 was inoculated into a 96-well Sensititre™ plate and processed with the Attune™ NxT autosampler to provide accurate MIC 
results in ≤ 3 hours for 16 antibacterials. No errors were reported. 
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Figure 6.37 - Sensititre™ High-Throughput FAST with ATCC® 25923 and the SEMSE4 Sensititre™ Plate: Using a high-throughput variant of  the conventional 
FAST workf low, S. aureus ATCC® 25923 was inoculated into a 96-well Sensititre™ plate and processed with the Attune™ NxT autosampler to provide accurate MIC 
results in ≤ 3 hours for 16 antibacterials. No errors were reported. 
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Figure 6.38 - Sensititre™ High-Throughput FAST with ATCC® 33592 and the SEMSE3 Sensititre™ Plate: Using a high-throughput variant of  the conventional 
FAST workf low, S. aureus ATCC® 33592 was inoculated into a 96-well Sensititre™ plate and processed with the Attune™ NxT autosampler to provide accurate MIC 
results in ≤ 3 hours for 16 antibacterials. A very major error was reported for clarithromycin. 
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Figure 6.39 - Sensititre™ High-Throughput FAST with ATCC® 33592 and the SEMSE4 Sensititre™ Plate: Using a high-throughput variant of  the conventional 
FAST workf low, S. aureus ATCC® 33592 was inoculated into a 96-well Sensititre™ plate and processed with the Attune™ NxT autosampler to provide accurate MIC 
results in ≤ 3 hours for 16 antibacterials. A major error was reported for tigecycline. 
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6.9 Chapter 6 Tables 

 

 

 

 

 

 

 

 

Table 6.1 - A locally representative collection of K. pneumoniae: we gathered a collection of  isolates 
representative of  those seen in patients f rom our local regions and returning travellers, with a representative 
distribution of  MICs and resistance mechanisms for initial assay development purposes. 

 

 Isolate Designation Origin Mechanism 

1 ATCC® 700603 USA NDR 

2 43292 Australia NDR 

3 43358 Australia NDR 

4 18397 Australia NDR 

5 44271 Australia NDR 

6 KS1 Sri Lanka OXA-181 
7 KS11 Sri Lanka OXA-181 

8 ATCC® BAA 1705 USA KPC 

9 K1 Australia OXA-181 

10 K14 Australia KPC 
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Table 6.2 - An internationally representative collection of K. pneumoniae: we gathered a collection of  
isolates spanning geographically diverse locations, with a representative distribution of  MICs and resistance 
mechanisms for further development and assay verif ication purposes.

 Isolate Designation Origin Mechanism 
1 2440606 England NDR 
2 2880622 England NDR 
3 51575 Sweden ESBL 
4 515870 Sweden ESBL 
5 ATCC® 700603 USA NDR 
6 ATCC® BAA 1706 USA NDR 
7 3354 Australia NDR 
8 18397 Australia NDR 
9 43288 Australia NDR 
10 43292 Australia NDR 
11 43358 Australia NDR 
12 43854 Australia NDR 
13 A1 Norway NDR 
14 A2 Norway NDR 
15 A3 Norway NDR 
16 A4 Norway NDR 
17 A7 Norway NDR 
18 A13 Norway NDR 
19 A15 Norway NDR 
20 A16 Norway NDR 
21 2890369 England NDR 
22 2980639 England NDR 
23 10924 Sweden KPC 
24 3040820 England pAmpC 
25 270902 England NDR 
26 44271 Australia NDR 
27 K23 Australia IMP-4 
28 500638 Sweden pAmpC 
29 KS1 Sri Lanka OXA-181 
30 374 Sweden VIM 
31 K16 Australia IMP-4 
32 ATCC® BAA 1705 USA KPC 
33 200822 Sweden KPC 
34 A20 Norway NDM-1 
35 70708 Sweden KPC 
36 71076 Sweden KPC 
37 3000770 England NDM-1 
38 N17 Sweden NDM-1 
39 K2 Australia OXA-181 
40 2880654 England KPC 
41 194 Sweden VIM 
42 KS17 Sri Lanka OXA-181 
43 K1 Australia OXA-181 
44 KS2 Sri Lanka OXA-181 
45 KS23 Sri Lanka OXA-181 
46 3080800 England KPC 
47 K8 Australia NDM-1 
48 K14 Australia KPC 
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Table 6.3 - A representative collection of S. aureus isolates: we selected 11 S. aureus isolates f rom the ATCC® 
collection and the Western Australian Culture Collection of  known genotypes (MSSA/MRSA) across a range 
of  oxacillin MICBMDs for testing and development of  the oxacillin FAST assay. 

Strain Genotype MICBMD 
ATCC® 29213 MSSA 0.25 

ATCC® 33592 MRSA 256 
W9346111 MRSA 32 

W08666111 MRSA 16 
W08566111 MRSA 8 

W0236111 MSSA 0.25 
W0816111 MSSA 0.25 
W9196111 MSSA 0.25 

W0096111 MSSA 0.25 
W0296111 MSSA 0.25 

W0226111 MSSA 0.25 
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FAST for S. aureus with oxacillin: 
initial performance with standard workflow 

 Correlation EA CA Agreement MIE ME VME FEC 
Performance 

Score 

5.00% 0.5791 72.73% 72.73% 8 0 0 3 7.55 4.06 

10.00% 0.5791 63.64% 72.73% 8 0 0 3 7.55 3.55 

15.00% 0.5791 63.64% 72.73% 8 0 0 3 7.55 3.55 

20.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

25.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

30.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

35.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

40.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

45.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

50.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

55.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

60.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

65.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

70.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

75.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

80.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

85.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

90.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

95.00% 0.5791 63.64% 63.64% 7 0 0 4 9.73 2.41 

 

Table 6.4 - With an unmodified workflow, FAST performance characteristics for S. aureus and 
oxacillin are poor: We calculated Spearman R, EA, CA, error rates, FEC and performance score for all 11 
isolates, comparing MICFAST with MICBMD, across incremented hypothetical quantitative endpoints. Best 
performance was found at the 5.00% threshold, with 72.73% EA and CA, 3 VME, FEC of  7.55 and a 
performance score of  4.06 (i.e. very poor). 
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FAST for S. aureus with oxacillin: 
performance corrected with AEP1 workflow 

 Correlation EA CA Agreement MIE ME VME FEC Performance Score 

5.00% 0.9878 100.00% 100.00% 11 0 0 0 1.00 57.91 

10.00% 0.9786 100.00% 100.00% 11 0 0 0 1.00 57.91 

15.00% 0.9786 90.91% 100.00% 11 0 0 0 1.00 52.65 

20.00% 0.9878 81.82% 100.00% 11 0 0 0 1.00 47.38 

25.00% 0.7729 72.73% 90.91% 10 0 0 1 3.18 12.03 

30.00% 0.7729 63.64% 81.82% 9 0 0 2 5.36 5.62 

35.00% 0.7729 63.64% 81.82% 9 0 0 2 5.36 5.62 

40.00% 0.7633 63.64% 81.82% 9 0 0 2 5.36 5.62 

45.00% 0.7633 63.64% 81.82% 9 0 0 2 5.36 5.62 

50.00% 0.7028 63.64% 72.73% 8 1 0 2 5.28 5.07 

55.00% 0.7028 63.64% 72.73% 8 1 0 2 5.28 5.07 

60.00% 0.7028 63.64% 63.64% 7 0 0 4 9.73 2.41 

65.00% 0.7028 63.64% 63.64% 7 0 0 4 9.73 2.41 

70.00% 0.7028 63.64% 63.64% 7 0 0 4 9.73 2.41 

75.00% 0.7028 63.64% 63.64% 7 0 0 4 9.73 2.41 

80.00% 0.7028 63.64% 63.64% 7 0 0 4 9.73 2.41 

85.00% 0.7028 63.64% 63.64% 7 0 0 4 9.73 2.41 

90.00% 0.7028 63.64% 63.64% 7 0 0 4 9.73 2.41 

95.00% 0.7028 63.64% 63.64% 7 0 0 4 9.73 2.41 

 

Table 6.5 - Using the modified AEP1 gating strategy, FAST performance characteristics for S. aureus 
and oxacillin are acceptable: We calculated Spearman R, EA, CA, error rates, FEC and performance score 
for all 11 isolates, comparing MICFAST with MICBMD, across incremented hypothetical quantitative endpoints. 
Best performance was demonstrated at two numerical thresholds (5.00% and 10.00%) with 100.00% EA and 
CA, no errors, a FEC of  1.00 and a performance score of  57.91. 
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Table 6.6 - A representative collection of S. aureus isolates: We selected the same 11 S. aureus isolates 
f rom the ATCC® collection and the Western Australian Culture Collection as with the oxacillin FAST assay 
development and measured their cefoxitin MICBMD values for cefoxitin assay development. 

Strain Genotype MICBMD 
ATCC® 

29213 
MSSA 2 

ATTC® 
33592 

MRSA 128 

W9346111 MRSA 32 

W0866611

1 
MRSA 32 

W0856611
1 

MRSA 16 

W0236111 MSSA 2 

W0816111 MSSA 2 

W9196111 MSSA 2 

W0096111 MSSA 2 

W0296111 MSSA 2 

W0226111 MSSA 2 
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FAST for S. aureus with cefoxitin: 
initial performance with standard workflow 

 Correlation EA CA Agreement MIE ME VME FEC 
Performance 

Score 

5.00% 0.9264 90.91% 
100.00

% 
11 0 0 0 1.00 84.22 

10.00% 0.9315 90.91% 72.73% 11 0 0 0 1.00 61.59 

15.00% 0.8753 90.91% 72.73% 11 0 0 0 1.00 57.87 

20.00% 0.8974 90.91% 63.64% 11 0 0 0 1.00 51.92 

25.00% 0.8818 81.82% 63.64% 11 0 0 0 1.00 45.91 

30.00% 0.8671 81.82% 63.64% 10 0 1 0 1.82 24.83 

35.00% 0.8364 72.73% 63.64% 9 0 1 1 4.00 9.68 

40.00% 0.8364 63.64% 63.64% 9 0 0 2 5.36 6.31 

45.00% 0.8304 54.55% 63.64% 9 0 0 2 5.36 5.37 

50.00% 0.8023 36.36% 63.64% 9 0 0 2 5.36 3.46 

55.00% 0.8801 0.00% 63.64% 9 0 0 2 5.36 0.00 

60.00% 0.8823 0.00% 63.64% 7 0 0 4 9.73 0.00 

65.00% 0.8671 0.00% 63.64% 7 0 0 4 9.73 0.00 

70.00% 0.8301 0.00% 63.64% 7 0 0 4 9.73 0.00 

75.00% 0.6809 0.00% 63.64% 7 0 0 4 9.73 0.00 

80.00% 0.5329 0.00% 63.64% 7 0 0 4 9.73 0.00 

85.00% 0.5329 0.00% 63.64% 7 0 0 4 9.73 0.00 

90.00% 0.3133 0.00% 63.64% 7 0 0 4 9.73 0.00 

95.00% 0.5809 0.00% 63.64% 7 0 0 4 9.73 0.00 

 

Table 6.7 - With an unmodified workflow, FAST performance characteristics for S. aureus and 
cefoxitin are adequate: We calculated Spearman R, EA, CA, error rates, FEC and performance score for all 
11 isolates, comparing MICFAST with MICBMD, across incremented hypothetical quantitative endpoints. Best 
performance was found at the 5.00% threshold, with 90.91% EA and 100.0% CA, no errors, and FEC of  1.00 
and a performance score of  84.22. 
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FAST for S. aureus with cefoxitin: 
performance corrected with AEP1 workflow 

 Correlation EA CA Agreement MIE ME VME FEC 
Performance 

Score 

5.00% 0.9325 100.00% 100.00% 11 0 0 0 1.00 92.64 

10.00% 0.8952 100.00% 100.00% 11 0 0 0 1.00 93.15 

15.00% 0.8967 90.91% 81.82% 9 2 0 0 0.84 77.50 

20.00% 0.8771 81.82% 81.82% 9 2 0 0 0.84 71.52 

25.00% 0.8967 81.82% 81.82% 9 2 0 0 0.84 70.27 

30.00% 0.8967 81.82% 81.82% 9 2 0 0 0.84 69.10 

35.00% 0.9325 72.73% 81.82% 9 2 0 0 0.84 59.25 

40.00% 0.5188 63.64% 72.73% 8 2 0 1 3.02 12.81 

45.00% 0.5188 63.64% 72.73% 8 2 0 1 3.02 12.72 

50.00% 0.6311 63.64% 72.73% 8 2 0 1 3.02 12.29 

55.00% 0.5743 54.55% 72.73% 8 1 0 2 5.28 6.61 

60.00% 0.7360 54.55% 63.64% 7 2 0 2 5.20 5.89 

65.00% 0.7360 54.55% 63.64% 7 2 0 2 5.20 5.78 

70.00% 0.7441 54.55% 63.64% 7 0 0 4 9.73 2.96 

75.00% 0.5809 54.55% 63.64% 7 0 0 4 9.73 2.43 

80.00% 0.5809 54.55% 63.64% 7 0 0 4 9.73 1.90 

85.00% 0.5809 54.55% 63.64% 7 0 0 4 9.73 1.90 

90.00% 0.5809 54.55% 63.64% 7 0 0 4 9.73 1.12 

95.00% 0.5809 54.55% 63.64% 7 0 0 4 9.73 2.07 

 

Table 6.8 - Using the secondary AEP1 gating strategy, FAST performance characteristics for S. 
aureus and cefoxitin are exceptional: We calculated Spearman R, EA, CA, error rates, FEC and 
performance score for all 11 isolates, comparing MICFAST with MICBMD, across incremented hypothetical 
quantitative endpoints. Best performance was found at the 10.00% threshold, with 100.0% EA and 100.0% 
CA, no errors, and FEC of  1.00 and a performance score of  93.15. 
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Isolate Designation BMD 
1 80318 0.25 

2 3354 0.25 

3 43292 0.25 

4 43358 0.25 

5 244606 0.25 

6 2880622 0.25 

7 A1 0.25 

8 3040802 2 

9 18397 16 

10 ATCC® 700603 32 

11 51575 256 

12 71076 256 

13 270902 256 

14 A19 256 

15 A20 256 

16 ATCC® BAA1705 256 

17 KS1 256 

18 A17 256 

19 K22 256 

20 A18 256 

21 K1 256 

22 K23 256 
 

Table 6.9 - A sub-collection of K. pneumoniae isolates from the meropenem validation data was used 
to test susceptibility to ceftriaxone by FAST: We selected 22 K. pneumoniae isolates f rom the ATCC® 
collection and the assembled collection of  diverse K. pneumoniae isolates as with the meropenem FAST 
assay development and measured their cef triaxone MICBMD values for cef triaxone assay development. 
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FAST for K. pneumoniae with ceftriaxone: 
performance with standard workflow 

 Correlation EA CA Agreement MIE ME VME FEC 
Performance 

Score 

5.00% 0.982 81.82% 91.30% 21 2 0 0 1.02 72.12 

10.00% 0.971 100.00% 95.65% 22 1 0 0 1.01 92.07 

15.00% 0.960 95.45% 95.65% 22 1 0 0 1.01 86.94 

20.00% 0.960 90.91% 95.65% 22 1 0 0 1.01 82.77 

25.00% 0.937 86.36% 95.65% 22 1 0 0 1.01 76.75 

30.00% 0.898 77.27% 91.30% 21 1 0 0 1.01 62.78 

35.00% 0.902 68.18% 91.30% 21 1 0 0 1.01 55.67 

40.00% 0.902 63.64% 91.30% 21 1 0 0 1.01 51.91 

45.00% 0.900 63.64% 91.30% 21 1 0 0 1.01 51.80 

50.00% 0.899 63.64% 91.30% 21 1 0 0 1.01 51.77 

55.00% 0.900 54.55% 91.30% 21 1 0 0 1.01 44.43 

60.00% 0.895 54.55% 91.30% 21 1 0 0 1.01 44.16 

65.00% 0.890 54.55% 86.96% 20 1 0 1 2.10 20.09 

70.00% 0.897 50.00% 86.96% 20 1 0 1 2.10 18.58 

75.00% 0.899 50.00% 86.96% 20 1 0 1 2.10 18.61 

80.00% 0.871 50.00% 86.96% 20 1 0 1 2.10 18.04 

85.00% 0.799 50.00% 78.26% 18 1 0 3 4.28 7.30 

90.00% 0.794 50.00% 73.91% 17 1 0 3 4.44 6.61 

95.00% 0.794 50.00% 73.91% 17 1 0 3 4.44 6.61 

 

Table 6.10 - Using a conventional AUP gating strategy FAST accurately predicted ceftriaxone 
susceptibility in K. pneumoniae: We calculated Spearman R, EA, CA, error rates, FEC and performance 
score for all 22 isolates, comparing MICFAST with MICBMD, across incremented hypothetical quantitative 
endpoints. Best performance was found at the 10.00% threshold, with 100.0% EA and 95.65% CA, 1 minor 
error, and FEC of  1.01 and a performance score of  92.07. 
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Isolate Designation BMD 
1 27092 1 

2 3354 2 

3 43292 2 

4 43358 2 

5 80318 2 

6 244606 2 

7 2880622 2 

8 3040820 2 

9 51575 4 

10 A1 4 

11 71076 8 

12 ATCC® BAA1705 8 

13 ATCC® 700603 16 

14 18397 128 

15 A17 128 

16 KS1 128 

17 A18 256 

18 A19 256 

19 A20 256 

20 K1 256 

21 K23 256 

22 K5 256 
 

Table 6.11 - A sub-collection of K. pneumoniae isolates from the meropenem validation data was 
used to test susceptibility to gentamicin by FAST: We selected 22 K. pneumoniae isolates f rom the 
ATCC® collection and the assembled collection of  diverse K. pneumoniae isolates as with the meropenem 
FAST assay development and measured their gentamicin MICBMD values for gentamicin assay development. 
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FAST for K. pneumoniae with gentamicin: 
performance with standard workflow 

 Correlation EA CA Agreement MIE ME VME FEC 
Performance 

Score 

5.00% 0.44 47.83% 60.87% 14 2 7 0 3.76 3.43 

10.00% 0.44 56.52% 65.22% 15 1 7 0 3.75 4.35 

15.00% 0.58 56.52% 65.22% 15 1 7 0 3.75 5.74 

20.00% 0.65 52.17% 65.22% 15 1 7 0 3.75 5.93 

25.00% 0.79 73.91% 73.91% 17 2 4 0 2.58 16.64 

30.00% 0.81 78.26% 73.91% 17 3 3 0 2.20 21.25 

35.00% 0.90 82.61% 69.57% 16 6 1 0 1.44 35.68 

40.00% 0.89 82.61% 65.22% 15 7 1 0 1.45 33.09 

45.00% 0.88 82.61% 69.57% 16 6 1 0 1.44 35.12 

50.00% 0.89 86.96% 69.57% 16 6 1 0 1.44 37.13 

55.00% 0.89 86.96% 73.91% 17 5 1 0 1.43 39.79 

60.00% 0.92 95.65% 78.26% 18 5 0 0 1.04 66.01 

65.00% 0.92 95.65% 82.61% 19 4 0 0 1.03 70.34 

70.00% 0.90 91.30% 82.61% 19 4 0 0 1.03 65.62 

75.00% 0.71 82.61% 73.91% 17 4 0 1 2.13 20.24 

80.00% 0.70 82.61% 69.57% 16 4 0 1 2.18 18.31 

85.00% 0.73 78.26% 73.91% 17 3 0 1 2.17 19.56 

90.00% 0.76 73.91% 73.91% 17 3 0 1 2.17 19.02 

95.00% 0.51 60.87% 69.57% 16 3 0 4 5.20 4.11 

 

Table 6.12 - Using a conventional AUP gating strategy FAST accurately predicted gentamicin 
susceptibility in K. pneumoniae: We calculated Spearman R, EA, CA, error rates, FEC and performance 
score for all 22 isolates, comparing MICFAST with MICBMD, across incremented hypothetical quantitative 
endpoints. Best performance was found at the 65.00% threshold, with 95.65% EA and 82.61% CA, 4 minor 
errors, and FEC of  1.03 and a performance score of  70.34. 
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Gram Negative Isolates in BC FAST with one 

or more FAST MICs produced 

Citrobacter freundii 1 

Citrobacter koseri 1 

Enterobacter cloacae 1 

Escherichia coli 26 

Escherichia coli (AmpC) 1 

Escherichia coli (ESBL) 4 

Klebsiella oxytoca 1 

Klebsiella pneumoniae 4 

Proteus mirabilis 2 

Pseudomonas putida 1 

Pseudomonas aeruginosa 7 

Salmonella enteriditis 1 

Serratia marcescens 3 

Total isolates 53 
 

Table 6.13 - Including prospectively collected, non-paediatric blood culture isolates containing a 
Gram negative organism by Gram stain gave a diverse range of organisms: Across the BC FAST pre-
clinical study, we collected a total of  53 organisms f rom Order Enterobacterales and genus Pseudomonas for 
testing. 
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Part A 
A: FAST performance vs. VITEK® (Reference Lab – CLSI Breakpoints) 

 AXO GEN MEM PT4 
CA 88.9% 84.9% 98.1% 90.9% 

VME 0 0 0 1 
ME 3 6 0 0 
MIE 2 2 1 1 

Results (n=) 45 53 53 22 

Part B 
B: FAST performance vs Sensititre™ BMD (CLSI Breakpoints) 

 AXO GEN MEM PT4 
CA 92.0% 81.3% 100.0% 87.5% 

VME 0 0 0 0 
ME 0 1 0 0 
MIE 2 5 0 4 

Results (n=) 25† 32 32 32* 
   Part C 
 

 

 

 

 

 

 

*: Due to all MICs being repeated in discrepancy analysis for any isolate in which one or more drug showed 
discrepancies between FAST and VITEK®, larger numbers of  PT4 susceptibilities were available during 
discrepancy analysis than during the initial pilot study. 
†: The reduced number of  results for cef triaxone is due to a lack of  cef triaxone breakpoints for Pseudomonas  
sp. by either EUCAST or CLSI, making these results unsuitable for CA or error calculations. 

Table 6.14 - FAST predicted susceptibility to ceftriaxone, gentamicin, meropenem, and piperacillin-
tazobactam for Gram negative organisms directly from blood culture: FAST was performed on bacterial 
isolate direct f rom blood culture specimens. AXO: cef triaxone, GEN: gentamicin, MEM: meropenem, PT4: 
piperacillin with constant 4 µg/mL tazobactam. Initial comparisons (A) were compared to susceptibility results 
generated by the VITEK® during routine clinical processing. Discrepancy analyses were conducted and 
compared with Sensititre™ BMD for CLSI breakpoints (B) and EUCAST breakpoints (C). 

C: FAST performance vs Sensititre™ BMD (EUCAST Breakpoints) 
 AXO GEN MEM PT4 

CA 92.0% 87.5% 100.0% 90.6% 
VME 0 0 0 0 
ME 0 1 0 0 
MIE 2 3 0 3 

Results (n=) 25† 32 32 32* 
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7.0 Conclusions 

For patients undergoing PD, the risk of peritonitis and the life-threatening consequences it entails 
remain as the key factor impacting quality of life and a disincentive to select PD as their dialysis 
modality. Early diagnosis, and the prompt commencement of appropriate antimicrobial therapy are 

quintessential to the management of peritonitis. To date, PD patients have not seen the benefit of 
advancements made in the field of rapid, culture independent diagnostics. 

 

The use of flow cytometry as a tool to rapidly detect organisms in PD peritonitis effluent shows 
immense promise. Carefully controlled laboratory experiments have demonstrated that adding a 
Live/DEAD™ Fixable Amine viability reagent to traditional nucleic acid-based flow cytometric 

detection assays more accurately represents the numbers of viable organisms in a sample when 
compared with traditional microbiology measurements of colony forming units per mL. The 
Live/DEAD™ Fixable Amine reagent is a powerful addition to the tools in a cytometrist’s arsenal, 

however further development towards robust and specific stains for the identification and viability 
measurements of bacteria in clinical specimens could further enhance the power of these assays. 

 

Analyses of PD peritonitis effluent specimens yielded insights into the underlying biology of PD 
peritonitis. Lack of confidence expressed previously in the literature surrounding the use of flow 
cytometry as a diagnostic tool for PD peritonitis may be improved by using a combination of 

factors: 

 

1. Specific nucleic acid probes with a strong fluorescence enhancement can be used to 
discriminate DNA containing particles from background noise only when rigorous 
unstained control specimens are used. 

2. The addition of a protein-binding viability stain allows for greater precision in 
determining the viability status of putative microbial events in data measured. The 
necessity for viable and non-viable bacterial control specimens to allow for accurate 
viability classification in clinical specimens cannot be overlooked. 

3. Sequential down-selection of putative microbial events using optical parameters and 
specific fluorescent stains is key to ensuring that the substantial non-microbial noise in 
PD peritonitis effluent specimens is not misclassified as genuine microbial cells. 
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4. The use of shallow machine-learning algorithms for reduction of data complexity can be 
used to allow for greater certainty of the conclusion made. 

 
My report that PD peritonitis effluent specimens contain between 103 and 108 putatively viable 

bacterial cell/mL represents the most comprehensive assessment of microbial load in PD 
peritonitis to date. The assertion that all PD peritonitis effluent specimens contain some level of 
putatively viable microbial cells is consistent with the biological context: PD patients are known to 

develop microbial biofilms in their PD catheters, and it is well established in the literature that the 
movement of fluid past a biofilm causes seeding of microbial cells. The discordance between these 
findings, and the culturable microbiome of PD peritonitis effluent specimens, is highlighted as a 

critical question for future investigation in the field. If a non-culturable microbiome in PD peritonitis 
is as pervasive as the data suggests, this may begin to shed light on the persistent problem of 
culture-negative peritonitis. 

 

The gene expression studies, and investigation of the growth and persistence of different strains of 
PD peritonitis-derived S. epidermidis isolates, describe a novel perspective on the role of inter-

strain variability in the interactions between bacteria and the mesothelial immune response. The in 

vitro gene expression studies are the first report of the mRNA level response to early (1 hour of 
exposure) exposure to S. epidermidis and found that TNF-regulated signaling is the core 

component of the early response. Gene pathways associated with programmed cell death are 
present, even at this early time point: this suggests that future avenues of investigation towards 
modulating the early immune response will be key in preserving mesothelial membrane function for 
PD peritonitis patients. 

 

The inter-strain variability seen in chemokine and cytokine signaling in mesothelial gene response 

studies was recapitulated in the bacterial growth and persistence studies. Inter-strain variability in 
persistence in unused PD fluid associated with ability to growth in spent patient effluent: those 
isolates that showed minimal reduction in viability and persistence in unused PD fluid grew better 

in PD effluent than those that did not. These changes in growth and persistence were found in 
those S. epidermidis isolates that were extremely multidrug resistant. When we contextualise the 
findings with recent published developments in the understanding of the transition of S. epidermidis 

from normal skin flora to invasive pathogen, I suggest a potential shift in paradigm: 
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1. Isolates of S. epidermidis that exist as normal skin flora on a patient acquire resistance to 
multiple classes of antimicrobial. 

2. High levels of antimicrobial use in PD peritonitis patients selects for persistence in the 
microbiome of these patients. 

3. Over time, these isolates acquire mutations that allow them to persist in PD fluid, and 
potentially adapt to show improved growth in the artificial niche of the PD fluid exposed 
peritoneal cavity. 

 
Extensive future studies into the genomic and metabolomic diversity of bacteria isolates from PD 
peritonitis will be required to either support or refute the veracity of this hypothesis, but it does 

further underscore the critical importance of effective antimicrobial therapy as the central tenet 
contributing to good outcomes for patients with PD peritonitis. 

 

To that end, the Flow Cytometry-Assisted Susceptibility Test (FAST) shows the potential to 
revolutionise the speed and precision with which antimicrobial susceptibility tests can be 
performed. Further development to allow for testing directly from PD effluent, and an arduous 

regulatory pathway, remain ahead before successful adoption of FAST in a clinical setting, but I 
have demonstrated the required proof-of-concept that such efforts are warranted. 

 

Culture-independent microbiology tools, specifically acoustic-enhanced flow cytometry, show great 
promise both as a discovery tool to gain further insights into the complex interactions between the 

patient immune response, and the bacterial physiology that drives that response. While I have 
identified opportunities for the use of these tools in the management of PD peritonitis, the existing 
position statement of the International Society for Peritoneal Dialysis remains true: more evidence 
and development are required if these tools are to address diagnostic complexity, and improve 

patient outcomes, for patients experiencing peritoneal dialysis-associated peritonitis. 
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Appendix 1: Formulation of buffers and media used in this 
thesis 

Hank’s Balanced Salt Solution 

Compound mmol / L 

NaCl 140.00 

KCl 5.00 

CaCl2 1.00 

MgSO4- 0.40 

MgCl2- 0.50 

Na2HPO4 0.30 

KH2PO4 0.40 

Glucose 6.00 

NaHCO3 4.00 

Phenol Red 0.04 
 

Dulbecco’s Phosphate Buffered Saline 

Compound mmol / L 

NaCl 140.00 

KCl 2.67 

KH2PO4 1.47 

Na2HPO4 0.30 
 

Trypticase Soy Broth 

Component g / L 

Tryptone 17.00 

Soytone 3.00 

Glucose 2.50 

KH2PO4 2.50 

NaCl 5.00 
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Mueller-Hinton Broth 

Component g / L 

Casein acid hydrolysate 17.50 

Beef infusion solids 2.00 

Starch 1.50 

Ca2+ 0.25 

Mg2+ 0.13 
 

Dulbecco’s Modified Eagles’ Medium 

Compound mmol / L 

Glycine 0.40 

L-Arginine 0.40 

L-Cystine 0.20 

L-Glutamine 4.00 

L-Histidine 0.20 

L-Isoleucine 0.80 

L-Leucine 0.80 

L-Lysine 0.80 

L-Methionine 0.20 

L-Phenylalanine 0.40 

L-Serine 0.40 

L-Threonine 0.80 

L-Tryptophan 0.08 

L-Tyrosine disodium salt 0.40 

L-Valine 0.80 

Choline chloride 0.03 

D-Calcium pantothenate 0.01 

Folic Acid 0.01 

Niacinamide 0.03 

Pyridoxine hydrochloride 0.02 
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Riboflavin 0.00 

Thiamine hydrochloride 0.01 

i-Inositol 0.04 

CaCl2 1.80 

Fe(NO3)3.9H2O 2.48 × 10-4 

MgSO4 0.81 

KCl 5.33 

NaHCO3 44.05 

NaCl 110.34 

NaH2PO4.H2O 0.91 

Glucose 25.00 

Phenol Red 0.04 
 

 



273 
 
 

Appendix 2: Tabulated data underpinning data figures and 
summaries for gene expression studies and viable growth 
of S. epidermidis in Chapter 5 

 

Isolate1 Target ID Adjusted p value2 B value (Log-Odds)3 log2FC4 
SE2 FOS 5.51× 10-7 13.572 1.880 
SE2 SCARNA9 2.89 × 10-6 11.649 2.086 
SE2 ZFP36 4.77 × 10-6 11.079 1.163 
SE2 NFKBIA 9.36 × 10-6 10.306 0.978 
SE2 EDN1 1.70 × 10-5 9.645 1.442 
SE2 EGR1 9.82 × 10-5 8.061 0.964 
SE1 CNGB1 4.17 × 10-3 5.918 1.071 
SE1 FBXO32 4.17 × 10-3 5.706 0.909 
SE2 CYP4B1 4.78 × 10-3 4.494 1.236 
SE2 MAP3K5 4.78 × 10-3 4.511 1.121 
SE1 CNGB1 1.36 × 10-2 4.105 1.730 
SE2 MAP3K5 1.36 × 10-2 4.027 1.076 
SE1 VNN3 1.36 × 10-2 3.953 1.132 
SE1 LOC644422 1.57 × 10-2 3.714 1.341 
SE2 IER3 2.46 × 10-2 3.026 0.615 
SE2 NFKBIZ 2.68 × 10-2 2.809 0.999 
SE2 CXCL2 2.74 × 10-2 2.614 1.670 
SE2 LOC338758 2.74 × 10-2 2.643 0.979 
SE1 CXCL12 2.82 × 10-2 2.857 1.024 
SE1 ZFP36 2.82 × 10-2 3.086 0.734 
SE2 TNF 2.87 × 10-2 2.518 2.780 
SE2 LOH3CR2A 3.25 × 10-2 2.262 1.012 
SE1 NFKBIA 3.25 × 10-2 2.594 0.618 
SE1 KLF2 4.06 × 10-2 2.140 0.694 
SE1 MYLK 4.06 × 10-2 2.209 1.190 

1: SE1: ATCC® 14990 SE2: ATCC® 12228 
2: Benjamini-Hochberg adjust p value < 0.05 considered signif icant 
3: The B value is the Log-Odds value that a gene is dif ferentially expressed. 
4: Log2 fold change 
5: Genes in bold were signif icantly up regulated by both strains. 
 

Table A2.1 - Primary mesothelial cell genes significantly up-regulated by S. epidermidis after 1 hour 
of exposure. 
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Isolate1 Target ID Adjusted p value2 B value (Log-Odds)3 log2FC4 
SE1 KIAA1644 2.57 × 10-3 7.066 -1.089 
SE2 ANG 3.74 × 10-3 4.908 -0.905 
SE1 ITLN1 1.36 × 10-2 4.357 -0.948 
SE2 SERTAD1 2.68 × 10-2 2.851 -0.685 
SE2 LOC645638 2.74 × 10-2 2.592 -0.691 
SE1 HAS1 2.82 × 10-2 2.887 -0.736 
SE1 PAQR9 2.82 × 10-2 2.942 -0.983 
SE1 ERF 3.09 × 10-2 2.706 -0.837 
SE2 BAIAP2 3.25 × 10-2 2.251 -0.812 
SE2 ILTN1 3.25 × 10-2 2.248 -0.824 
SE1 LOC100129975 3.74 × 10-2 2.417 -1.057 
SE1 LMCD1 4.06 × 10-2 2.162 -0.636 
SE1 SLC20A1 4.06 × 10-2 2.289 -0.518 

1: SE1: ATCC® 14990 SE2: ATCC® 12228 
2: Benjamini-Hochberg adjust p value < 0.05 considered signif icant 
3: The B value is the Log-Odds value that a gene is dif ferentially expressed. 
4: Log2 fold change 
5: Genes in bold were signif icantly downregulated by both strains. 

 

Table A2.2 - Primary mesothelial cell genes significantly down-regulated by S. epidermidis after 1 
hour of exposure. 
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IPA Canonical Pathways B-H adj. 
p-value1 Ratio2 Molecules 

TNFR2 Signalling 1.20 × 10-3 0.11 FOS, NFKBIA, TNF IL-17A 
Signalling in Fibroblasts 1.20 × 10-3 0.09 FOS, NFKBIA, NFKBIZ 
TNFR1 Signalling 1.86 × 10-3 0.06 FOS, NFKBIA, TNF 
CD27 Signalling in Lymphocytes 1.86 × 10-3 0.06 FOS, NFKBIA, MAP3K5 
Induction of  Apoptosis by HIV1 2.00 × 10-3 0.05 NFKBIA, MAP3K5, TNF 
Acute Phase Response 
Signalling 2.00 × 10-3 0.02 FOS, NFKBIA, MAP3K5, TNF 

Production of  Nitric Oxide and 
Reactive Oxygen Species in 
Macrophages 

2.19 × 10-3 0.02 FOS, NFKBIA, MAP3K5, TNF 

IL-10 Signalling 2.19 × 10-3 0.04 FOS, NFKBIA, TNF 
LPS-stimulated MAPK 
Signalling 2.19 × 10-3 0.04 FOS, NFKBIA, MAP3K5 

Toll-like Receptor Signalling 2.19 × 10-3 0.04 FOS, NFKBIA, TNF 
Role of  Osteoblasts, 
Osteoclasts and Chondrocytes 
in Rheumatoid Arthritis 

2.75 × 10-3 0.02 FOS, NFKBIA, MAP3K5, TNF 

RANK Signalling in Osteoclasts 2.82 × 10-3 0.03 FOS, NFKBIA, MAP3K5 
Apoptosis Signalling 2.82 × 10-3 0.03 NFKBIA, MAP3K5, TNF 
PPAR Signalling 2.82 × 10-3 0.03 FOS, NFKBIA, TNF 
Death Receptor Signalling 2.82 × 10-3 0.03 NFKBIA, MAP3K5, TNF 
Type I Diabetes Mellitus 
Signalling 4.17 × 10-3 0.03 NFKBIA, MAP3K5, TNF 

PKCθ Signalling in T 
Lymphocytes 4.27 × 10-3 0.03 FOS, NFKBIA, MAP3K5 

Type II Diabetes Mellitus 
Signalling 4.27 × 10-3 0.03 NFKBIA, MAP3K5, TNF 

14-3-3-mediated Signalling 4.27 × 10-3 0.03 FOS, MAP3K5, TNF 
IL-6 Signalling 4.27 × 10-3 0.03 FOS, NFKBIA, TNF 
IL-17A Signalling in Gastric 
Cells 4.27 × 10-3 0.08 FOS, TNF 

Role of  Macrophages, 
Fibroblasts and Endothelial 
Cells in Rheumatoid Arthritis 

4.27 × 10-3 0.01 FOS, NFKBIA, CXCL12, TNF 

GNRH Signalling 4.90 × 10-3 0.02 FOS, EGR1, MAP3K5 
Cdc42 Signalling 4.90 × 10-3 0.02 FOS, BAIAP2, MYLK 
4-1BB Signalling in T 
Lymphocytes 5.62 × 10-3 0.06 NFKBIA, MAP3K5 

1: Benjamini-Hochberg adjusted p-value < 0.01 is considered statistically signif icant. 
2: Ratio is the number of  signif icantly dif ferentially genes in the dataset relative to the number 
of  genes in an individual pathway. 

 

Table A2.3 - Top pathways with differentially expressed genes following S. epidermidis exposure: 
Twenty-eight dif ferentially expressed genes identif ied by microarray analysis of  primary mesothelial cells 
exposed to S. epidermidis for 1 hour were analysed by IPA and 35 pathways were represented in the 
dataset.
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 ATCC® 14990 
MHB 1.32 2.28 3.93 1.31 4.04 6.49 2.32 4.98 6.44 

2.3% Glucose PDF 0.6 0.37 1.37 0.53 0.38 0.83 0.55 0.27 1.34 
 C018 

MHB 4.44 4.80 3.11 4.47 3.93 5.21 3.42 3.38 4.11 
2.3% Glucose PDF 0.57 0.34 0.45 0.49 0.40 0.55 0.66 0.28 0.65 

 C043 
MHB 1.78 6.66 6.79 2.19 7.80 6.00 2.66 10.84 6.23 

2.3% Glucose PDF 0.78 0.32 0.88 0.65 0.32 1.08 0.72 0.30 1.17 
 C094 

MHB 4.87 15.86 6.52 6.67 14.52 7.07 6.31 16.68 6.27 
2.3% Glucose PDF 0.6 0.40 0.96 0.59 0.36 1.12 0.49 0.33 0.86 

 C072 
MHB 1.14 1.60 1.57 1.17 1.77 2.14 1.08 1.66 1.63 

2.3% Glucose PDF 0.86 0.83 1.43 0.93 0.75 1.10 0.89 1.22 1.50 
 C057 

MHB 0.86 1.72 3.12 0.96 1.65 2.87 1.51 1.40 2.85 
2.3% Glucose PDF 0.87 0.83 3.35 0.84 0.91 2.73 0.83 0.95 2.37 

 C040 
MHB 2.77 4.76 12.43 2.69 4.40 15.29 2.61 4.47 10.26 

2.3% Glucose PDF 0.72 0.10 0.69 0.66 0.07 0.28 0.80 0.05 0.25 
 C017 

MHB 2.19 2.52 13.31 2.68 2.44 7.20 2.51 2.52 8.64 
2.3% Glucose PDF 0.60 0.03 1.21 0.86 0.03 1.69 0.53 0.03 1.69 

 C015 
MHB 3.04 1.89 14.6 3.04 1.89 14.6 3.60 2.85 10.1 

2.3% Glucose PDF 0.51 0.08 0.24 0.70 0.03 0.20 0.63 0.05 0.26 
 C016 

MHB 3.25 2.20 10.25 2.85 2.22 9.37 2.92 2.23 9.89 
2.3% Glucose PDF 0.73 0.05 0.75 0.6 0.04 0.64 0.64 0.05 0.92 

 

Table A2.4 - Comparisons of growth and persistence in S. epidermidis isolates cultured from PD 
peritonitis cases in unused 2.3% PD fluid and MHB over 4 hours: Data presented are as fold-change 
f rom initial inoculum. 
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 ATCC® 14990 

MHB 4.35 5.48 4.07 2.75 2.45 2.56 2.75 2.45 2.56 
1.5% PDF 0.32 0.48 0.44 0.07 0.09 0.08 0.07 0.09 0.08 
2.3% PDF 0.57 0.50 0.63 0.13 0.20 0.25 0.13 0.20 0.25 
4.5% PDF 0.54 0.6 0.57 0.21 0.23 0.36 0.21 0.23 0.36 

 C072 
MHB 1.88 1.42 0.91 1.15 2.36 2.2 0.8 0.91 1.1 

1.5% PDF 0.55 0.45 1.17 0.74 1.11 1.13 0.41 0.6 1.24 
2.3% PDF 0.95 0.81 1.67 0.84 1.51 1.11 0.48 1.29 1.55 
4.5% PDF 0.6 1.12 1.21 0.64 0.97 1.07 0.57 1.16 1.09 

 C057 
MHB 1.36 1.58 1.73 1.44 1.41 1.66 1.22 1.56 2.21 

1.5% PDF 1.18 1.05 2.12 1.04 1.44 2.48 1.1 1.3 2.31 
2.3% PDF 1.69 1.12 1.89 1.22 1.09 2.07 1.83 1.14 2.47 
4.5% PDF 1.4 1.36 1.64 0.79 1.51 2.02 1.14 0.52 1.64 

 C017 
MHB 3.565 2.96 3.385 3.535 2.685 3.21 3 3.03 3.26 

1.5% PDF 0.46 0.33 0.72 0.58 0.41 0.66 0.47 0.38 0.65 
2.3% PDF 0.75 0.35 0.88 0.63 0.41 0.89 0.43 0.42 0.68 
4.5% PDF 0.87 0.55 0.58 0.63 0.66 0.66 0.55 0.56 0.67 

 C015 
MHB 5.13 6.18 9.71 6.5 6.125 7.63 5.96 6.11 8.48 

1.5% PDF 0.47 0.18 0.43 0.42 0.24 0.41 0.35 0.22 0.54 
2.3% PDF 0.49 0.30 0.57 0.53 0.42 0.63 0.37 0.27 0.57 
4.5% PDF 0.55 0.32 0.55 0.5 0.31 0.69 0.43 0.28 0.53 

 C016 
MHB 4.68 6.59 7.25 4.11 5.00 3.78 3.39 5.42 7.57 

1.5% PDF 0.55 0.25 0.50 0.59 0.28 0.61 0.57 0.17 0.45 
2.3% PDF 0.52 1.22 0.52 0.50 0.66 0.46 0.55 0.46 0.5 
4.5% PDF 0.64 0.47 0.64 0.53 0.43 0.72 0.82 0.45 0.66 

 

Table A2.5 - Comparisons of growth and persistence in S. epidermidis isolates cultured from PD 
peritonitis cases in unused PD fluid of varying glucose concentration and MHB over 4 hours: Data 
presented are as fold-change f rom initial inoculum. 
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 ATCC® 14990  C017 
MHB 104 1.02 1.12 1.12 1.82 1.44 1.72 MHB 104 2.83 1.47 1.81 2.40 2.21 2.06 
MHB 106 3.66 3.16 2.90 5.45 6.03 5.22 MHB 106 9.74 10.00 10.67 2.47 2.38 2.97 
MHB 108 0.88 0.96 0.92 1.55 1.68 1.67 MHB 108 3.27 3.33 3.46 1.03 1.05 1.00 
PDF 104 0.24 0.40 0.26 0.51 0.36 0.47 PDF 104 0.56 0.61 0.49 0.29 0.29 0.32 
PDF106 0.25 0.27 0.26 0.56 0.61 0.59 PDF106 0.73 0.55 0.74 0.23 0.22 0.20 
PDF108 0.95 0.92 0.99 0.39 0.37 0.34 PDF108 0.92 0.88 0.86 0.35 0.34 0.37 

 C072  C015 
MHB 104 1.07 1.44 1.72 1.78 1.12 1.54 MHB 104 2.15 2.06 1.25 4.05 2.77 1.90 
MHB 106 1.99 1.72 1.40 2.69 2.52 2.31 MHB 106 4.88 4.00 6.58 3.85 3.69 4.29 
MHB 108 0.86 0.97 0.97 1.88 2.00 1.83 MHB 108 0.56 0.56 0.54 2.74 2.66 1.41 
PDF 104 1.39 1.46 1.40 1.36 0.87 0.87 PDF 104 0.90 0.96 0.96 0.36 0.64 0.50 
PDF106 0.88 0.62 0.66 1.00 1.11 0.96 PDF106 0.83 0.80 0.87 0.21 0.23 0.22 
PDF108 0.80 0.85 0.96 0.85 0.89 0.94 PDF108 0.97 0.93 0.95 0.29 0.31 0.25 

 C057  C016 
MHB 104 2.58 4.88 2.48 3.11 2.58 2.26 MHB 104 1.83 1.71 1.18 3.55 1.43 2.91 
MHB 106 2.44 2.10 2.07 1.98 2.21 2.00 MHB 106 8.24 5.87 6.47 5.90 4.73 5.63 
MHB 108 1.59 1.70 1.81 1.11 1.31 1.31 MHB 108 0.70 0.49 0.70 2.26 3.07 3.10 
PDF 104 1.20 0.92 1.25 1.22 1.08 1.01 PDF 104 0.87 1.13 0.85 0.65 0.51 0.46 
PDF106 1.05 1.25 1.11 1.21 1.47 1.14 PDF106 0.41 0.80 0.42 0.33 0.38 0.41 
PDF108 0.58 0.65 0.52 0.68 0.78 0.77 PDF108 0.65 0.62 0.46 0.51 0.48 0.51 

 

Table A2.6 - Comparisons of growth and persistence of S. epidermidis isolates cultured from PD 
peritonitis cases in unused 2.3% glucose PD fluid and MHB, starting at either 5.0 ×104, 106, or 108 
viable cells/mL over 4 hours: Data presented are as fold-change f rom initial inoculum. 
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 ATCC® 14990  C072 

Fresenius Balance 0.23 0.25 0.21 Fresenius Balance 0.88 0.86 0.74 
Baxter Physioneal 0.30 0.36 0.30 Baxter Physioneal 0.79 0.80 0.73 

Baxter Dianeal 0.26 0.27 0.28 Baxter Dianeal 0.98 0.85 0.88 
MHB 6.00 5.93 6.35 MHB 0.91 0.84 0.88 

 C057  C017 
Fresenius Balance 0.92 1.05 0.98 Fresenius Balance 0.16 0.26 0.28 
Baxter Physioneal 0.81 0.90 0.82 Baxter Physioneal 0.44 0.33 0.34 

Baxter Dianeal 0.44 0.38 0.34 Baxter Dianeal 0.15 0.20 0.24 
MHB 1.13 1.13 1.18 MHB 2.64 2.83 3.38 

 C015  C016 
Fresenius Balance 0.07 0.08 0.07 Fresenius Balance 0.20 0.14 0.16 
Baxter Physioneal 0.16 0.18 0.20 Baxter Physioneal 0.34 0.33 0.35 

Baxter Dianeal 0.10 0.12 0.09 Baxter Dianeal 0.15 0.15 0.12 
MHB 3.70 2.14 2.15 MHB 3.98 4.19 4.41 

 

Table A2.7 - Comparisons of growth and persistence of S. epidermidis isolates cultured from PD 
peritonitis cases in 2.3% glucose PD fluid from different manufacturers and MHB, over 4 hours: Data 
presented are as fold-change f rom initial inoculum. 
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 ATCC® 14990  C072 
First Flush 0.99 0.84 0.84 1.01 0.93 0.88 First Flush 1.09 1.00 1.15 2.95 2.78 3.20 

PDE1 1.00 0.95 0.94 0.86 0.92 0.86 PDE1 1.69 1.43 1.50 1.93 1.72 2.10 
PDE2 0.89 0.84 0.87 0.91 0.86 0.94 PDE2 0.77 0.79 0.79 1.90 1.98 1.83 
PDE3 0.92 0.88 0.86 0.87 0.87 0.95 PDE3 2.04 1.94 1.57 1.87 1.95 2.03 
PDE4 0.64 0.85 0.90 0.88 0.91 0.96 PDE4 2.71 2.67 2.83 3.69 3.75 3.85 

 C057  C017 
First Flush 1.42 2.16 1.96 1.91 1.83 1.71 First Flush 1.25 1.20 1.37 0.97 0.98 0.99 

PDE1 1.74 1.94 1.71 1.78 1.87 1.84 PDE1 1.00 1.01 0.93 0.94 1.04 1.70 
PDE2 1.69 1.67 1.72 1.92 1.89 1.90 PDE2 0.98 0.99 1.10 0.99 0.89 0.96 
PDE3 1.58 1.45 1.56 1.84 1.93 1.73 PDE3 1.35 1.29 1.42 0.98 1.06 0.64 
PDE4 1.81 1.59 1.96 2.02 2.06 2.04 PDE4 0.98 1.08 1.21 0.85 0.82 0.79 

 C015  C016 
First Flush 1.58 1.63 1.63 0.95 0.99 0.96 First Flush 1.70 1.83 1.84 1.33 1.13 1.29 

PDE1 1.10 1.13 1.20 1.03 1.01 1.00 PDE1 0.76 0.73 0.68 0.77 0.82 0.73 
PDE2 1.15 1.11 1.20 1.07 0.97 1.14 PDE2 0.80 0.90 0.90 0.88 0.88 0.86 
PDE3 1.37 1.37 1.50 1.03 1.00 1.07 PDE3 0.99 1.07 1.03 0.78 0.82 0.84 
PDE4 1.46 1.20 0.97 0.81 0.50 0.81 PDE4 1.46 1.72 1.48 0.75 0.69 0.40 

 

Table A2.8 - Comparisons of growth and persistence of S. epidermidis isolates cultured from PD 
peritonitis cases in PD patient effluent over 4 hours: Data presented are as fold-change f rom initial 
inoculum. A “f irst f lush” is f luid used to check the function of  a PD catheter that is instilled into the abdomen 
and immediately allowed to drain without dwell. PDE1-4 are f rom normal PD f luid exchanged with a dwell 
time of  ≈ 4 hours. 
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Appendix 3: in silico modelling of bacteriological and 
technological challenges for AST by AFC 

Typical bacterial cultures (such as overnight broth culture, or colonies on solid media) contain 
organisms that are mostly in stationary phase. Given the inter-strain variability of lag phase 

durations before exponential growth, working directly from stationary phase introduces an 
unpredictable variable. We chose to use a pre-incubation period to allow an assumption that we 
were working with actively dividing (log phase) culture. We then modelled exponential bacterial 

growth (assuming a normal distribution of division time with a mean of x and a standard deviation 
of x/3) for 1-minute intervals across 60 minutes and observed distribution (Figure A3.1A) and 
cumulative probability (Figure A3.1B). We observed that a 30-minute incubation resulted in a 

cumulative probability for each cell having undergone being division as 0.993, 0.500, and 0.227 for 
20-minute, 30 minute, and 40 minute division cycles respectively. On this basis, we selected a 30-
minute incubation for exposure to antibiotic and noted that future development with slower growing 
organisms might require an extension of the pre-incubation window. 

 

Based on these rudimentary models, and the decision to preincubate for 30 minutes to allow for 

active cell division, we now had a total of 60 minutes of incubation before data acquisition by AFC. 
Based on the modelling presented in Figure A3.1, we further modelled the potential final inoculum, 
following a 30-minute incubation, from a range of inocula (Figure A3.2). To minimise variability 

introduced from uncertainty in microbial growth rates, inoculum densities must be kept as low as 
possible. However, there are practical concerns involved in sampling microbial specimens by AFC. 
There is a trade-off between collecting enough events to minimise the statistical impact of a single 
event of electronic noise (Figure A3.3A) and the time required to collect large numbers of cells 

(Figure A3.3B). This also interacts with the instrument flow rate when considering how many 
events one can collect per second while remaining within the dynamic range of detection. It is 
known, from the manufacturer’s documentation and data presented in this thesis (Chapter 3), that 

the ideal event capture rate using AFC is between 100-2000 events per second. At the lowest flow 
rates (12.5 µL or 25 µL / minute – used for best resolution on small particles) we can model that a 
suspension must contain between approximately 2.4 ×102 and 9.6 ×103 microbes /mL. 

Synthesising a consensus point from these predicted data, we know we should aim to collect 
greater than 10,000 events, and that this collection will take between 5 and 200 seconds 
depending on flow rate and individual suspension densities. 
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The BMD ISO (20776-1:2006) suggests that the initial inoculum, for the antimicrobial challenge 
conducted in a BMD must be 5.0 × 105 CFU/mL. Given the body of evidence supporting an ISO 
method, it is strategically valuable in the development of a new test to reproduce/mimic key 
elements of currently established methods. Returning to the probability calculations presented in 

Figure 4.3, we can estimate that we will see a final inoculum density of 4.76 × 105 and 1.15 × 106 
microbes/mL following the 30 minutes “antimicrobial exposure” incubation – it is worth noting that 
susceptible antimicrobial specimens will likely have substantially lower than these microbial cell 

concentrations due to antimicrobial activity. Knowing that adherence of bacteria to plastics used in 
testing procedures is an ever-present factor in assay design, but lacking robust data to calculate, 
an estimate we estimated an approximate 20% reduction (based on data presented in Chapter 3). 

Based on this, we chose to include a 1:10 dilution step following antimicrobial exposure to ensure 
that maximum particle density will remain within the dynamic range for FCM. 
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Figure A3.1 - Estimations of bacterial division time allow for in silico pre-selection of bacterial exposure conditions: by working f rom published estimates of  
clinically signif icant Gram negative bacterial generation times, estimates of  required exposure windows to measure concentration dependent antimicrobial ef fects 
can be made. Individual probability of  cell division (A) was modelled assuming normal distribution, mean division times of  20, 30, and 40 minutes, with standard 
deviations of  33% of  the mean. Examining cumulative probability of  division (B) shows that, by selecting a 30-minute exposure, the cumulative probabilities of  
division were 0.993 (mean division time 20 minutes), 0.500 (mean division time 30 minutes), and 0.227 (mean division time 40 minutes).  
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Figure A3.2 - Estimations of final cell suspension density for antibiotic unexposed samples: by estimating the division times of  a normally distributed 
population with a mean division time of  30 minutes, and a standard deviation of  10 minutes, we can provide an estimation of  the f inal cell suspension density to allow 
for further in silico optimisation of  the initial wet laboratory testing conditions. 
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Figure A3.3 - Using a priori information around AFC performance, sample suspension density requirements can be pre-modelled: by examining the 
percentage of  total signal that is compromised by a single event of  electronic noise (A), and comparing the known range of  linearity of  detection for the AFC with the 
time such rates would take to collect a desired number of  cells (B), we can estimate the ideal range to achieve the required values for each parameter. In this case, 
we aimed to collect 20,000 in ≤ 3 minutes. 
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Appendix 4: Publications arising from this thesis 
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Appendix 5: Conference presentations, patents, and awards 

arising from this thesis 

A5.1 Conference presentations: 

 
• Mulroney et al. 2017 “Rapid flow cytometry assessment of bacterial load and resistance 

phenotype in peritoneal dialysis effluent” Presented at CYTO 2017, Boston, MA, USA. 

• Mulroney et al. 2017 “Rapid Flow Cytometric Identification and Analysis of Staphylococcus 
spp. from Clinical Fluids” Presented at ASM Microbe 2017, New Orleans, LA, USA. 

 

A5.2 Invited presentations: 

1. “Peritonitis and sepsis associated with peritoneal dialysis: using genomic and phenomic 
techniques to understand the interplay between immunity and infection” – Department of 
Microbiology and Immunology, University of Colorado, Denver. June 15th, 2017. 

2. “Rapid and specific bacterial phenomic analysis for detection and antibiotic sensitivity 
testing” Department of Research and Development, ThermoFisher Scientific, Eugene, 
Oregon. June 23rd, 2017. 

3. “Rapid and specific bacterial phenomic analysis for detection and antibiotic sensitivity 
testing” Genome Sciences Group, Los Alamos National Laboratories, Los Alamos, New 
Mexico, June 26th, 2017. 

 

A5.3 Patents: 

PCT AU2018050318: A Method for Testing Antimicrobial Susceptibility. Filed 2018-04-06. 

 

A5.4 Awards: 

• University of Western Australia Innovation Quarter Award Winner 2017: Flow Cytometry-
Assisted Susceptibility Test 

• Western Australia Innovator of the Year Award Finalist 2017: Flow Cytometry-Assisted 
Susceptibility Test 
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• Harry Perkins Institute of Medical Research James Hopley Student Publication Award 
Runner-Up 2018: “Rapid susceptibility profiling of carbapenem resistance Klebsiella 

pneumoniae” 
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