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ABSTRACT 
  

It is increasingly recognised that microbes residing in our intestinal tract significantly 

influence our physiology and susceptibility to disease. Disruption of resident gut microbiota 

promotes pathogen colonisation and expansion thereby increasing the risk of infection. 

However, little is known about how medical therapies contribute to gut microbiome 

disruption and whether faecal microbiome transplantation (FMT) can be optimised for use as 

a therapeutic to restore damaged microbiomes.  In order to examine these knowledge gaps 

this doctorate is divided into two sections: the first investigates microbiome disruption in 

populations at high risk of infection, and the second investigates the effects of FMT 

processing on bacterial viability and function.  

To better understand the role of medical therapy in driving microbiome disruption two 

distinct cohorts of patients were studied: those receiving myelosuppressive chemotherapy and 

critically ill patients receiving intensive care. Faecal samples collected longitudinally 

underwent 16S rRNA gene amplicon sequencing to determine the within-patient changes to 

microbiome characteristics occurring during medical intervention. In the second part of this 

doctorate a propidium monoazide (PMA) based method was optimised for use in determining 

bacterial viability in faecal samples. This methodology was then applied to study the viability 

of commensal donor microbiota used in a clinical trial investigating the role of FMT in 

preventing recurrent urinary tract infection. 

The results of the first observational study indicate that chemotherapy treatment promotes gut 

microbiome instability and increases the relative abundance of gram-negative commensal 

bacteria at the expense of gram-positive Firmicutes during periods of predicted 

myelosuppression. However, the microbiome disruption experienced by this cohort was 

minor compared to the vast shifts in microbiome diversity and composition experienced by 

critically ill patients. Results from the second section of this doctorate demonstrate that PMA 

in combination with molecular assays can be used to accurately define the viability of 

bacteria in donor faecal slurries and that processing FMT material in aerobic conditions 

significantly impairs the viability of important beneficial commensals.  

Together these findings suggest medical interventions are important drivers of microbiome 

disruption. In both cohorts, but particularly in the critically ill, the changes observed are 



 

viii 
 

likely to contribute to the risk of infection developing. Continuation of these studies will shed 

further light on which markers of microbiome disruption are linked to infection risk. 

Although FMT is a promising therapy for reconstituting disrupted microbiomes, it is critical 

that transplants are prepared in a manner that preserves beneficial microbes. Ultimately, 

further research, including randomised controlled trials such as the one developed as part of 

this doctorate, are required to determine the role of microbiome reconstitution as an 

intervention to prevent infection. 

 

  



 

ix 
 

LIST OF TABLES 

   

 

Table 1.1 

 

Human studies of faecal microbiota transplantation for 

antimicrobial resistance infection or carriage 

 

29 

Table 2.1 Inclusion and Exclusion Criteria 37 

Table 2.2 Cohort demographic and clinical characteristics 43 

Table 2.3 Sample types collected 44 

Table 3.1 Observational studies of gut microbiota in critically ill populations 59 

Table 3.2 Inclusion and Exclusion Criteria of the MOCI study 62 

Table 3.3 Characteristics of samples included in MOCI analysis 66 

Table 3.4 MOCI study cohort demographic and clinical characteristics 67 

Table 3.5 Intestinal domination of ICU patients at different sampling 

timepoints 

75 

Table 3.6 Pseudomonas, Escherichia and Enterobacteriaceae changes over 

time 

76 

Table 3.7 Univariate and multivariate regression of variables that could affect 

microbiome composition 

79 

Table 3.8 Number of specimens and specimen types involved in matched 

sample-type analysis 

83 

Table 4.1 Effect of stool dilution on PMA’s ability to exclude heat-killed P. 

aeruginosa DNA from amplification using P. aeruginosa specific 

qPCR. 

 

102 

 



 

x 
 

LIST OF FIGURES 

 

Figure 1.1 

 

Aminoglycoside resistance genes in cystic fibrosis gut microbiome 

 

10 

Figure 2.1  Faecal microbiome α-diversity changes during chemotherapy 44 

Figure 2.2  Faecal microbiome distribution in paired samples before and after 

chemotherapy 

45 

Figure 2.3  Faecal microbiome distribution and dispersal before and after 

chemotherapy 

46 

Figure 2.4 Microbiome composition similarity between paired and unpaired 

specimens 

47 

Figure 2.5 Phyla relative abundance before and after chemotherapy 48 

Figure 2.6 Pattern of phenotypic resistance of commensal E. coli isolates 

before and after chemotherapy 

50 

Figure 3.1 Participants screened and included in the MOCI study analysis 66 

Figure 3.2 Longitudinal changes in bacterial α-diversity 69 

Figure 3.3  Gut microbiome composition distribution and dispersal over time 70 

Figure 3.4 Faecal microbiome change measured by the Bray Curtis 

dissimilarity score in the MOCI cohort over time 

71 

Figure 3.5 Collapse of commensal microbiota over time in ICU 72 

Figure 3.6 Predominant intestinal taxa over time 74 

Figure 3.7 Taxa bar plot of a participant who developed bacteraemia in ICU 77 

Figure 3.8 Principal coordinate analysis (PCoA) plot visualising similarity of 

sample composition 

78 



 

xi 
 

Figure 3.9 Specific taxa driving differences between stool samples and rectal 

swab samples 

81 

Figure 3.10 Number of samples types collected at different timepoints  82 

Figure 3.11 Longitudinal changes in bacterial α-diversity of matching sample 

types 

84 

Figure 3.12 Non-metric multi-dimensional scaling (nMDS) plot of rectal swab 

composition   

85 

Figure 3.13 Microbiome change in rectal swabs measured by the Bray Curtis 

dissimilarity score in the MOCI cohort over time 

86 

Figure 3.14 Change to specific taxa over time in ICU in a matched-sample 

analysis 

87 

Figure 4.1 Effect of faecal slurry (FS) dilution on the ability of PMA to 

exclude non-viable cells from amplification in FS material 

processed as fresh, frozen or heat-killed (HK). 

100 

Figure 4.2  Effect of faecal slurry (FS) dilution on the ability of PMA to 

exclude non-viable cells from amplification in heat-killed FS 

material 

101 

Figure 4.3  Effect of stool dilution on amplification of heat-killed P. 

aeruginosa cells without PMA treatment. 

102 

Figure 4.4 Proportion of cells determined to be viable S. aureus cells 103 

Figure 4.5 Performance of PMA-qPCR when applied to defined ratios of fresh 

and heat-killed FS. 

104 

Figure 4.6 Performance of PMA-qPCR when applied to defined ratios of fresh 

and heat-killed E.coli spiked in FS. 

105 

Figure 5.1 Proportion of bacteria determined to be viable using 16S rRNA gene 

qPCR in conjunction with PMA treatment 

115 



 

xii 
 

Figure 5.2 Taxa richness of FMT material from 8 donors as assessed by 16S 

rRNA gene amplicon sequencing with and without PMA treatment 

116 

Figure 5.3 Change in the relative abundance of taxa after processing in 

anaerobic conditions with or without PMA  

117 

Figure 5.4 Change in the relative abundance of viable taxa after processing in 

ambient air (O2 vs ANO2) or after freeze-thawing (FT1 vs ANO2) 

118 

Figure 5.5 Proportion of bacteria determined to be viable by specific qPCR 

assays 

120 

Figure 5.6 Assessment of butyrogenic capacity of FMT material by PMA-

qPCR 

121 

Figure 5.7 SCFA levels following in-vitro fermentation of faecal slurries for 

FMT with high-amylose maize starch.  

122 

Figure 6.1  Study schema and timeline 132 

 

 

  



xiii 
 

ABBREVIATIONS 

    

aFMT Autologous faecal microbiota transplantation   

Allo-HSCT Allogeneic haematopoietic stem cell transplantation   

AAD Antibiotic-associated diarrhoea   

ANO2 Anaerobic conditions   

ANOVA Analysis of variance   

ATCC American type culture collection   

ASV Amplicon sequence variants   

COL Colostomy   

COLSW Colostomy swab   

CDI Clostridioides difficile infection   

CF Cystic fibrosis   

CFU Colony forming unit   

CLSI Clinical and Laboratory Standards Institute   

Ct Cycling threshold   

CRE Carbapenem resistant Enterobacteriaceae   

CSF Cerebrospinal fluid   

ESBL Extend-spectrum beta-lactamase   

FDR False discovery rate   

FMT Faecal microbiota transplantation   



 

xiv 
 

FOS Fructo-oligosaccharide   

FimH Fibrial adhesin   

FS Faecal slurry   

FT Freeze-thaw   

GI(T) Gastro-intestinal (tract)   

GVHD Graft-vs-host disease   

HAMS High amylose maize starch   

HK Heat-killed   

IBD Inflammatory bowel disease   

ICU Intensive care unit   

IMV Invasive mechanical ventilation   

IQR Interquartile range   

LDA Linear discriminant analysis   

LEfSe Linear discriminant analysis effect size   

LOS Length of stay   

MAC McConkey agar   

MALDI-TOF Matrix assisted laser desorption ionisation-time of flight mass 

spectrometry 

  

MIC Minimum inhibitory concentration   

MHA Muller-Hinton agar   

MMR Mismatch repair   

MOCI Microbiome and outcomes in critical illness study   



 

xv 
 

MDRO Multi-drug resistant organism   

nMDS Non-metric multi-dimensional scaling   

NS Normal saline   

O2 Aerobic conditions   

OTU Operational taxonomic unit   

PCO Principal coordinate   

PCoA Principal coordinates analysis   

PBS Phosphate-buffered saline   

PCR Polymerase chain reaction   

PD Phylogenetic diversity   

PERMANOVA Permutational multivariate analysis of variance   

PMA Propidium monoazide   

RCT Randomised controlled trial   

RS Rectal swab   

QIIME Quantitative Insights into microbial ecology   

qPCR Quantitative polymerase chain reaction   

RCT Randomised controlled trial   

ROS Reactive oxygen species   

SCFA Short-chain fatty acid   

SD Standard deviation   

SDD Selective gut decontamination   

SOD Selective oropharyngeal decontamination   



 

xvi 
 

SOS Bacterial stress response named after “save our ship” distress signal   

ST Stool   

STSW Stool swab   

UC Ulcerative colitis   

UTI Urinary tract infection   

VAP Ventilator-associated pneumonia   

VRE Vancomycin resistant Enterococci   

 

  



 

xvii 
 

PUBLICATIONS DURING CANDIDATURE 

  

Manuscripts resulting from this thesis: 

1. Papanicolas LE, Sims S, Miller SJ, Taylor S, Karapetis C, Gordon DL, Wesselingh SL, 

Rogers GB. Conventional myelosuppressive chemotherapy for non-haematological 

malignancy alters intestinal microbiology. BMC Cancer. 2021May 22;21(1):591. doi: 

10.1186/s12885-021-08296-4. 

Author’s contributions: LP designed the study with contributions from GR, CK, DG 

and SW; LP and CK were involved in participant recruitment; SS and SM performed 

laboratory work, LP and ST analysed the data; LP interpreted the data and drafted the 

manuscript; GR, ST and DG reviewed and finalised the manuscript. All authors have 

read and approved the manuscript. 

2. Papanicolas LE, Warner M, Wesselingh SL, Rogers GB. Protect commensal gut bacteria 

to improve antimicrobial stewardship. Clinical Microbiology and Infection 2020; 

Jul;26(7):814-815. doi: 10.1016/j.cmi.2020.03.021 

Author’s contributions: LP wrote the commentary with input from GR, MW and SW 

3. Papanicolas LE, Gordon DL, Wesselingh SL, Rogers GB. Improving Risk-Benefit in 

Faecal Transplantation through Microbiome Screening. Trends in Microbiology. 2020 

Jan 15. pii: S0966-842X(19)30324-5. doi: 10.1016/j.tim.2019.12.009.  

Author’s contributions: LP and GR wrote the review with input from DG and SW 

4. Papanicolas LE, Wesselingh SL, Rogers GB. Do we really understand how faecal 

microbiota transplantation works? Authors' reply. EBioMedicine. 2019 Mar 19. pii: 

S2352-3964(19)30170-7. doi: 10.1016/j.ebiom.2019.03.030.  

Author’s contributions: LP wrote the reply with input from GR and SW 

5. Papanicolas LE, Choo JM, Wang.  Y, Leong LEX, Costello SP, Gordon DL, 

Wesselingh SL, Rogers GB. Bacterial viability in faecal transplants: Which bacteria 

survive? EBioMedicine. 2019 Feb 19. pii: S2352-3964(19)30095-7. doi: 

10.1016/j.ebiom.2019.02.023.  

Author’s contributions: LP and GR conceived of the study. LP, GR, SC, DG and 

SW had input into the design of the study. JC and LP performed the microbiome 

analysis. LP, JC, YW and LL contributed to PCR assay development, statistical 

analysis and PMA method validation. LP and YW performed in-vitro fermentation 

experiments. LP, GR, SC and JC interpreted the results and contributed to writing 



 

xviii 
 

the manuscript. All authors critically reviewed the manuscript and approved he final 

version of the report. 

6. Papanicolas LE, Wang Y, Choo JM, Gordon DL, Wesselingh SL, Rogers GB. 

Optimisation of a propidium monoazide based method to determine the viability of 

microbes in faecal slurries for transplantation. Journal of Microbiological Methods. 

2019 Jan;156:40-45. doi: 10.1016/j.mimet.2018.12.001.  

Author’s contributions: LP and GR conceived of the study. LP, GR, YW, DG and 

SW had input into the design of the study. LP performed the PMA and PCR assays. 

LP, GR, YW and JC contributed to interpretation of the results and statistical 

analysis. LP wrote the manuscript. All authors critically reviewed the manuscript and 

approved he final version of the report. 

7. Papanicolas LE, Gordon DL, Wesselingh SL, Rogers GB. Not Just Antibiotics: Is 

Cancer Chemotherapy Driving Antimicrobial Resistance? Trends in Microbiology. 2018 

May;26(5):393-400. doi: 10.1016/j.tim.2017.10.009. 

Author’s contributions: LP and wrote the review with input from GR, DG and SW. 

Other publications during candidature: 

8. Sluggett JK, Moldovan M, Lang C, Lynn DJ, Papanicolas LE, Crotty M, Whitehead C, 

Rogers GB, Wesselingh SL, Inacio MC. Contribution of facility level factors to variation 

in antibiotic use in long-term care facilities: a national cohort study. J Antimicrob 

Chemother. 2021 Feb 13:dkab007. doi: 10.1093/jac/dkab007.  

9. Taylor SL, Leong LEX, Sims SK, Keating RL, Papanicolas LE, Richard A, Mobegi 

FM, Wesselingh S, Burr LD, Rogers GB. The cystic fibrosis gut as a potential source of 

multidrug resistant pathogens. J Cyst Fibros. 2020 Nov 26:S1569-1993(20)30912-7. doi: 

10.1016/j.jcf.2020.11.009.  

10. Gill M, Blacketer C, Chitti F, Telfer K, Papanicolas L, Dann LM, Tucker EC, Bryant 

RV, Costello SP. Physician and patient perceptions of fecal microbiota transplant for 

recurrent or refractory Clostridioides difficile in the first 6 years of a central stool bank. 

JGH Open. 2020 Aug 6;4(5):950-957. doi: 10.1002/jgh3.12396.  

11. Sluggett JK, Moldovan M, Lynn DJ, Papanicolas LE et al National Trends in Antibiotic 

Use in Australian Residential Aged Care Facilities, 2005-2016 Clin Infect Dis. 

2020;ciaa436. doi:10.1093/cid/ciaa436 



 

xix 
 

12. Haifer C, Kelly CR, Paramsothy S, Andersen D, Papanicolas LE et al. SA1913 

Consensus Guidelines for the Regulation, Production and Use of Fecal Microbiota 

Transplantation in Clinical Practice. Gastroenterology 2020;158(6):S-477-S-478 

13. Haifer C, Kelly CR, Paramsothy S, Andersen D, Papanicolas LE et al. Australian 

consensus statements for the regulation, production and use of faecal microbiota 

transplantation in clinical practice Gut. 2020;gutjnl-2019-320260. doi:10.1136/gutjnl-

2019-320260 

14. Douglas CA, Ivey KL, Papanicolas LE, Best KP, Muhlhausler BS, Rogers GB. DNA 

extraction approaches substantially influence the assessment of the human breast milk 

microbiome. Sci Rep. 2020 Jan 10;10(1):123. doi: 10.1038/s41598-019-55568-y. 

15. Jervis-Bardy J, Leong LEX, Papanicolas LE, Ivey KL, Chawla S, Woods CM, 

Frauenfelder C, Ooi EH, Rogers GB. Examining the evidence for an adult healthy 

middle ear microbiome. mSphere. 2019 Sep 4;4(5). pii: e00456-19. doi: 

10.1128/mSphere.00456-19. 

16. Ashokan A, Papanicolas LE, Leong LEX, Theodossi M, Daniel S, Wesselingh SL, 

Rogers GB, Gordon DL. Case report: Identification of intra-laboratory blood culture 

contamination with Staphylococcus aureus by whole genome sequencing. Diagn 

Microbiol Infect Dis. 2019 Feb 23. pii: S0732-8893(19)30069-0. doi: 

10.1016/j.diagmicrobio.2019.02.016 

17. Harch SAJ, Currie BJ, Papanicolas L, Rigas V, Baird R, Bastian I. Utility of a Rapid 

Lateral Flow Assay to Resolve Erroneous Identification of Burkholderia pseudomallei as 

Burkholderia thailandensis by Matrix-Assisted Laser Desorption Ionization-Time of 

Flight (MALDI-TOF) Mass Spectrometry. J Clin Microbiol. 2018 Nov 27;56(12). pii: 

e01437-18. doi: 10.1128/JCM.01437-18.  

18. Rogers GB, Papanicolas LE, Wesselingh SL. Antibiotic stewardship in aged care 

facilities. Lancet Infect Dis. 2018 Oct;18(10):1061-1063. doi: 10.1016/S1473-

3099(18)30548-6.  

19. Leong LEX, Shaw D, Papanicolas L, Lagana D, Bastian I, Rogers GB. Draft Genome 

Sequences of Two Enterobacter cloacae subsp. cloacae Strains Isolated from Australian 

Hematology Patients with Bacteremia. Genome Announc. 2017 Aug 17;5(33). pii: 

e00756-17. doi: 10.1128/genomeA.00756-17. 

20. Papanicolas LE, Nelson R, Warner M. Influence of antimicrobial susceptibility 

reporting on junior doctors’ decision to prescribe antimicrobials inappropriately. J 

Antimicrob Chemother. 2017 Apr 1;72(4):1202-1205. doi: 10.1093/jac/dkw525. 

 



 

xx 
 

DECLARATION 

  

 

I certify that this thesis does not incorporate without acknowledgment any material previously 

submitted for a degree or diploma in any university; and that to the best of my knowledge and 

belief, does not contain any material previously published or written by another person except 

where due reference is made in the text. 

 

 

 

Lito Electra Papanicolas 

May, 2021 

  



 

xxi 
 

ACKNOWLEDGEMENT 

  

As an infectious diseases physician who is often asked to treat patients with intractable, recurrent 

and multi-resistant infections of gut origin, this thesis has always been about real people, especially 

those that I was not able to help. As such, I would like to acknowledge and thank all the people 

(many no longer with us) who participated in this work. They did so to improve knowledge and 

help others with little to gain themselves.  

The work presented in this doctorate has only been possible through the goodwill and collaboration 

of others. My research on faecal transplantation presented in Chapters 3, 4 and 6 is the result of 

collaboration with my colleagues Sam Costello, Morgyn Warner, Renjy Nelson and Robert Bryant 

at the Queen Elizabeth Hospital. Sam, in particular, was pivotal in making this clinical trial a reality 

and in no small part inspired me to pursue this doctorate.  I am indebted to my oncology colleagues 

at Flinders Medical Centre, especially Chris Karapetis, without whom I could never have completed 

the chemotherapy research that is presented in Chapter 2 of this thesis.  Finally, this thesis describes 

initial results of the Microbiome and outcomes in Critical Illness study (the MOCI study) in Chapter 

3. This study would not have been possible without the support of the researchers at the Royal 

Adelaide Hospital Intensive Care Unit including Drs. Ben Reddi, Marianne Chapman and Lee-anne 

Chapple.  I would also like to acknowledge the Flinders Foundation and the Australian Government 

Research Training Program for providing scholarships to support me during this doctorate. 

To my supervisor Geraint Rogers, the small space afforded to you here can in no way do justice to 

what your mentorship has meant to me. Your unwavering faith in my abilities has changed my life 

and given me more opportunities than I could have ever imagined. Please know that I am grateful 

far beyond what these words can express.  To my co-supervisors Steve Wesselingh and David 

Gordon, as clinician scientists you have been my role models. Steve, you have always supported 

me, behind the scenes in an understated way, and it is only because of your support that I have had 

opportunity to answer my own research questions. Dave (I apologise in advance for all run-on 

sentences henceforth) you have been a constant in my career. You have guided me from an aspiring 

junior doc to a fully-fledged dual-trained doctor-doctor.  Thank you for always being there for me, 

to faithfully answer any question or concern no matter how minor.  

To my friends and fellow researchers at the SAHMRI microbiome laboratory, without your help 

and friendship, I would never have survived this doctorate. Lex Leong, thank you for teaching me 

lab methods. Despite being a scientist, you followed the long tradition of clinicians teaching “see 



 

xxii 
 

one, do one, teach one”.  As someone who nearly failed coding in the 1990s and has made little 

improvement since, I am deeply grateful to Jocelyn Choo, Steven Taylor and Lucy Carpenter for 

patiently helping me struggle through bio-informatic pipelines, “R” and PRIMER. Sarah Sims 

(Manning), I am indebted to your help in the lab and I will always be in awe of your cheery outlook 

even when facing the dreariest of tasks.  

Finally, I must acknowledge the role my family has played in this journey. There are already too 

many Profs in my family. I know the hours they work- the days and nights that blur into one. As a 

result, I was once adamant that I would never become an academic. I would be the other kind of 

doctor, the kind that heals patients and then comes home and leaves it all behind. But I couldn’t 

escape my nature, there is a restlessness inside me, always wanting to do more and know more. 

Kym, no matter what, you always are there for me, helping me in every way possible. I know I 

could not have achieved this without your support, and I am forever grateful.  

  −    − I am a real doctor now. 



 

1 

 

CHAPTER 1 

  

Introduction and Literature Review 

 

Sections of this work appear in the following publications:   
 

Papanicolas LE, Gordon DL, Wesselingh SL, Rogers GB. Not Just Antibiotics: Is Cancer 

Chemotherapy Driving Antimicrobial Resistance? Trends in Microbiology. 2018 
May;26(5):393-400. doi: 10.1016/j.tim.2017.10.009. 

 
Papanicolas LE, Gordon DL, Wesselingh SL, Rogers GB. Improving Risk-Benefit in Faecal 

Transplantation through Microbiome Screening. Trends in Microbiology. 2020 Jan 15. pii: 

S0966-842X(19)30324-5. doi: 10.1016/j.tim.2019.12.009.  
 

 

  



 

2 

 

1.1 Introduction 

Bacterial infection remains a major driver of mortality and hospitalisation around the world. 

The most severe manifestation of bacterial infection is sepsis, a syndrome characterised by 

infection-driven organ dysfunction with a mortality rate of 18-35% in developed countries (1, 

2). Sepsis remains a common cause of admission to critical care units (3) and contributes to 

up to half of deaths in hospitalised patients (2). In Australia and New Zealand major gains in 

mortality from sepsis (1) are currently under threat. In many parts of the world, including in 

the UK and USA, the incidence and overall mortality from sepsis is increasing (2, 4). The 

combination of rising antimicrobial resistance in common pathogens and a patient population 

that is increasingly vulnerable to infection suggests that this trend will only worsen.  

The first major threat to our ability to fight infection is the global spread of acquired 

antimicrobial resistance, resulting in infections that fail to respond to empirical antibiotic 

therapy. Failure to use the correct initial therapy has serious clinical consequences. Without 

effective empirical antibiotic therapy, the mortality of patients with hypotensive septic shock 

increases by 8% per hour (5).  The rapid rise in resistance in common gram-negative enteric 

pathogens in the Enterobacteriaceae family (such as Escherichia coli and Klebsiella 

pneumoniae) is particularly concerning. For instance, the use of fluoroquinolone prophylaxis 

in cancer patients highly vulnerable to infection has been credited for reducing gram-negative 

bacteraemia (6, 7) and mortality (8) in this group of patients, but in many parts of the world 

this is now largely ineffective due to widespread fluoroquinolone resistance (9).  Once multi-

drug resistance is present, the in-hospital mortality of gram-negative sepsis increases 

threefold (10). Extend-spectrum beta-lactamase (ESBL) carriage in Enterobacteriaceae 

conferring resistance to almost all cephalosporin therapy, is increasing rapidly. In Australia in 

2004 1.5% of  clinical E. coli isolates were resistant to ceftriaxone (11). By 2019, resistance 

had risen to 10.4% in bloodstream isolates and 7.8% of urine isolates (12). Most concerning 

is the global spread of carbapenemase-producing Enterobacteriaceae. Although still rare in 

Australia, this type of resistance has become endemic in K. pneumoniae in parts of Asia, the 

Middle East and Southern Europe (13). Carbapenem resistance often comes packaged with 

other resistance determinants carried on highly transmissible plasmids which enable bacteria 

to become resistant to almost all known antibiotics (14, 15). Infection, particularly 

bacteraemia, with carbapenem resistant gram-negative bacteria is highly lethal, with mortality 

rates exceeding 50% in immunosuppressed patients (16-18). 
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However, it is not only acquired antibiotic resistance that results in antibiotic failure, but also 

infection due to pathogens with inherent antibiotic resistance- such as those caused by fungi 

or intrinsically resistant bacterial pathogens.  In parallel, patient populations are also 

becoming more vulnerable to infection. Advances in other domains of medicine have resulted 

in an older population and the increasing use of therapies for cancer, organ transplantation 

and auto-immune diseases that significantly reduce host defences against infection. Many 

patients also require therapy in intensive care units (ICUs) where mechanical ventilation and 

other invasive interventions render even fit and young patients vulnerable to severe infection.  

The availability of effective antibiotics is a pre-requisite of many modern medical advances 

including critical care medicine, prosthetic device surgery, chemotherapy, bone marrow and 

organ transplants. The spread of resistant infection- whether due to acquired or intrinsic 

antimicrobial resistance, therefore threatens the ability of our health systems to successfully 

deliver modern medical care (19). Novel approaches to both preventing and treating infection 

in vulnerable patient groups is urgently required. Intervention targeting the preservation or 

restoration of beneficial commensal bacteria within the intestinal microbiome is one such 

approach.  

In the literature review which follows, the critical role that the healthy human intestinal 

microbiome plays in preventing colonisation and infection with antibiotic resistant pathogens 

will be reviewed.  Following this, the known effects of antibiotic treatment and non-antibiotic 

substances on gut microbiome composition and bacterial antibiotic resistance will be 

described. I will then explore how gut microbiome composition influences infection risk in 

vulnerable patient populations. Finally, I will review the literature that describes the use of 

faecal microbiota transplantation as a therapeutic intervention targeting the gut microbiome 

and how this could improve infectious outcomes in patients at risk of bacterial infection.  

 

1.2  The role of the gut microbiome in promoting health and preventing 

infection 

1.2.1. Genomic methods enable microbial communities in the gut to be defined 

The human intestinal microbiome is a highly diverse microbial community composed 

primarily of bacteria, but also consists of viruses, fungi and parasites. Until recently, the 

members of the intestinal microbiome could only be identified by microbiological culture. 

Although in recent years there have been significant advances in our ability to culture 

fastidious gut bacteria (20), culture-based methods of characterising the gut microbiome are 
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still severely limited by the fact that most human commensal bacteria are not readily 

culturable.   The advent of molecular microbiology enabling characterisation of micro-

organisms based on the detection of their molecular material (DNA or RNA) combined with 

advances in sequencing technology using next generation high-throughput platforms now 

allows the analysis of complex microbial communities. Application of these genomic 

methods has revolutionised our understanding of the diversity of organisms which inhabit our 

gut.  Of the bacterial component alone, approximately 800-1000 different bacterial species 

and >7000 strains have been identified (21). The genes encoded by the microbiome 

outnumber the entire human genome by ~150 fold. Of these, greater than 99% are of bacterial 

origin (22).   

The most established methodology used to study the gut microbiome is 16S rRNA gene 

amplicon sequencing. In this process the 16S rRNA gene, a conserved region of the bacterial 

genome used for bacterial taxonomic identification (23), is first amplified. This yields mixed 

amplicons of DNA belonging to all bacteria and archaea, but not other organisms in the 

sample. These mixed amplicons are then sequenced using next-generation sequencing 

technology and resulting reads are assigned to bacterial taxa based on their homology with 

known bacterial DNA sequences available in databases.  The results produced by 16S rRNA 

amplicon sequencing can be used to broadly define the bacterial composition of a community 

(to the genus level) and to examine the diversity of bacteria within the sample (α-diversity) or 

the differences between bacterial communities in different groups of samples (β-diversity) 

(24).  

In another approach known as shot-gun metagenomics, all DNA from the sample is 

sequenced without prior amplification. Using this approach yields much more information 

than just bacterial community composition. Shot-gun metagenomics can be used to identify 

bacterial genes associated with function, virulence or antibiotic resistance within the sample.  

In addition, DNA belonging to other organisms such as viruses, fungi and eukaryotes can be 

detected (24).    

In all these methods, the quality of the results is highly dependent on the availability of 

databases with accurate and complete information (25). These are constantly improving, and 

the advances in the ability to culture fastidious gut bacteria has also benefited those using 

metagenomics by adding the sequenced information of individual bacterial strains to these 

databases (20).  However, these technologies have limitations – many based on the variability 

of methods used to analyse the data through bioinformatic pipelines (24). There are also 

inherent limitations of analysing entire communities simultaneously. For instance, it is 
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difficult to know which specific organisms are carrying genes found in the entire community. 

For these reasons our ability to interpret the information gleaned from using these methods 

can be substantially enhanced by supplementing with older methods such as traditional 

culture and nucleic acid amplification tests to precisely identify and quantify organisms or 

genes of interest in the sample.  

 

1.2.2 What constitutes a healthy gut microbiome? 

Broadly, the bacterial component of the human intestinal microbiome of healthy individuals 

is dominated by strictly anaerobic bacteria in two phyla- the Firmicutes and Bacteroidetes 

(26). Also frequently present in much lower numbers, typically <1% of the bacterial 

microbiota, are facultatively anaerobic bacteria from the phylum Proteobacteria (including E. 

coli and Klebsiella) and facultative anaerobes from the phylum Firmicutes such as 

Enterococcus faecalis (26, 27). Unlike strictly anaerobic commensals these bacteria are 

important pathogens in both community and hospitalised patients.  

Nonetheless, it is nearly impossible to define what is a pathogenic or beneficial bacterium.  

Bacterial behaviour can be vastly variable between strains, and the surrounding microbial 

community and host physiology all influence the behaviour of individual bacteria (28).  The 

case of E. coli, which can be both commensal and pathogen (ie a pathobiont) is illustrative. E. 

coli is a commensal present in gut microbiota of healthy individuals, and certain strains, such 

as the probiotic Nissle strain (which was cultured from a soldier in 1917 who remained 

immune from dysentery) are documented to have beneficial properties (29-31).  Yet E.coli is 

also one of the most frequently encountered human pathogens, and it remains the most 

common cause of urinary tract infection and community-acquired sepsis (4). These strains 

have specific virulence factors that enhance their pathogenicity (32), such as the ability to 

adhere to host epithelial cells.  

The difficulty in determining the beneficial or pathogenic potential of individual bacteria 

translates to a broader problem of defining a microbiome associated with health (eubiosis) or 

a microbiome associated with disease (dysbiosis), by the species present.  Microbial species 

are highly variable between individuals, but stable over time (33). Efforts to find a core 

microbiome universally present in all humans have been unsuccessful, although Qin et al. 

found 75 species common to 50% of individuals and 57 species common to 90% in a cohort 

of 124 Europeans.  Nonetheless, despite variations in individual species, microbiomes from 

healthy individuals appear to share core functional genes derived from microbes (26, 33). 
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Therefore, a perhaps more useful way of defining the health of a microbiome is by its 

functional capacity rather than by which microbes are present.   

 

1.2.3 Colonisation resistance: The role of beneficial microbiomes in preventing infection 

and sepsis  

A functional feature of a healthy gut microbiome is the ability to exclude competing pathogen 

populations. This capacity is known as colonisation resistance. This phenomenon was first 

observed in 1954 when it was noted that mice could not be colonised with Salmonella, unless 

their commensal gut bacteria were first disrupted using the antibiotic streptomycin (34).  

Some years later in 1971, Waaij et al. noted that that mice were not readily colonised by 

E.coli, K. pneumoniae or Pseudomonas aeruginosa without antibiotic treatment, and linked 

colonisation resistance to the exclusively anaerobic commensal flora of conventional mice  

(35). More recent experiments, again in mice, have shown that colonisation with multidrug 

resistant Enterobacteriaceae or vancomycin resistant enterococci (VRE) is greatly facilitated 

by the administration of antibiotics that disrupt the commensal anaerobic microbiota, such as 

metronidazole, clindamycin or vancomycin (36-39). In humans, the disruption of the 

commensal microbiota, and resulting reduction in colonisation resistance, is associated with 

the acquisition of enteric pathogens (Salmonella, Shigella) and higher rates of Clostridioides 

difficile, VRE, E. coli and P. aeruginosa colonisation (40-44). Unperturbed microbiota confer 

colonisation resistance not only to pathogenic bacteria, but also to probiotic strains. Suez et al. 

demonstrated that microbiota depletion through antibiotic administration was required for 

probiotic strains (composed of Lactobacillus, Bifidobacterium and Streptococcus spp) to 

colonise the human gut (45).   

The mechanisms by which the microbiota prevent pathogen colonisation are still being 

elucidated. Direct competition for resources is likely to be the primary mechanism underlying 

colonisation resistance, however, bacteria can inhibit each other through the production of 

microbially-derived proteins or through their interaction with the host’s immune system (46). 

Non-bacterial members of the microbiota such as commensal amoebae, fungi and viruses may 

also play a role in colonisation resistance although their role is largely unexplored. In particular, 

bacteriophages, viruses that are able to infect and kill specific bacteria, seem likely to 

contribute to colonisation resistance (47).  

In contrast, there is a growing body of research demonstrating the role of bacterial products 

and metabolites in colonisation resistance. For instance, certain bacterial commensals produce 

bacteriocins- proteinaceous compounds that are able to directly inhibit or kill competing 
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bacteria. Bacteria in the order Lactobacillales produce potent bacteriocins, antibiotics which 

inhibit a broad range of gram-positive pathogens including Staphylococcus aureus and Listeria 

monocytogenes (48). Similar proteins called microcins, produced by commensal 

Enterobacteriaceae and probiotic E. coli, have antimicrobial activity against closely related 

pathogens such as adherent-invasive E. coli and Salmonella (49).  

Interaction between the microbiota and host innate and adaptive immune systems is also critical 

to both colonisation resistance and in regulating inflammatory responses to pathogen 

colonisation.  In an example of immune-mediated colonisation resistance,  resistance to VRE 

colonisation can be restored in antibiotic treated mice by stimulating the innate immune system 

through the systemic administration of the toll-like receptor 5 agonist flagellin (50). Rangan et 

al (51) demonstrated the ability of a protein derived from Enterococcus faecium– a commensal 

gut bacterium- to suppress the pathogenicity of a Salmonella strain in both mice and C. elegans 

worms via host innate immune pathways and by improving the host intestinal epithelial barrier. 

In another example, bacterial components such as Polysaccharide A of commensal Bacteroides 

fragilis, can prevent pathogen driven colitis in animal models by modulating host T cell 

responses.    

 

1.2.4 The role of bacterial metabolites in pathogen inhibition 

Commensal microbial metabolites play an important role in colonisation resistance by directly 

inhibiting the growth of pathogens in the gut but also by indirectly influencing the likelihood 

of infection occurring by interacting with host immune cells and by helping maintain the 

integrity of the luminal gut barrier.  

For example, the microbial metabolism of bile acids appears to play an important role in 

colonisation resistance again C. difficile. Primary bile salts are synthesised by the liver and 

converted to secondary bile salts by enteric bacteria to assist with the digestion of dietary fats 

and oils. Under normal circumstances C. difficile is unable to effectively compete with the 

wider colonic microbiota. However, C. difficile’s ability to survive antibiotic exposure through 

spore-formation enables it to germinate and proliferate while the wider colonic microbiota is 

substantially depleted. Primary bile salts promote C. difficile proliferation by inducing 

endospore germination (52). However, a subset of colonic bacteria can modify primary bile 

acids by deconjugation or convert them into secondary bile salts. This conversion not only 

reduces primary bile acid levels, but secondary bile salts, such as deoxycholate, themselves 

inhibit C. difficile vegetative growth (52). For example, C. scindens, a commensal with the 

ability to produce secondary bile salts, enhances resistance to C. difficile infection (CDI) (53). 
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Commensal microbiota also induce intestinal innate immune responses that further suppress 

pathogen growth (46). By modifying the balance of bile salt metabolism, maintaining local 

immune function, and by competing directly for growth substrates, transplanted microbiota 

therefore substantially influence the risk of CDI recurrence (46).  

However, the most important enteric bacterial metabolites yet identified that modulate 

colonisation resistance (and in human health more generally) are the short-chain fatty acids 

(SCFAs). SCFAs are major metabolic products of bacterial fermentation of fibre, and are 

present in high concentrations in the colon (54). Through their activation of G-protein-coupled 

epithelial receptors and inhibition of histone deacetylases, SCFAs contribute to the regulation 

of an array of host processes, including metabolism, tumour suppression, gut barrier function, 

innate and adaptive immune responses (55).   

SCFA including acetate, propionate, butyrate, lactate and succinate differ in their ability to 

interact with host receptors and their effects on host physiology (55). Therefore, maintaining 

microbiota with the ability to biosynthesize the full range of SCFA is an important capacity of 

a healthy microbiome. Biosynthetic pathways for SCFA are widely distributed among bacterial 

groups, and likely to be found in most people, even those with disrupted microbiomes. 

However, only a limited group of bacteria, dominated by Faecalibacterium prausnitzii, 

Eubacterium rectale, Eubacterium hallii, Roseburia spp and Anaerostipes hadrus, are 

responsible for the production of butyrate (54). 

SCFA play an important role in preventing infection through direct and indirect pathogen 

inhibition (56, 57) and by modulating the expression of pathogen virulence and invasion (58, 

59). A clear example of direct anti-infective capacity is SCFA-mediated intracellular 

acidification and growth suppression of antibiotic-resistant K. pneumoniae, E. coli, and Proteus 

mirabilis (56). Another way by which SCFA inhibit facultative anaerobic pathogens is assisting 

to maintain a hypoxic gut luminal environment. Unlike the vast majority of commensal bacteria 

in the gut which are obligate anaerobes, species with pathogenic traits are primarily facultative 

anaerobes with the ability to use aerobic respiration (60). In the presence of increased luminal 

oxygen, facultative anaerobes gain a metabolic advantage and rapidly expand. In the process 

of metabolising butyrate (the main energy source of colonic epithelial cells) colonocytes 

consume oxygen and thereby reduce oxygen availability in the gut lumen (60). Rivera-Chavez 

demonstrated that expansion of Salmonella in the murine gut depends upon increased 

availability of oxygen in the gut lumen and is triggered by the loss of butyrate producing 

commensal bacteria following antibiotic administration (61). This process could be reversed 

by tributyrin treatment (61). Using a complementary mechanism mediated through the host 
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colonocyte receptor PPAR-γ, butyrate reduces the expansion of E. coli in response to increased 

nitrate availability (an important nutrient source for facultative anaerobes) in the gut following 

antibiotic treatment (62).  

SCFA also influence the development of systemic infection indirectly through interactions with 

host immune cells. SCFA, particularly butyrate, are important regulators of host inflammatory 

pathways and play an important role in regulating inflammation in the gut by driving the 

differentiation of anti-inflammatory regulatory T cells (63, 64). By dampening gut 

inflammation, the presence of SCFA assist in maintaining the luminal gut epithelium which is 

a barrier to systemic infection with gut pathogens. Thus, the ability of a healthy microbiome to 

biosynthesize SCFA, particularly butyrate, is likely to be an important factor not only in 

limiting the expansion of pathogenic bacteria in the gut but also in the host’s ability to prevent 

these organisms from causing disseminated infection.  

 

1.3 Mechanisms of antimicrobial resistance development within the gut 

microbiota 

Antimicrobial resistance in gut bacteria occurs through a variety of mechanisms. These 

include direct selective pressure, horizontal gene transfer within the gut microbiota, the 

acquisition of new resistant pathogens from the environment (facilitated by the disruption of 

colonisation resistance provided by commensal bacteria) and through bacterial stress 

responses which in turn drive de novo antimicrobial resistance through multiple 

complementary mechanisms. 

 

1.3.1 Antibiotic use drives resistance through direct selective pressure  

It is well established that direct exposure to an antibiotic creates a selective environment 

which promotes the survival and proliferation of bacterial populations exhibiting resistance to 

that type of antibiotic (65). In many cases, antibiotics intended to reach an extra-intestinal 

target inadvertently also affect vast numbers of gut bacteria.  In a clear example of such 

“collateral damage” to gut microbiota, investigators from our laboratory (including myself) 

analysed stool samples from a cohort of patients with cystic fibrosis (CF) and showed that 

their stool samples showed significantly higher levels of phenotypic aminoglycoside 

resistance and aminoglycoside resistance gene carriage than stools from matched healthy 

controls (66). Interestingly, the aminoglycoside antibiotic most frequently used in this CF 

cohort was tobramycin administered through the inhaled route, suggesting that the inhaled 
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route of administration can result in antibiotic resistance in the gut, perhaps because 

inevitably some of the inhaled drug is swallowed 

 

Figure 1.1 Aminoglycoside resistance genes in cystic fibrosis gut microbiome. Total reads 

of aminoglycoside resistance genes detected in the stool of 19 cystic fibrosis (CF) patients 

compared to 16 healthy controls (HC). There are significantly more reads attributed to 

aminoglycoside modifying genes detected in CF patients (p <0.001, Wilcoxon matched-pairs 

signed rank test). 

 

It has been proposed that mutants are preferentially selected during exposure to antibiotic 

concentrations that are above the minimum inhibitory concentration (MIC) required to inhibit 

the wild-type bacteria but below the MIC required to inhibit the least susceptible mutant that 

results from a single point mutation (67). However it has been observed that even extremely 

low levels of antibiotic exposure, such as found in environmental sources, can also enrich for 

pre-existing resistant mutants conferring high levels of resistance (68). These mutations tend 

to have low fitness costs to the bacteria involved- a feature which leads to the persistence of 

resistance (68).  There are few studies which have observed the persistence of antibiotic 

resistances that have developed in gut microbiota in response to antibiotic treatment. 

However, Jernberg et al demonstrated that commensal anaerobes of the Bacteroides genera 

develop resistance (erm gene family) after a short (7-day) exposure to clindamycin- an 

antibiotic with broad anti-anaerobe activity (69).  Furthermore, antibiotic resistance persisted 

for at least 2 years despite the lack of ongoing selective pressure (69).   
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However, the paradigm that the primary path to resistance development is through direct 

selective pressure exerted by an antibiotic is inadequate, particularly in the context of the gut 

microbiome. This paradigm does not explain how antibiotic treatment with one class can 

increase resistance to unrelated classes of antibiotics. For instance, high levels of plasmid 

mediated quinolone resistance (qnr) have been observed in the gut flora of children treated 

with non-fluoroquinolone antibiotics for respiratory illness (70). There are multiple ways that 

antibiotic use can promote resistance to unrelated antibiotics, with co-selection of resistance 

determinants spread by horizontal gene transfer being one of the most important of these 

mechanisms.  

 

1.3.2 Horizontal gene transfer and antibiotic resistance in the gut microbiota 

The human intestinal microbiome, which houses thousands of different bacterial species in 

close proximity, is an ideal environment for the transfer of antimicrobial resistance genes 

between different bacterial species (71). This process known as horizontal gene transfer, 

occurs via a variety of mechanisms such as bacterial conjugation, allowing the exchange of 

extra-chromosomal genes carried on plasmids, bacteriophage-mediated transformation and 

natural transformation allowing the movement of mobile genetic elements between bacteria 

(72).  Mobile genetic elements, including bacterial plasmids and transposons which encode 

genes for antibiotic resistance, often carry multiple types of antibiotic resistance genes. For 

example, plasmids carrying the carbapenmase gene blaNDM in Australia nearly always carry 

at least one type of aminoglycoside resistance gene (14). In this way selective pressure from 

carbapenem use can result in the acquisition of resistance not only to carbapenems but also 

result in co-resistance to multiple unrelated antibiotics. Resistance acquired through mobile 

genetic elements is therefore particularly dangerous, not only because it is able to readily 

spread to different types of bacteria but also because the simultaneous transfer of multiple 

types of resistance genes can render the receiving bacterium resistant to nearly all clinically 

available antibiotics.  

Although it is clear that resistance genes can be passed between closely related species of 

bacteria within the gut (73-75) it is less clear whether genetic exchange between less closely 

related organisms such as human and environmental commensals plays a significant role in 

the emergence of resistance in bacterial pathogens.  Nonetheless, there are examples where 

this occurs. Keen et al showed that a subset of natural lytic bateriophages coined 

“superspreaders” were able to release intact transformable plasmid DNA following bacterial 

cell lysis (76).  The presence of the novel superspreader bacteriophage SUSP2 increases the 
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spread of plasmid-mediated kanamycin resistance between distantly related E. coli and 

Bacillus spp bacteria roughly 1,000-fold. The likelihood that pathogenic or commensal 

bacteria in the gut will subsequently transfer antimicrobial resistance genes between 

themselves is increased through activation of bacterial stress responses that increase 

horizontal gene transfer and through the disruption of commensal anaerobic gut bacteria. 

 

1.3.3 Disruption of commensal microbiota by antibiotics  

As reviewed earlier, the loss of colonisation resistance from antibiotic use is an important 

factor that enables antibiotic-resistant bacteria from the environment to colonise the gut of 

persons with disrupted microbiomes (38, 40, 42). This is facilitated when the environments 

where antibiotics are administered (eg hospitals), are also where antibiotic resistant pathogens 

are prevalent. A major factor then facilitating horizontal gene transfer between these newly 

acquired pathogenic bacteria is the expansion of these bacteria in the gut as a result of 

microbiome disruption.  For instance, Stecher et al. showed in a mouse colitis model that 

concomitant Salmonella and E. coli blooms facilitates plasmid transfer between these 

different bacterial genera (77).  The ability of antibiotics to disrupt commensal microbiota is 

therefore an important mechanism promoting antibiotic resistance acquisition and spread 

within the gut microbiome. 

Our understanding of the disruptive effects of medical intervention on the gut microbiome is 

currently poor.  Antibiotics are the best studied intervention in regard to microbiome 

disruption in humans, but the effects of non-antibiotic therapies on the gut microbiome are 

only just beginning to be explored (78).  However, even in the case of antibiotic therapies, we 

are still only beginning to understand the relative impact of individual antibiotics, let alone 

combination therapies, adjuvants, or modes of delivery. 

Much of what we do know about the antimicrobial spectrum of antibiotics has been 

determined by culture-based studies. However, culture-based susceptibility studies can only 

target a small proportion of gut anaerobes. Furthermore in-vitro susceptibility testing may not 

be the best predictor of the effects of antibiotics on in-vivo on microbial systems.  This limits 

our understanding of the broader impact of antibiotics on commensal gut bacteria. The use of 

sequencing-based microbiome analysis can provide a more comprehensive assessment of the 

impact of specific antibiotics. For instance, although molecular based microbiome studies 

have repeatedly shown that ciprofloxacin use results in significant disruption of anaerobic 

commensals (83, 85), ciprofloxacin appears to lack significant anaerobic activity in culture-

based studies. Microbiome based studies of antibiotic-induced microbiome disruption 
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(predominantly in healthy human volunteers) are consistently expanding our knowledge of 

how different antibiotics (or combinations of antibiotics) affect human gut microbiota (45, 

79-83). Nonetheless, significant knowledge gaps persist. There are still many therapeutic 

substances (including antibiotics) whose effect on gut microbiota have never been 

documented. Even when this hurdle is passed, there will be more work required to explore 

the microbiome impacts of clinically relevant drug combinations and the effects on 

populations in clinical settings. 

A first step in expanding our knowledge in this area would be for microbiome evaluation 

(using molecular methods) to be added as a standard assessment in therapeutic clinical trials. 

For instance, following landmark publications showing that microbiome composition (84, 85) 

and FMT (86) influence the efficacy of cancer immunotherapies there has been markedly 

increased interest in studying the microbiota of patients receiving these drugs.  Yet despite 

several studies that have linked the use of antibiotics and chemotherapy that disrupt gut 

microbiomes with increased risk of sepsis, CDI or antimicrobial resistance carriage (40, 87-

90) it is still not routine for microbiome analysis to occur in trials of antibiotic or cancer 

therapies.  

 

It is important to note that antibiotics vary vastly in their ability to disrupt protective 

commensal microbiota.  For instance, oral vancomycin administration markedly alters gut 

microbiota by reducing the gram-positive members of the Firmicutes phylum and in turn 

allowing the expansion of infection associated gram-negative species such as E. coli and 

Klebsiella spp. and resistant gram-positives such as Lactobacilli and Enterococci (81, 91). 

Reijnders et al studied changes in microbiome composition and function following the 

administration of either oral vancomycin or oral amoxicillin for 7 days in a randomised 

controlled trial. Not only were these microbiota composition changes seen, but the 

vancomycin-induced loss of gram-positive commensals had impacts on microbial metabolite 

production, including reducing SCFA production and secondary bile-acid production by the 

microbiota. By contrast, there was no significant impact of oral amoxicillin administration on 

either microbiome composition or function (81).  However, when amoxicillin is combined 

with the beta-lactamase inhibitor clavulanic acid its anaerobic spectrum increases 

substantially. This combination has been shown to have significant impacts on taxonomic 

composition, predicted functional capacity and resistome in gut microbiota (92, 93).  In 

another example, ciprofloxacin has been observed to alter the gut microbiota composition in 

multiple studies (79, 82, 94, 95), reducing the abundance of beneficial commensals 
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Faecalibacterium and Ruminococcus, while increasing the abundance of Bacteroides spp. 

This contrasts with the antibiotic nitrofurantoin, which unlike ciprofloxacin does not have 

significant global impacts on gut microbiota. Interestingly, nitrofurantoin was noted to 

increase the proportion of Faecalibacterium (82), a bacterium widely thought to be beneficial 

due to its contribution to butyrate biosynthesis in the gut (54, 96).  A consistent finding across 

these studies (using short courses of oral antibiotics) is that although some antibiotics cause 

significant perturbation of gut microbiota in the short-term, gut microbial composition and 

diversity is largely able to return to baseline within 1-4  weeks (45, 83, 92, 93, 95). Even 

when very broad-spectrum intravenous antibiotics are administered for short periods (in 

healthy individuals) the microbiome is able to recover within 6 weeks (83).  However, despite 

this broad recovery, there are small taxonomic changes, and acquisition of resistance 

determinants in the gut microbiome which can persist for months to years following 

antibiotic administration (79, 83, 95). 

 

1.4 Bacterial stress responses and resistance development 

Antibiotic use can also drive bacterial resistance through antibiotic-induced DNA damage 

that activates bacterial stress responses, including the bacterial SOS response. First described 

by Radman in 1975, the SOS response is triggered by single stranded DNA or double 

stranded DNA binding with the ubiquitous protein recA which then cleaves the regulatory 

protein LexA (97). One down-stream effect of activating the SOS response is that bacteria 

start using an error-prone DNA polymerase (Pol IV) to replicate thus increasing the number 

of mutants which arise (98).   

Many antibiotics have been shown to activate the SOS response including penicillins and 

cephalosporins (99, 100). Some of the strongest inducers of the SOS response are 

trimethoprim, sulfamethoxazole and ciprofloxacin (99). Both trimethoprim and 

sulfamethoxazole interfere with bacterial synthesis of folate and prevent incorporation of 

thymine into bacterial DNA. Ciprofloxacin inhibits bacterial type-II topoisomerase and 

results in double stranded DNA breaks in affected bacteria (101). The treatment of mice with 

ciprofloxacin leads to the rapid appearance of resistant isolates of E. coli. Interestingly, when 

a pathogenic E. coli strain that encodes a non-cleavable LexA repressor is used, no 

ciprofloxacin-resistant mutants appear, thus showing in a murine model that development of 

ciprofloxacin resistance is SOS dependant (102). Thi et al went on to show that 8 different 

antibiotics stimulate mutagenesis in E.coli causing either rifampicin or fosfomycin resistance 
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(99). In all cases, bar one, this mutagenesis was to be shown to be dependent on SOS system 

activation. In these experiments trimethoprim exposure resulted in the highest mutagenicity. 

The authors theorised that the imbalance in the thymine nucleotide pool may act 

synergistically with the SOS response to increase the mutagenic response to trimethoprim.  

Beyond just activating error-prone polymerases (a feature that increases antibiotic resistance 

through point-mutation) activation of the SOS system can cause broader DNA changes by 

influencing chromosomal recombination. Dimpfl et al showed duplication events (which 

arise as a result of intrachromosomal recombination) increase greater than 10-fold during 

activation of the SOS system, demonstrating the broad  mutagenic effect of the SOS system 

(103). This effect can be augmented through mutations that also affect mismatch repair 

mechanisms in bacteria. Antibiotic use may not only select strains that have pre-existing 

resistance but also strains which have higher mutation rates primarily due to deficiencies in 

the mismatch repair (MMR) system genes mutS and mutL  (104, 105). This highly conserved 

system is integral to maintaining genomic stability and preventing mutation by repairing 

DNA base-base mismatch errors made by DNA polymerase during DNA replication (106). 

Both activation of the SOS system and the defects in the MMR system result in reduced 

editing of recombination (97, 103, 107, 108). Rayssiguier et al showed in bacterial strains 

with damage to the mismatch repair system due to mutations in the mutS, mutL or mutH 

genes, the requirement for DNA homology during recombination was greatly reduced (109). 

This allowed E. coli to efficiently recombine with Salmonella typhimurium despite the ~20% 

divergence in their sequence. Petit et al also investigated the combined effect of MMR 

system defects and SOS expression (107). Their findings were that these strains exhibited up 

to 30-fold increase in duplication frequency. They concluded that effects of a defective MMR 

system and activation of SOS system were additive but increased recombination events by 

different mechanisms.  

Pribis et al have recently more closely examined the mechanisms behind ciprofloxacin 

induced mutagenesis in E. coli (110). In the first phase, ciprofloxacin induced DNA breaks 

activate the E. coli SOS response. However, this alone is not enough to trigger mutagenesis.  

A small and transient sub-population of E. coli cells most capable of generating reactive 

oxygen species (ROS) trigger a general stress response (σS) resulting in resistant mutants. 

This study showed that mutation rates to rifampicin and ampicillin increased 26- and 18-fold 

respectively after ciprofloxacin treatment (at low and sub-inhibitory doses).  These findings 

expand on previous findings  showing that  SOS responses need to be combined with general 

bacterial stress response (σS) to optimally activate error-prone polymerases in bacteria (111) 
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and research showing that stimulation of ROS by sub-lethal concentrations of antibiotics 

increases bacterial mutagenesis (112).  

In summary, antibiotic use promotes resistance formation in the gut microbiome in a variety of 

different, often complementary, mechanisms. Often these mechanisms promote resistance 

developing to antibiotics unrelated to the one being used. Every antibiotic used has a different 

profile in regard to the mechanisms by which it may promote antibiotic resistance formation. 

Some will predominantly promote resistance through direct selective pressure, others 

predominantly through disruption of commensal microbiota and some through strong induction 

of bacterial stress responses. Certain antibiotics, such as the fluoroquinolones, drive resistance 

through multiple mechanisms. This emphasises the need to consider the effects of antibiotic 

agents individually, both in regard to an antibiotic’s ability to modify microbiome composition 

and its ability to promote antibiotic resistance.  

 

1.5 The role of non-antibiotic substances in antibiotic resistance  

The role of non-antibiotic substances in contributing to antibiotic resistance is increasingly 

being recognised. The mechanisms by which non-antibiotic substances can influence antibiotic 

resistance parallel those seen in antibiotic use; these include a capacity to disrupt commensal 

bacteria, co-selection of resistance mediated through horizontal gene transfer, and triggering 

of bacterial stress responses.  

 

       1.5.1 Metal resistance and its relationship to antibiotic resistance 

The best described example of this phenomenon is the co-selection of antibiotic resistance with 

metal resistance in bacteria. Although this link has primarily been made in the context of 

bacterial communities exposed to metals in the environment (113, 114) and can be traced to 

the ancient origins of bacteria in environments where co-exposure to environmental metals and 

naturally occurring antibiotics was common (115, 116),  there is emerging evidence of the 

relevance of this link to human pathogens and microbiota.   For instance, Li et al found in a 

study looking at the whole genome sequence of 5,436 diverse bacteria, that genes encoding 

antimicrobial resistance and metal resistance were much more closely associated in human 

pathogens than in other types of bacteria (117).  

 The co-selection of antibiotic resistance and metal resistance primarily occurs through the 

mechanisms of cross-resistance and co-resistance (118). Cross-resistance occurs when a single 

mechanism confers resistance to both metals and antibiotics and is predominantly mediated 
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through efflux pumps. There are many examples of multidrug efflux pumps that export 

antibiotics in addition to metals (116). The highly conserved and chromosomal encoding of 

many of these efflux pumps  suggests that the ability of bacteria to export both metals and 

antibiotics evolved long before the modern use of antibiotics as pharmacotherapy (116).  

Co-resistance refers to the joint transfer of distinct resistance mechanisms due to their gene’s 

physical proximity on mobile genetic elements.  The carriage of metal-resistance frequently 

accompanies the carriage of antibiotic resistance determinants on mobile genetic elements, 

particularly bacterial plasmids and transposons (118, 119). The acquisition of such mobile 

genetic elements due to selective pressure from metal exposure can therefore result in co-

resistance to antibiotics. In a fascinating demonstration of this phenomenon, in 1993 Summers 

et al. demonstrated that in primates exposed to mercury through dental fillings there was a 

subsequent increase in intestinal bacterial isolates with both mercury resistance and antibiotic 

resistance, and these resistances were able to be transferred together (120). These findings were 

linked to earlier observations that humans that had high levels of mercury resistance in their 

intestinal flora, but no recent exposure to antibiotics, were also significantly more likely to  

have bacterial isolates with resistance to two or more antibiotics (120, 121). Since then, co-

resistance to mercury and several antibiotics has been linked to specific transposons (122).  

 

1.5.2 Cancer chemotherapy and antimicrobial resistance 

Beyond metals, there is evidence that other non-antibiotic exposures can lead to antibiotic 

resistance through similar mechanisms. In by far the most extensive study of its kind, Maier et 

al studied the in-vitro activity of >1000 marketed non-antibiotic drugs against 40 cultured 

bacterial isolates (21 distinct genera) representative of gut bacterial strains (78). They found 

that 27% of these drugs, including 24% of drugs that were not anti-infectives, exhibited anti-

bacterial activity against at least one cultured commensal strain. Maier et al also identified a 

relationship between the expression of tolC in E. coli and other transporter families (which 

encode efflux pumps) and resistance to the anti-bacterial effects of non-antibiotic drugs. As a 

result, the investigators hypothesised that bacterial mechanisms promoting resistance to non-

antibiotic drugs could result in cross-resistance to antibiotics (78). 

Chemotherapeutic drugs used in cancer therapies may be particularly able to induce bacterial 

resistance to antibiotic drugs. As in the case of metals (notably some chemotherapy drugs 

such as the platinum agents contain metals), bacteria use efflux pumps to expel them, a factor 

that could result in cross- resistance with antibiotics.  In the case of the chemotherapy drug 
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bleomycin,  which is classed as a glycopeptide antibiotic, drug efflux occurs using the same 

pumps as antibiotic efflux (123).  There is also evidence that chemotherapeutic agents 

directly inhibit some bacteria that promote colonisation resistance and encourage the 

expansion of pathogens. Unlike other non-antibiotic medications, chemotherapeutic drugs are 

also capable of strongly inducing bacterial stress responses.   

In the first instance, several in-vitro studies have documented the ability of some 

chemotherapeutic agents to inhibit bacterial growth. Interestingly, cisplatin was observed to 

have inhibitory effects on E. coli even before its anti-tumour effects were discovered in 1967 

(124). More recently, van Vliet et al and Maier et al have tested the antibacterial effect of 

chemotherapeutic agents in vitro.  In van Vliet et al’s study, daunorubicine, etoposide but not 

cytarabine showed a negative effect on the growth of  some cultured bacteria strains 

(Streptococcus mitis, C. difficile, Clostridium ramosum and Lactobacillus acidophilus) (125).  

In Maier et al’s study, antineoplastics, hormones and nervous system agents inhibited gut 

bacteria more than other medications.  Twenty of 37 antineoplastic drugs, including 10 of 11 

antimetabolite chemotherapy drugs tested,  had in vitro anti-commensal activity (78).  

Antimetabolite agents alter nucleic acid targets which are common to both human and 

bacterial cells thus providing a mechanism for inhibiting cell replication in both. Although 

these studies suggest chemotherapy in some circumstances has a significant antibacterial 

effect, it is difficult to extrapolate findings from in vitro studies to in vivo conditions in the 

human gut in which conditions are markedly different.  

Studies which look at microbiome composition changes during chemotherapy are a useful 

tool to document the in vivo effects of chemotherapy. van Vliet et al used fluorescent in situ 

hybridization (FISH) to quantify selected groups of anaerobic and anerobic gut bacteria 

before and after multi-drug chemotherapy for acute myeloid leukaemia in a paediatric 

population (125). This study showed up to a 10,000-fold reduction in anaerobe species and 

partial compensatory rises in potentially pathogenic enterococci.  However, all these patients 

had received multiple prophylactic antibiotics which target gram-negative bacteria. 

Montassier et al examined the gut microbiota by 16S rRNA amplicon sequencing in 28 

patients receiving myeloablative chemotherapy prior to haematopoietic stem cell 

transplantation (HSCT) and showed significant compositional changes day 7 post 

chemotherapy. These changes included a relative reduction in bacteria in the Firmicutes and 

Acitnobacteria phyla (ie phyla representing the majority of gram-positive strictly anaerobic 
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commensals) and an increase of Proteobacteria (the phylum representing facultative gram-

negative bacteria including common human pathogens in the Enterobacteriaceae family) 

(126). Most patients examined had received prophylactic antibiotics just prior to the study 

commencing and these were discontinued during the study period, a factor which would have 

allowed Proteobacterial expansion to occur, particularly as these bacteria would presumably 

have been relatively suppressed by antibiotics at the first time point.  

Zwielehner et al primarily used PCR based assays to assess prevalent groups of anaerobic 

commensals (Bacteroides, Bifidobacteria, Clostridium cluster IV and XIVa) and C. difficile 

in gut bacteria in a diverse group of patients (n=17) receiving cancer treatments. Most 

patients were not treatment naïve and six also received antibiotics. The most significant 

findings in comparison to healthy controls were reductions in total bacterial load and a non-

significant reduction in Clostridium cluster XIVa.  In two patients analysed by high-

throughput pyrosequencing Faecalibacterium spp. abundances fell dramatically, whilst E. 

faecium increased. 

The findings of these studies together suggest that cancer treatment has an effect on 

microbiota composition, favouring the relative growth of potential pathogens. However due 

to the small sizes of these studies, the use of multiple chemotherapeutic agents, and the recent 

use of antibiotics in all studies, it is difficult to disentangle the effects of particular 

chemotherapeutic agents themselves on the microbiota.  

In addition to encouraging the relative overgrowth of pathogen populations in the gut, 

chemotherapy may directly cause antibiotic resistance through mutagenic effects on gut 

bacteria. Theoretically, many types of chemotherapy could cause de novo antimicrobial 

resistance through activation of the bacterial SOS response. platinum compounds, 

topoisomerase inhibitors, antimetabolite drugs and alkylating agents are known to cause 

DNA damage.  There already exists evidence that some chemotherapeutic agents activate 

bacterial SOS responses and cause increased mutagenicity.  Cisplatin, for instance, is able to 

bind to DNA covalently and as a result inhibits DNA synthesis. Razaka et al documented the 

ability of cisplatin to increase mutagenesis in E. coli three-fold (127). This effect has been 

attributed to the activation of the SOS system, and is dependent on the presence of the recA 

gene product (124).  Mitomycin C, an alkylating agent, is a potent DNA cross-linker (128). 

The formation of DNA cross-links is a strong inducer of the SOS response in bacteria and 

mitomycin C is frequently used as a positive control in SOS responses studies (99, 129). The 
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SOS response can also induce transfer of mobile genetic elements directly. For example, 

activation of SOS response by mitomycin C increases the transcription of genes necessary to 

transfer the mobile genetic element that encodes resistance to multiple antibiotics in Vibrio 

cholerae (129). In addition, cell lysis following lytic bacteriophage infection can facilitate the 

transfer of mobile genetic elements between bacteria through transformation (121).  

In summary there is evidence from a variety of sources that the use non-antibiotic substances 

(and perhaps chemotherapy agents in particular) may cause antibiotic resistance and 

microbiome disruption independently of antibiotic use.  

 

1.6 Microbiome disruption characterises key populations at risk of sepsis 

and antimicrobial resistance 

The effect of therapies such as antibiotics and chemotherapy on disrupting microbiome 

composition and encouraging the formation of antimicrobial resistance may not be particularly 

important to otherwise healthy individuals, although undoubtedly even small increases in 

antimicrobial resistance on an individual level will eventually have large environmental 

impacts. In healthy persons, the microbiome composition largely returns to normal after 

disruption (45, 93), and although small persistent changes in the resistance of commensal flora 

may occur (79), these changes are unlikely to be clinically important on an individual level. 

However, there is evidence that in vulnerable patient populations, such as those hospitalised, 

immunosuppressed or critically ill, that microbiome changes are likely to significantly 

influence clinical outcomes.  

 

1.6.1 The influence of gut microbiota on sepsis and death in cancer patients  

Cancer patients are some of the patients most vulnerable to developing infection and dying of 

sepsis (130). Although historically it has been noted that bacteraemias in cancer patients are 

frequently due to enteric pathogens (131, 132), the role that the gut microbiota play in their  

vulnerability to infection is only just beginning to be appreciated. Cancer patients experience 

myelosuppression, mucositis and invasive procedures (133), all factors that reduce host 

defences to infection. Neutropaenia, immunosuppression and gut inflammation as a result of 

chemotherapy, as well as bacterial overgrowth, are also factors known to increase the 

likelihood of bacterial translocation in the gut (134-137). In a study by Berg et al published in 

1988 (135), translocation of gut flora to mesenteric lymph glands was noted in mice 

administered immunosuppressant drugs prednisolone or cyclophosphamide, a phenomenon 
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also later confirmed by Vetizou et al (84).  In this murine model the combination of 

immunosuppression and pathogen overgrowth is devastating. When the mice were given 

prednisolone combined with clindamycin, (an anti-anaerobic antibiotic which led to the 

expansion of gram-negative pathogens in the gut) bacteria translocated to the peritoneum 

resulting in sepsis and death in all the mice studied (135). This murine experiment in the era 

preceding genomic technologies now available, foreshadowed the discovery of microbiome- 

mediated mechanisms of sepsis that are now being confirmed in immunosuppressed humans.  

Of cancer patients, those receiving allogeneic hematopoietic stem cell transplantation (allo-

HSCT) for haematological malignancy are arguably the most immunosuppressed and 

vulnerable patients to infection. The effects of gut microbiome disruption on the health 

outcomes of this specific population have been extensively studied by Pamer and colleagues at 

the Memorial Sloan Kettering Cancer Center and the literature subsequently reviewed in this 

section all relates to work done by this group. As a result, we now have a much deeper 

understanding of the important role that intestinal microbiota play in both preventing and 

promoting infection, graft-vs-host disease (GVHD) and death.  

Firstly, it has been noted that a large proportion of patients undergoing HSCT suffer a profound 

disruption to their gut microbiomes (126, 138). In a cohort of 80 allo-HSCT patients only a 

minority (32.5%) maintain a high microbial diversity and 42.5% have very low diversity 

(defined as an inverse Simpson index of <2) (138). Importantly, the loss of gut microbial 

diversity was a significant independent predictor of death, with low diversity being associated 

with a mortality rate of 67% at three years compared to 36% for those with high diversity. 

There was a significant association between a greater abundance of Proteobacteria (especially 

Enterobacteriaceae) and death in this cohort, whereas the presence of anaerobic bacteria in 

Lachnospiraceae and Actinomycetaceae families correlated with survival.  

Shono et al studied a cohort of 857 allo-HSCT patients and identified the contributing factors 

to gut microbiome perturbation. As also reported in Taur et al’s study (138),  low microbial 

diversity was linked to increased mortality due to an increased incidence of GVHD. The 

authors went on to link, using retrospective data, the use of the anaerobe-disrupting broad-

spectrum antibiotics piperacillin-tazobactam and imipenem-cilastin with GVHD development. 

In contrast, the use of broad-spectrum antibiotics with relatively little anaerobic activity 

(cefepime and aztreonam) did not increase GVHD mortality. When microbiome composition 

was examined in a subset of patients, piperacillin-tazobactam therapy resulted in the loss of 

larger subsets of intestinal bacteria than cefepime or aztreonam. The link between antibiotic 

use driving the loss of anaerobic commensals and subsequent GVHD development was 
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confirmed in a murine model.  These findings are clinically important because the choice of 

antibiotic used in treating neutropaenic fever in these patients is an easily modifiable risk factor.  

 

The link between microbiome disruption and sepsis in this population was made first by the 

observation by Ubeda et al that Enterococcus spp. domination (>97%) in the gut microbiome 

of allo-HSCT patients preceded VRE bacteraemia in two patients who developed VRE 

bacteraemia, but not in three patients who did not (38). This effect was also demonstrated in 

94 allo-HSCT patients where intestinal domination by Proteobacteria increased the risk of 

subsequent gram-negative bacteraemia 5-fold and Enterococcal domination increased the risk 

of Enterococcus spp. bacteraemia 9-fold (139). In this study, use of the anti-anaerobe antibiotic 

metronidazole was significantly associated with Enterococcus spp domination, whereas 

ciprofloxacin had a significant negative association with Proteobacterial domination. In total, 

50% of patients with bacteraemia demonstrated intestinal domination with a corresponding 

organism, with the mean time between intestinal domination and bacteraemia a mere 7 days.  

These findings are supported by work from Mancini et al who showed that a faecal microbiome 

composition of >5% Enterobacteriaceae before allo-HSCT was significantly correlated with 

gram-negative bacteraemia during subsequent hospitalisation (140). Furthermore, this study 

reported that a pre-allo-HSCT microbiome composition of >5% Enterobacteriaceae combined 

with ≤10% Lachnospiraceae was associated with increased all-cause mortality.  

 

 

1.6.2 Infection and its relationship to microbiome changes in critically ill patients 

Patients receiving critical care therapies in ICU are another group particularly vulnerable to 

infection. A European point-prevalence study found that 45% of ICU patients have an infection 

at any given time and in 21% of cases the infection was acquired in ICU (141). The causes are 

multifactorial but are likely due to the use of broad-spectrum antibiotics, invasive interventions, 

mechanical ventilation and altered nutrition. Nosocomial infections resulting in sepsis or 

ventilator associated pneumonia (VAP) are major causes of morbidity and mortality in the 

critically ill (94, 142). Admission to an ICU results in profound disruption to these microbial 

communities in both the gut and respiratory tract (143-149). Although the effects of 

microbiome disruption on the development of infection in ICU patients have yet to be 

definitively established, it is very likely that disruption to these microbial communities in 

critically ill patients influences clinical outcomes (150). The loss of colonisation resistance 

mediated by healthy microbiota is a particularly important consideration in the ICU 
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environment, where organisms with important acquired and intrinsic antimicrobial resistance, 

such as Candida glabrata, Pseudomonas aeruginosa and Acinetobacter baumanii are 

frequently encountered. For example, the risk of acquisition of carbapenem-resistant P. 

aeruginosa in ICU patients has been linked to the loss of protective commensal species in 

patients receiving piperacillin-tazobactam (89).  

The ability of selective gut decontamination (SDD) and selective oropharyngeal 

decontamination (SOD) to reduce rates of sepsis in critically ill patients provides strong 

evidence that gut microbiota composition significantly influences sepsis risk in the critically 

ill. Interest in SDD as an intervention to reduce sepsis has gained momentum since the 

publication of two randomised controlled trials (RCTs) which showed a mortality benefit from 

this intervention in Dutch ICUs (151, 152).  A further analysis of rates of colonisation with 

gram-negative bacteria in the respiratory tract and rectum  in patients from de Smet et al’s trial 

showed a relationship between decolonisation from gram-negative bacteria (in both the 

respiratory tract and the gut) and reduced rates of gram-negative bacteraemia (153). 

Nonetheless, enthusiasm for SDD has been somewhat tempered by a failure to show similar 

results in other European ICUs, where the prevalence of multi-resistant organisms (MROs)  is 

much higher than in the Netherlands (154).   

Interestingly, although there are significant concerns about these interventions driving 

antimicrobial resistance, results from these studies have indicated that SDD use is not 

correlated with increased carriage of MROs and if anything patients randomised to SDD in 

clinical trials have reduced carriage of organisms with antimicrobial resistance (151, 155, 156). 

This is not to say that concerns about antimicrobial resistance are not valid. I personally have 

serious concerns about the routine use of last-line antibiotics such as colistin in SDD protocols 

could result in pan-resistance developing in organisms such as P. aeruginosa in ICU 

environments. However, it is worth speculating that the reason behind these seemingly 

paradoxical results may relate to reduced use of empirical broad-spectrum antibiotics. The 

antibiotics chosen as part of SDD including colistin and tobramycin are active against gram-

negative bacteria, including most multi-resistant strains, but have little activity against most 

commensal anaerobes. The use of SDD antibiotics would likely be able to reduce the carriage 

of existing multi-resistant gram-negative pathogens while simultaneously keeping intact gut 

commensals that prevent colonisation by newly encountered drug-resistant pathogens from the 

environment.  However, these positive effects would likely be severely attenuated in ICU 

settings where use of broad-spectrum anti-anaerobe antibiotics is routine.  



 

24 

 

The role of colonisation resistance in preventing infection and sepsis was clearly appreciated 

by the designers of SDD because as part of this intervention ICU teams are encouraged to avoid 

the use of antibiotics with an anti-anaerobe spectrum  including broad-spectrum penicillins 

such as piperacillin-tazobactam (157). However, as the effects of such advice have not been 

tested independently of the active intervention, it is impossible to know to what degree this 

type of antibiotic stewardship has played in the success of both SDD and SOD interventions in 

the Netherlands, but not in other settings where stewardship practices are known to be different. 

Clearly, further research is required to establish the role of microbiomes in both the gut and 

respiratory tract and the efficacy of microbiome-based interventions in preventing infections 

in ICU patients.   

 

1.6.3 Antibiotic use and risk of subsequent sepsis in hospitalised patients 

Microbiome-mediated risk of infection is not limited to highly vulnerable patient groups but 

also extends to broad groups of hospitalised patients. In this population there is indirect 

evidence that antibiotic-driven microbiome disruption increases the risk of subsequent sepsis 

admission. Prescott et al used data from 43,095 hospitalisations to study the influence of 

microbiome perturbation on hospital re-admission rates (378). The investigators divided these 

admissions into categories including non-infection-related hospitalisation, infection-related 

hospitalisation and admission with clostridium difficile infection (CDI), based on the 

increasing likelihood that microbiome perturbation occurred during the admission. In their 

unadjusted analysis the probability of re-admission for severe sepsis in the subsequent 90 

days was 3.7% for initial hospitalisation for a non-infection-related condition, 8.4% following 

infection-related hospitalisation and 16.8% following admission with CDI. The difference in 

risk remained statistically significant even after adjustment for potential confounders (by 

using patients as their own control subject in a self-controlled analysis and by adjusting for 

age). In contrast, the probability of re-admission for non-infection related reasons did not 

differ between the groups.  

In a subsequent study by Baggs et al, hospital admission risk factors for subsequent sepsis in 

a cohort of nearly 13 million patients were explored further (87).  Hospital use of particular 

antibiotics deemed high risk for microbiome disruption (third- or fourth- generation 

cephalosporins, fluoroquinolones, lincosamides, β-lactam/β-lactamase inhibitor 

combinations, oral vancomycin, and carbapenems) were linked to a statistically significant 

risk of re-admission with sepsis after 90 days. Use of > 4 classes of antibiotics or use for >14 

days more than doubled the risk of severe sepsis occurring compared to no antibiotic use.  In 
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contrast, the use of low-risk antibiotics had no effect. This study also confirmed Prescott et 

al’s findings (378) that admission for CDI is a greater risk factor for subsequent sepsis than 

admission for other types of infection.  

The evidence from these studies suggesting that sepsis risk is related to microbiome disruption 

is indirect but has recently been bolstered by a retrospective analysis of patients treated for 

CDI. In this study, Ianiro et al compared 114 patients with CDI, 57 of whom received antibiotic 

therapy and 57 who received faecal microbiota transplantation (FMT). Those in the FMT group 

were 23% less likely to develop subsequent blood stream infection. Importantly, patients who 

received FMT were significantly less likely to die in the subsequent 90 days, with 89% 

surviving post FMT compared to only 58% in the antibiotic group. Large mortality differences 

in favour of FMT treatment for patients with severe CDI were also found in another 

retrospective study published recently (158). Although these results were subject to bias from 

the retrospective study design, the absolute effects were very large, suggesting that prospective 

studies will eventually confirm these findings.  These studies support the premise that sepsis 

risk is influenced by microbiome composition and that interventions that restore commensal 

microbiota such as FMT, can mitigate this risk in those with perturbed gut microbiomes.  

 

1.7 Restoration of the intestinal microbiome as a therapy: the emergence of 

faecal microbiota transplantation  

1.7.1 The clinical use of FMT 

FMT involves the transfer of stool from a healthy donor to the GI tract of a recipient in order 

to achieve a therapeutic outcome. In the modern era, therapeutic FMT use in humans was first 

reported in 1958 for the treatment of four patients with pseudomembranous colitis (159). Over 

the subsequent years there have been case reports and case series describing FMT 

predominantly for CDI but also for treating inflammatory bowel disease, irritable bowel 

syndrome and constipation (160-163). In the past decade, there has been a heightened interest 

in use of this therapy, predominantly driven by increasing rates of recurrent CDI.  During this 

time CDI has become more frequent, more severe, more refractory to standard treatment, and 

more likely to relapse (164). Standard treatment with oral metronidazole or vancomycin 

further alters the already abnormal gut flora of CDI patients (165), resulting in decreased 

microbial diversity that would usually provide colonisation resistance against C. difficile. For 

this reason, after successful initial therapy, up to 35% of patients will experience a 

symptomatic recurrence after ceasing antibiotics (166). A subset of patients will have multiple 
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recurrences and subsequent relapses occur in 45-65% of patients who have relapsed one or 

more times (167). For patients with recurrent CDI, FMT offers the greatest chance of cure of 

any therapy with success in 81- 94% (168-176). In recent years, following the publication of 

several RCTs, FMT has also emerged as a promising therapy for ulcerative colitis (163, 177-

179). In 2020 the use of FMT as a therapy for ulcerative colitis was endorsed for the first time 

in consensus guidelines from Australia (180). 

 

1.7.2 FMT mechanisms of action 

FMT is the only therapy so far shown to be able to re-constitute gut microbiota to a healthy 

pre-perturbation state. This has been definitively shown  in carefully conducted trials where 

patients received a stored autologous faecal microbiota transplantation (aFMT) following an 

intervention (usually antibiotic administration) that perturbs the gut microbiota (45, 181). 

These studies have shown that aFMT is highly efficacious in restoring gut microbiota to a 

pre-treatment composition as compared to no intervention.  

In aFMT, the organisms present in the transplant are already well adapted to the recipient 

host. However, in allogenic donor FMT,  host factors (as yet largely undefined) are thought to 

prevent effective engraftment of the donor microbiota in some people (182). Nonetheless, 

allogenic donor FMT can restore perturbed microbiomes to a state that resembles healthy 

donor microbiota for prolonged time periods (183-185). It is hypothesised that FMT’s ability 

to cure CDI is related to the ability of transplanted bacteria to reconstitute the intestinal 

microbiota, thus restoring colonisation resistance against C. difficile. However, trials have not 

definitively linked the degree of post FMT microbe engraftment to the likelihood that FMT is 

clinically successful in treating CDI (186).  

Since engraftment of donor gut microbiota is not always required to cure CDI, the precise 

mechanism by which FMT cures CDI is not known.  There is no strong evidence that donor 

microbiome composition affects FMT’s ability to cure CDI (187).  Similarly, both frozen and 

fresh FMT appear to have similar clinically efficacy (169, 170, 188), although meta-analyses 

have suggested that efficacy is improved by colonoscopic delivery of FMT as compared to 

upper gastro-intestinal (GI) routes of administration  (189, 190).  However, restoration of 

colonisation resistance to C. difficile may not require reconstitution of the entire gut 

microbiota. Achieving this goal may only require the transplantation of a few viable bacterial 

species to displace C. difficile and inhibit its further proliferation.  The successful treatment 

of CDI has been achieved by mixtures of bacterial cultures, bacterial spores, or lyophilised 

faecal material delivered orally (191-194), suggesting that in some cases, only a small 
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proportion of the microbiota needs to be transplanted to achieve clinical benefit. It has also 

been reported that even filtered stool products devoid of bacteria but still containing bacterial 

metabolites could be sufficient to cure CDI (195) , although this result has not been 

replicated. Nonetheless, to date none of these therapies have demonstrated a durable level of 

success sufficient to replace whole stool transplantation (196), suggesting that the complex 

microbial content of whole stool still remains an important determinant of clinical efficacy in 

CDI.  

In contrast, donor-specific differences in clinical outcomes, also referred to as the super-

donor effect, have been observed in the context of FMT used in inflammatory bowel disease 

(197, 198). In these cases, favourable donor effects were associated with bacterial richness (a 

measure of α-diversity) (198) and increased abundances of anaerobic bacteria in the 

Ruminococcaceae and Lachnospiraceae families (197), with prolonged remission linked 

specifically to increased butyrate producing ability after FMT (198). The mechanisms of 

efficacy in inflammatory bowel disease or other non-CDI indications are unlikely to be the 

same as in CDI, because inflammatory bowel diseases are the result of host-microbiota 

interactions and not simply the result of pathogen overgrowth. The ability of FMT to 

specifically restore microbes that produce benefit through their interactions with host cells 

rather than merely replace pathogenic bacteria, is likely to be clinically relevant in non-CDI 

contexts. It is known, for example, that many bacteria thought to confer benefit in the human 

host, such as the butyrate producing bacterium F. prausnitzii, are obligate anaerobes which 

cannot survive in aerobic conditions (199). At least one clinical trial has suggested that 

superior efficacy in the treatment of ulcerative colitis (UC) may be related to the processing 

of FMT under anaerobic conditions (rather than much more commonly used aerobic 

blending) (178). As SCFAs play an important role in colonisation resistance, the ability to 

preserve microbiota in faecal transplants with the ability to biosynthesize SCFA is likely to 

be important in FMT efficacy.  

FMT material usually undergoes multiple processing steps, such as blending, filtering and 

freezing prior to its clinical use, often performed in ambient air. The processing methods used 

are highly variable and centre specific. The effects of processing on the viable microbiota 

composition of instilled material are not typically considered, however optimising processing 

methodology is important in order to preserve keystone taxa  (such as those that produce SCFA) 

that are thought to be important in mediating colonisation resistance in gut microbiomes.  

Bacterial culture is the established method for assessing bacterial viability, but use of culture 

to determine bacterial viability in faecal material used for FMT is limited by culture 
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methodology that can readily isolate only a small subset of the total gut microbiota (170). This 

remains true even with substantial improvements in the ability to culture fastidious bacteria 

from faecal samples. By contrast,  molecular methods are excellent at describing the full 

diversity of bacteria within the gut but these methods lack the capacity to distinguish between 

DNA from viable cells, non-viable cells, and the extracellular environment (200). A potentially 

effective strategy to overcome these challenges is to combine PCR-based bacterial enumeration 

with propidium monoazide sample treatment (PMA-qPCR). PMA is a red fluorescent dye that 

is excluded from viable cells by the energised membrane of an intact cell wall. When the cell 

wall is compromised, PMA enters the cell and intercalates into DNA (201). The monoazide 

group allows PMA to covalently bind DNA upon exposure to light, thus limiting PCR 

amplification to DNA present within viable cells (202).  

The combination of PMA treatment with PCR-based analysis has been shown to be effective 

in a range of contexts, including the assessment of bacterial viability in samples with mixed 

populations, such as in waste water or sputa (203-205). However, its efficiency may be reduced 

when applied to samples in which levels of non-viable bacterial DNA and extracellular DNA 

are high, or where sample turbidity impedes light penetration (203, 206).  

The use of PMA in combination with 16S rRNA gene amplicon sequencing has been reported 

previously in the assessment of viable bacterial composition of FS for FMT (207). Chu and 

colleagues subjected undiluted simulated faecal transplant material from a single participant to 

various processing conditions including exposure to oxygen and freeze thaw cycles prior to 

treatment with PMA (207). This study showed that processing in aerobic condition or freezing 

had little effect on bacterial viability, except for Faecalibacterium- an important bacterium in 

the biosynthesis of the SCFA butyrate. However, a major limitation of this study was that it 

did not include a validation of the PMA methodology used.  

 

1.7.3 Evidence that FMT can be used to prevent pathogen colonisation and infection 

In van Nood et al’s landmark randomised controlled trial of FMT for CDI  it was noted that 

participants experienced profound drops in Proteobacterial abundances in their stool 

following FMT (172). This suggests that beyond its use in decolonising patients from C. 

difficile, FMT could be used to de-colonise patients from pathogenic members of the 

Proteobacteria such as antibiotic resistant E. coli or K. pneumoniae.   

In murine models FMT can rapidly clear colonisation by both VRE and carbapenem resistant 

bacteria (37). In a study by Caballero et al, mice were treated with ampicillin administered 

via drinking water and then inoculated with either carbapenem-resistant K. pneumoniae or 
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VRE. Mice were then randomised to receive FMT from the stool of a healthy mouse or 

phosphate buffered saline.  Following FMT treatment, K. pneumoniae density in faecal 

pellets decreased within one day and became undetectable within 7 days in all mice. VRE, on 

the other hand, was cleared in 60% of the mice but reduced by 3 logs in the remaining 40%.  

In humans there have been several case studies that have temporally associated pathogen 

clearance with FMT (208-210). In a retrospective analysis of patients who received FMT for 

C. difficile, carriage of antimicrobial resistance genes was reduced following FMT (211). 

Similarly, FMT for C. difficile reduced urinary tract infection frequency in those with recurrent 

disease (212). Bilinski et al reported  decolonisation of gut carriage of antibiotic-resistant 

bacteria in 75% of 20 immunocompromised cancer patients receiving FMT (213), with similar 

results reported by Battipaglia et al in an allo-HSCT population (214). Davido et al and Dinh  

et al also published a short case-series that was less encouraging, where only fewer than half 

of the patients were de-colonised from CRE carriage, with better results for VRE carriage 

(215). However, to date there has only been one published randomised controlled study of the 

ability of FMT, in combination with antibiotics, to eradicate resistant Enterobacteriaceae (216). 

While a non-statistically significant difference in the groups was observed (41% decolonisation 

in in the treatment arm compared with 29% decolonisation in the placebo arm), the trial 

included only 39 patients and was terminated early, and was therefore likely to be 

underpowered (216). Clinical studies of FMT for decolonisation from resistant bacteria are 

summarised in table 1.1 

 

 

Table 1.1. Human studies of faecal microbiota transplantation for antimicrobial 

resistance infection or carriage  
 

Authors Year Study 

type 

 

Patient 

(sample size) 

and type 

FMT 

method 

AMR 

detection 

methodology 

Main findings   Ref 

 

Singh et al 2014 Case study 1 

Renal 

transplant 

Nasogastric 

infusion 

Stool culture 

for ESBL 

Inability to detect 

ESBL in stool 

culture for 12 

weeks post FMT 

(209) 

Stripling et 

al  

2015 Case study 1 

Cardiac and 

Renal 

transplant 

Nasogastric 

infusion 

16S rRNA 

sequencing 

Reversal of VRE 

domination in post 

transplant 

microbiome 

(210) 

Crum-

Cianflone 

et al 

2015 Case study 1 

ICU long-

stay patient  

Colonoscop

y 

Stool culture Clearance of CRE, 

ESBL and VRE 

colonisation 2 

years following 

FMT, reduced 

number of 

(208) 
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infections and 

antibiotic use 

Lagier 2015 Case study 1 Nasogastric 

infusion 

Stool culture Clearance of 

OXA- CRE 

carriage 

 

Stalenhoef 
et l 

2017 Case study 1 

Dialysis 

patient with 

recurrent 

UTI   

Nasoduoden

al 

16S rRNA 

sequencing 

and culture 

Patient was 

decolonised from 

resistant P. 

aeruginosa (VIM) 

but not ESBL 

producing E. coli 

 

Millan 2016 Observatio

nal  

20 recurrent 

CDI   vs 

87 healthy 

controls 

Colonoscop

y 

Shotgun 

metagenomic 

DNA 

microarray  

CDI patients had a 

greater number 

and diversity of 

resistance genes 

compared with 

donors and 

healthy controls 

(198) 

Bilinski et 

al 

2017 Observatio

nal 

20 patients 

with blood 

disorders 

and carriage 

of ESBL or 

CRE 

Nasoduoden

al 

16S rRNA 

amplicon 

sequencing 

and qPCR 

1 month post- 

FMT 60% 

decolonised 

(147) 

Davido et 

al 

2017 Observatio

nal 

8 patients, 

6 CRE, 2 

VRE 

colonised 

Nasoduoden

al 

Culture and 

qPCR 

1 month post- 

FMT, 3/8 patients 

were decolonised 

(2 CRE and 1 

VRE) 

(202) 

Dinh et al 2019 Observatio

nal 

17 patients 

CRE or VRE 

colonised 

Nasoduoden

al 

Culture and 

qPCR 

3 months post-

FMT 4/8 

decolonised from 

CRE and 7/8 

decolonised from 

VRE 

 

Battipaglia 

et al 

2019 Observatio

nal 

10 Allo-

HSCT 

patients CRE 

or VRE 

colonised 

Nasogastric 

infusion or 

enema 

16S rRNA 

amplicon 

sequencing 

7/10 patients were 

decolonised a 

median of 13 

months post-FMT 

(217) 

Saidani et 

al 

2019 Retrospecti

ve case 

controlled 

 

10 FMT  

20 controls 

CRE 

colonised 

Nasogastric 

infusion 

Culture 8/10 patients were 

decolonised 1 

month post-FMT.  

 

Huttner et 

al 

2019 RCT 39 patients 

colonised 

with ESBL 

or CRE, 22 

in 

intervention 

arm 

Capsule 

FMT 

Culture 41% 

decolonisation 
in treatment 

arm  
29% 

decolonisation 

in the placebo 
arm 
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1.7.4 FMT and the risk of acquired bacterial infection 

Recent cases of ESBL-producing E.coli infections (one fatal) reported in two 

immunocompromised recipients following the transplant of encapsulated faecal material 

(218), has caused significant concern about the safety of FMT products.  This has prompted a 

re-assessment of the risks posed by FMT and a wider recognition that screening for drug-

resistance, and not just pathogen presence or absence, should be performed on FMT material. 

Despite these cases, FMT remains a relatively safe procedure.  A recent review of FMT 

safety found that serious adverse events occur in 2-6% of patients, depending on the route of 

administration (219). The incidence of severe infections following FMT was 2.5% (27/1089), 

including two cases of bacteraemia with enteric pathogens (219-221). When safety checks are 

performed in an optimal manner, such as in stool banks who have strict donor screening 

requirements and also quarantine specimens by freezing while performing a range of tests for 

pathogen and resistance carriage,  safety of the FMT is considerably greater (189).   

Despite the promise of FMT, there are inherent problems with this type of therapy. Given the 

complexity and diversity of communities of microbes found in stool it is impossible (at least 

with current technology) to completely define the microbial content of a single stool sample 

from a single donor, let alone multiple samples from multiple donors. The intrinsic variability 

of these communities means that content of FMT will never be able to be precisely defined in 

the way that medications or laboratory produced probiotics are. The uncertainty around the 

microbial content of FMT links back to uncertainty around the safety of this product and 

creates hurdles in applying existing regulatory models to the regulation of FMT production. 

Therefore, the race to design microbiome-based therapies that avoid the pitfalls of FMT 

continues in earnest. The question is whether intervention designed by humans today can 

replicate the benefit provided by an incredibly complex community of microbes that have 

evolved in parallel with humans over thousands of years- a system which we are only just 

beginning to understand.  

 

1.8 Knowledge gaps  

The evidence presented in this literature review strongly suggests that gut microbiome 

disruption with antibiotics is a risk factor for colonisation and subsequent infection with 

antibiotic-resistant organisms. However, much more is unknown than known about how this 

process occurs and who is most at risk. Although individual antibiotics contribute differently 

to the subsequent risk of infection, the relative effects of individual antibiotic agents on the 

gut microbiome remain relatively unexplored. Furthermore, little is known about the 
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relationship between other forms of medical intervention, such as cancer chemotherapy or 

admission to a critical care unit, and microbiome-mediated risk of infection or mortality. 

Ultimately, it must be determined whether microbiome-based interventions can reduce the 

risk of recurrent bacterial infection in patients who currently have no option other than to take 

repeated courses of antibiotics. Since FMT is currently the best available intervention to alter 

microbiota, this is the most suitable intervention to test. To achieve this, FMT must be 

optimised as an intervention for use as a therapy to improve colonisation resistance against 

pathogens other than C. difficile and studied as an intervention to alter infection outcomes in 

the setting of a randomised controlled trial.  
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1.9  Aims of thesis 

 

1. To characterise the changes that occur to intestinal microbiota during cancer 

chemotherapy 

2. To characterise the changes that occur to intestinal microbiota in critically ill 

patients during admission to an intensive care unit 

3. To relate changes in intestinal microbiology to pathogen carriage and risk of 

infection 

4. To determine the impact of FMT processing on viable faecal slurry composition 

5. To design a clinical trial to test FMT as an intervention to reduce the frequency 

of recurrent bacterial infections  
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CHAPTER 2 

  

 

The effect of myelosuppressive chemotherapy on gut microbiome and 

resistome 

 

 

Sections of this work may appear in the following manuscript:   

Papanicolas LE, Sims S, Miller SJ, Taylor S, Karapetis C, Gordon DL, Wesselingh SL, 

Rogers GB. Conventional myelosuppressive chemotherapy for non-haematological 

malignancy alters intestinal microbiology. BMC Cancer. 2021May 22;21(1):591. doi: 

10.1186/s12885-021-08296-4. 
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2.1 Abstract 

Gut microbiota modulate responses to chemotherapy in both animals and humans. These same 

microbes influence the likelihood of adverse outcomes developing following chemotherapy 

including colitis and sepsis.  Despite the emerging evidence that gut microbiota are likely to 

play an important role in the outcomes of cancer patients, very little is known about how 

conventional myelosuppressive chemotherapy affects gut microbiota. The aim of this study 

was to examine how common conventional myelosuppressive chemotherapy, independent of 

antibiotic use, affects gut microbiome diversity, composition, and antibiotic resistance.  

Faecal samples from 19 participants with non-haematological cancers receiving conventional 

chemotherapy regimens (platinum agents, taxanes, antimetabolites, anthracyclines, and 

cyclophosphamide) for the first time were examined before chemotherapy, 7-12 days after 

chemotherapy, and at the end of the first cycle of treatment. Faecal samples from healthy faecal 

donors collected at similar time intervals were also examined. 16S amplicon sequencing and 

metagenomic sequencing were used to characterise the gut microbiome diversity, composition 

and resistome. Bacterial culture followed by agar dilution was used to determine the 

susceptibility of commensal E. coli to norfloxacin and rifampicin.  

Gut microbiota changed significantly 7-12 days following chemotherapy. The overall 

composition of the microbiome became unstable, with much greater variability between 

sampling timepoints than expected (p=0.0004). These changes included an increase in bacterial 

richness (p=0.007) and diversity (p=0.02), a significant decrease in the abundance of gram-

positive bacteria in the phylum Firmicutes (p=0.003) and a corresponding increase in the 

relative abundance of gram-negative bacteria in the phyla Bacteriodetes (p=0.01) and 

Proteobacteria (p=0.021). However, chemotherapy had no observed effect on the prevalence 

of microbial resistance genes or phenotypic antimicrobial resistance in commensal E. coli.  

In conclusion, conventional myelosuppressive chemotherapy significantly alters gut 

microbiota even in the absence of antibiotic use. The relative increase in pathogenic gram-

negative bacteria could signal an increased risk of sepsis in these patients, although these 

changes are also consistent with changes that drive beneficial stimulation of the host immune 

during chemotherapy.  

 

 

 

2.2 Introduction 
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Chemotherapeutic agents have been known to inhibit bacterial growth for many decades. The 

inhibitory effects of cisplatin on E. coli preceded identification of its anti-tumour effects (124). 

However, in recent years, following a series of landmark publications linking gut microbial 

composition with the anti-tumour effects of cancer therapies (84, 143, 222, 223), there has been 

renewed interest in how gut bacteria affect cancer therapy. These interactions are important to 

understand, not only to optimise treatment efficacy, but also so that important complications 

of cancer treatment, such as bacterial sepsis of gut origin, can be mitigated.  

Although the efficacy of conventional chemotherapies, and newer immunotherapies, have been 

mechanistically linked to gut microbiota changes (143, 222), there is surprisingly little known 

about the effects of conventional chemotherapeutic agents on human commensal gut bacteria. 

The antibacterial effect of certain chemotherapeutic agents, including daunorubicine and 

etoposide, have been demonstrated in vitro (125). Maier et al showed that 20 of 37 

antineoplastic drugs, including 10 of 11 antimetabolite chemotherapy drugs, had the ability to 

inhibit the growth of some commensal gut bacteria in vitro (78). Several studies have also 

attempted to assess these effects in vivo (125, 126, 224). However, most of the patients assessed 

in these studies either received prophylactic antibiotics prior or concurrent to the study, 

potentially confounding assessments of chemotherapeutic impact.  

In addition to disrupting commensal microbiota composition, chemotherapy may contribute 

directly to antibiotic resistance by promoting mutagenesis in gut bacteria through induction of 

stress responses. Many chemotherapeutic agents, including platinum compounds, 

topoisomerase inhibitors, antimetabolite drugs and alkylating agents, are known to cause DNA 

damage that can trigger the bacterial SOS response (105) increasing the ability of bacteria to 

mutate through the activation of error-prone polymerases and other mechanisms (98). 

This study had two principal aims: to determine whether conventional myelosuppressive 

chemotherapy resulted in significant changes to gut microbiota characteristics, and to assess if 

chemotherapy altered phenotypic or genotypic antibiotic resistance in commensal gut bacteria.  

 

2.3 Methods 

2.3.1 Participant recruitment 

Ethical approval for the study was obtained from the Southern Adelaide Local Health Network 

Human Research Ethics Committee (Reference number HREC/17/SAC/44). Chemotherapy-

naïve patients, commencing the first cycle of conventional myelosuppressive chemotherapy 

for a non-haematological malignancy, were invited to participate in the study. Patients who had 
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received any antibiotics within four weeks of chemotherapy, a period associated with gut 

microbiota disruption following antibiotic exposure (95), were excluded. Patients with other 

potentially confounding exposures, including prior chemotherapy, immunotherapy, 

malignancy involving the GI lumen, or probiotics use, were also excluded (Table 2.1).  

  

Table 2.1 Inclusion and Exclusion Criteria 

Inclusion Criteria 

• Aged 18-85 years  

• No prior chemotherapy 

• Commencing a new course of chemotherapy during the study period for treatment 

of a non-haematological malignancy 

Exclusion Criteria 

• Antibiotic treatment in the preceding 4 weeks 

• Primary or metastatic disease involving the bowel 

• Chronic inflammatory bowel disease or other significant gastro-intestinal disease 

considered to be a possible confounding factor by the investigators 

• Cognitive impairment 

• Participant wishing to take probiotics during study 

 

2.3.2 Sample collection 

Faecal samples were self-collected by participants within 7 days prior to commencement of 

chemotherapy (median 1 day preceding chemotherapy; IQR 2), 7-12 days after chemotherapy 

(median 9 days; IQR 2), and at the end of the first chemotherapy cycle (median 21 days post 

chemotherapy; IQR 8.5) using stool nucleic acid preservation tubes (Norgen Biotek Corp, 

Thorold, ON, Canada). Where possible, fresh stool samples were collected at the same time 

as the preserved specimens, using standard polypropylene collection pots (TechnoPlas, St 

Mary’s SA, Australia), and transported to the laboratory on ice within 6h, to enable culture-

based bacterial analysis. Fresh aliquots of stool (~500 µg) samples were stored in 1 mL 10% 

glycerol saline and frozen at -80°C.  

2.3.3 DNA extraction  

Stool DNA was weighed and then extracted using the DNeasy PowerSoil HTP 96 DNA 

Isolation kit (Qiagen, Chadstone VIC, Australia). The extraction protocol used is included in 
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Appendix 1.4. Quant-IT dsDNA Assay kit (Life Technologies, Carlsbad, CA, USA) was used 

to quantify DNA concentration after extraction. Extracted DNA was stored at -20°C prior to 

further analysis. 

2.3.4 Nucleic acid amplification  

Real-time quantitative polymerase chain reaction (qPCR) assay using universal primers 

targeting the 16S rRNA gene was used to amplify DNA from all bacteria and specific primers 

targeting the 16S rRNA gene to amplify DNA from E. coli. The primers, probes used in these 

assays are detailed in Appendix 2.  

To determine total bacterial load 1 μL of DNA extract, 0.2 μM of each primer, 17.5 μL of 2X 

PowerUp SYBR Green qPCR Master Mix (ThermoFisher, Cat No. A25743, Foster City, CA, 

USA) and the appropriate volume of water was added to a 35 μL total reaction volume. This 

was then divided into triplicates of 10 μL and underwent thermal cycling (95°C for 15 sec 

followed by 60 °C for 1 min) for a total of 40 cycles. Real-time PCR quantitation was 

performed using the QuantStudio 6 Real-Time PCR system (Applied Biosystems, Foster 

City, CA, USA). Total bacteria (as determined by 16S quantification) was quantified to a 

copy number per gram of stool by comparing sample Ct to a standard curve with known copy 

numbers.  

E. coli DNA was amplified using 6 μL of DNA extract, 0.3 μM of each primer,  0.1 μM of  

the probe, 17.5 μL of KAPPA PROBE FAST ROX Low Master Mix reagents (Kapa 

Biosystems, Cape Town, South Africa) and the appropriate volume of water was added to a 

35 μL total reaction volume. This was then divided into triplicates of 10 μL and underwent 

thermal cycling (95°C for 30 sec, 58°C for 30 sec and 72°C for 30 sec) for a total of 40 

cycles. Real-time PCR quantitation was performed using the QuantStudio 6 Real-Time PCR 

system (Applied Biosystems, Foster City, CA, USA). Bacteria (per gram of stool) were 

quantified by comparing sample Ct to a standard curve using DNA extracted from a known 

quantity of E. coli (ATCC strain 36218).   

2.3.5 16S rRNA gene amplicon sequencing  

The bacterial composition of the preserved faecal specimens was determined by paired-end 

sequencing of the V4 hypervariable region of the bacterial 16S rRNA gene. Faecal microbiome 

characteristics were determined by 16S rRNA gene amplicon sequencing (Illumina MiSeq) as 

described previously (225). Paired-end reads were merged (demultiplexed) and analysed using 
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Quantitative Insights in to Microbial Ecology (QIIME) software (v2.2019.4) (226) using a 

previously described bioinformatics pipeline (225). Reads were analysed for quality and then 

filtered and truncated using the DADA2 algorithm (227). Sequences were assigned to amplicon 

sequence variants (ASVs) using an open reference approach against the SILVA 16S rRNA 

reference database (release 132) clustered at 97% similarity. Reads aligning with contaminants, 

including mitochondria, eukaryota, chloroplast and cyanobacteria were removed. Read depth 

median after filtering was 11,510 (IQR 7,078). Subsampling was performed on all samples to 

a depth of 4846 sequence reads. The taxa relative abundances and α-diversity metrics for 

determining taxa richness (observed species) and diversity (Shannon and Faith’s PD) were 

computed using QIIME (v2.2019.4). Inter-sample variance (β-diversity) was determined using 

Bray-Curtis similarity on square root transformed taxa relative abundance using PRIMER 

software version 7 (PRIMER-E, Plymouth, UK). 

2.3.6 Shotgun metagenomics  

DNA from faecal samples were processed for shotgun metagenomic sequencing using Nextera 

XT DNA Library Prep Kit (Illumina Inc., CA, USA), and Nextera XT Index kit (Illumina Inc., 

CA, USA), as per manufacturer’s instructions. Amplicon libraries were sequenced on the 

Illumina HiSeq 4000 platform at by Macrogen using Illumina HiSeq SBS 2 x 150bp v4 kit 

(Illumina Inc., CA, USA). Downstream data processing relative gene abundance from 

metagenomic sequencing data was determined as previously described (228) using resistance 

genes were categorised by function according to the Antibiotic Resistance Ontology (ARO) 

defined categories using CARD (Comprehensive Antibiotic Resistance Database, 

https://card.mcmaster.ca/).  

2.3.7 E. coli isolation for phenotypic resistance testing Fresh faecal specimens were stored in 

10% glycerol-saline at -80°C until culture-based analysis. Samples were thawed at room 

temperature, vortexed, and 10-fold dilution series were made in saline, producing dilutions to 

10-6. In order to selectively isolate E. coli colonies from faecal specimens, an aliquot of 100 µL 

of each 10-fold diluted sample was spread-plated on to solid media with ability to inhibit gram-

positive cocci and differentiate E. coli from other coliforms based on lactose fermentation 

(MacConkey Agar No. 3, Oxoid Microbiology Products, Basingstoke, UK). Colonies 

phenotypically consistent with E. coli were identified on plates where single colonies were 

visible. Ninety-six representative colonies from each participant at each sampling time point 

(pre-chemotherapy, 7-12 days post chemotherapy, and at cycle completion) were picked with 

a plastic 1 µL loop and dispersed into 100 µL of 20% glycerol-saline solution aliquoted into 
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96-well plates. These plates were sealed with PCR film and stored at -80°C until further testing. 

Isolates were confirmed to be E. coli by plating onto chromogenic agar which identifies E. coli 

(CHROMagar ECC Edwards Group, New South Wales, Australia). Representative colonies 

from this agar that were consistent with E. coli phenotypically were confirmed to be E. coli 

using MALDI-TOF (Microflex LT, Bruker, Bremen, Germany).  

2.3.8 E. coli antimicrobial resistance testing  

E. coli isolates were sub-cultured onto solid media containing norfloxacin and media 

containing rifampicin at different concentrations. Media were prepared as described in 

Clinical and Laboratory Standards Institute (CLSI) guidelines (229). Mueller Hinton Agar 

base (MHA, Oxoid Microbiology Products, Basingstoke UK) was used with added 

antibiotics. Norfloxacin (Sigma Aldrich, St Louis, MO USA) containing media were prepared 

at the following concentrations (mg/L): 0.5, 0.25, 0.125, 0.06 and 0.03. E. coli was tested on 

MHA containing rifampicin (Sigma Aldrich, St Louis, MO USA) at the following 

concentrations (mg/L): 128, 64, 32, 16 and 8.  

Just prior to susceptibility testing, E. coli isolates were sub-cultured in Luria Bertani broth for 

2-4 hours until they reached an optical density (OD 600nm) of 0.1 (equivalent to 0.5 McFarland 

concentration) using a spectrophotometer (Victor 3X multimode plate reader, Perkin Elmer, 

Waltham, MA, United States). Following this, 2 µL of broth containing each isolate was 

pipetted onto antibiotic-containing agar plates (16 spots per plate). Plates were incubated 

overnight (18-22 hrs) at 37oC in aerobic conditions and examined for colony growth the 

following day. Quality control of all antibiotic containing media batches was performed using 

the following reference strains with known MICs: E. coli ATCC 25922, Enterococcus 

faecalis ATCC 29212 and Pseudomonas aeruginosa ATCC 27853 according to CLSI 

performance standards for antimicrobial susceptibility testing (229).  

2.3.9 Longitudinal analysis of microbiome characteristics: analysis plan and rationale 

The primary aim of this study was to assess the within-patient changes to gut microbiota 

occurring over time in patients receiving chemotherapy. In order to accomplish this aim, 

analysis compared two timepoints (Pre-chemo v Post-1) and (Pre-chemo v Post-2) using a 

within participant paired analysis of all sample types. Where within-participant pairing was 

not possible, cohorts of unpaired samples at different timepoints were compared.  

The specific microbiome characteristics assessed include sample bacterial load, α-diversity, 

β-diversity and the relative abundance of specific taxa (at the phylum and genus level). 
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Alpha-diversity (within-sample microbial variance) was assessed using two measures: 

Observed species (richness) and Shannon’s diversity index. Richness is a metric of how many 

different species are observed in a sample (regardless of their distribution or phylogenetic 

relatedness). Evenness is a measure of how equally distributed bacterial species are within an 

individual sample. Shannon’s index is a composite index which takes into account both 

richness and evenness.   

Beta-diversity (between-sample comparisons of microbiome composition) was determined 

using Bray-Curtis similarity and dissimilarity indices. These indices compare the microbial 

composition of samples based on the number of common species in the samples and their 

relative abundance. Changes in relative abundance of individual phyla and taxa (at the genus 

level) within participants was analysed to determine whether specific taxa were significantly 

likely to change after chemotherapy. Uncommon taxa, defined as being detectable in less 

than 20% of samples, were excluded from this analysis. 

To control for natural temporal variability that occurs with repeated sampling, Bray-Curtis 

dissimilarity distances were also determined on faecal samples (collected as part of a separate 

study presented in Chapter 4) at matching time intervals from six healthy participants not 

exposed to chemotherapy. Apart from sampling interval, these participants were not 

otherwise matched to the participants receiving chemotherapy. Other microbiota 

characteristics (including diversity and composition of samples from healthy participants) 

were therefore not compared to that of the chemotherapy cohort. For this analysis each 

participant’s own pre-chemotherapy sample served as the comparator sample. Finally, in 

order to fulfil the second aim of this study an analysis of resistome and phenotypic 

antimicrobial resistance before and after chemotherapy in subset of participants was 

performed. 

2.3.10 Statistical analysis  

Statistical analysis was performed using GraphPad Prism 7.03 software. The Anderson-

Darling and D’Agostino & Pearson tests were used to test for normal distribution. 

Significance (p-value <0.05) for longitudinal data linked to specific participants was 

determined using paired t-tests for parametric data and the Wilcoxon matched-pairs signed 

rank test for non-parametric data. For comparisons between unrelated cohorts unpaired t-test 

or 1-way ANOVA was used for parametric data and the Mann-Whitney U test for non-

parametric data. All p-values were adjusted for multiple testing using the Benjamini-

Hochberg correction (false discovery rate 0.05). Significance of Bray-Curtis similarity β-
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diversity metrics were determined by PERMANOVA using PRIMER software version 7 

(PRIMER-E, Plymouth, UK).  

 

2.4 Results 

2.4.1 Cohort characteristics 

Analysis was performed on samples collected from 19 participants. The demographic profile, 

type of malignancy and chemotherapy used in the cohort is presented in Table 2.2. 

Myelosuppressive chemotherapies used included platinum agents, antimetabolites, alkylating 

agents, taxanes and anthracyclines. A total of 56 faecal samples were collected over the three 

time points for molecular analysis. Faecal samples were self-collected by participants prior to 

commencement of chemotherapy (median 1 day preceding chemotherapy; IQR 2), 7-12 days 

after chemotherapy (median 9 days; IQR 2) and at the end of the first chemotherapy cycle 

(median 21 days post chemotherapy; IQR 8.5)  In addition, 14 fresh samples were suitable for 

culture (pre-chemotherapy n=5; 7-12 days post-chemotherapy n=5; end of cycle n=4). The 

number and types of samples collected are presented in Table 2.3.  

 

2.4.2 Impact of chemotherapy on bacterial load and faecal microbiome α-diversity 

The absolute number of bacteria present in faecal samples per gram of stool did not change 

with chemotherapy (pre-chemotherapy median 1.14 X109 bacterial cells/g stool [IQR 2.3 X109] 

vs median 1.6 X109 cells/g stool [IQR 1.6 X109] 7-12 days post-chemotherapy; p=0.76; 

However, compared to the pre-chemotherapy microbiota, significant increases in bacterial 

richness (median 117, observed species [37] vs 117 ± [38]; p=0.007, Figure 2.1A) and Shannon 

diversity index (median [IQR] 6.2 [0.45] vs 6.3 [0.34]; p=0.02, Figure IB), were observed 7-

12 days after chemotherapy. Increased bacterial richness persisted to the end of the 

chemotherapy cycle (mean 125 observed species ± SD 36 p=0.02, Figure 2.1A). There was no 

significant change in phylogenetic diversity following chemotherapy (Faith’s PD median 

6.1[4.2] before chemotherapy vs median 6.5 [2.7] after chemotherapy).   
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Table 2.2 Cohort demographic and clinical characteristics 
 

Study ID Gender Age Malignancy type 

(Treatment intention) 

Chemotherapy regimen included 

Alkylating 

agent 

Anthra-

cycline 

Anti-

metabolite 

Nucleoside 

analog 

Platinum 

agent 

Taxane Topo-

isomerase 
inhibitor 

CDS3 F 48 Breast (adjuvant) X X    X  

CDS4 F 64 Breast (adjuvant) X X    X  

CDS5 F 52 Osteosarcoma  X   X   

CDS6 F 70 Cholangiocarcinoma    X    

CDS7 F 67 Endometrial (adjuvant)     X X  

CDS8 F 80 Mesothelioma   X  X   

CDS9 F 75 Pancreatic   X  X   

CDS11 F 75 SCLC     X  X 

CDS 12 M 71 Unknown primary    X X   

CDS 13 M 57 NSCLC stage 3B     X  X 

CDS 14 M 69 Urothelial (adjuvant)    X X   

CDS 15 M 70 NSCLC stage 4    X X   

CDS 16 M 73 NSCLC stage 4    X X   

CDS 17 F 70 Breast (adjuvant)  X    X  

CDS 18 F 63 NSCLC stage 4    X X   

CDS 19 F 70 Breast (adjuvant) X X    X  

CDS 20 M 82 Pancreatic      X  

CDS 21 F 72 Breast (adjuvant) X X    X  

CDS 22 M 63 Bladder (neoadjuvant)    X X   

HC1 F  41 Healthy control        

HC2 M 30 Healthy control        

HC3 F 29 Healthy control        

HC4 F 44 Healthy control        

HC5 M 27 Healthy control        

HC6 F 30 Healthy control        

 
 
NSCLC = Non small cell lung cancer 
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Table 2.3 Sample types collected  
 

Study ID Sample type and collection interval 

Pre-chemotherapy Post-1 Post-2 

  NAPT* Fresh NAPT Fresh NAPT Fresh 

CDS3 X  X  X  

CDS4 X  X  X  

CDS5 X  X  X  

CDS6 X  X  X  

CDS7 X  X  X  

CDS8 X  X  X  

CDS9 X  X  X  

CDS11 X  X  X  

CDS 12 X  X  X  

CDS 13 X X X X X X 

CDS 14 X X X X X X 

CDS 15 X  X  X  

CDS 16 X  X  X  

CDS 17 X X X X X X 

CDS 18 X  X  X  

CDS 19 X X X X X X 

CDS 20 X X X X   

CDS 21 X X X X X X 

CDS 22 X  X  X  

 *NAPT = Nucleic Acid Preservation Tube 

 

 

Figure 2.1. Faecal microbiome α-diversity changes during chemotherapy.  

Observed species (A) and the Shannon diversity index (B) were used to measure bacterial 

richness and α-diversity at three time intervals: Pre-chemo (baseline samples prior to 

chemotherapy), Post-1 (7-12 days post start of chemotherapy) and Post-2 (at the end of one 

chemotherapy cycle; median 21 days after chemotherapy). Significance of comparisons were 

determined using the Wilcoxon matched pairs signed rank test of 19 paired subject samples 

(*= p<0.05; **= p<0.01). 
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2.4.3 Impact of chemotherapy on microbiome β-diversity 

There were no significant differences in faecal microbiome distribution following 

chemotherapy (PERMANOVA; p=0.99, Figure 2.2) or dispersion (PERMDISP; p=0.90, 

Figure 2.3) In this type of analysis does not involve a within-participant analysis, instead the 

composition of the cohort as a whole before chemotherapy is compared to composition of the 

cohort as a whole following chemotherapy. For this reason, the results are influenced by large 

baseline differences in individual microbiomes. As demonstrated in the nMDS plot, instead 

of clustering by timepoint, samples from the same participant cluster together (Figure 2.2).  

 

 
Figure 2.2 Faecal microbiome distribution in paired samples before and after 

chemotherapy 

Non-metric multi-dimensional scaling (nMDS) plot depicts paired-sample changes to 

microbiota composition following 7-12 days of chemotherapy (Post-1). Each colour represents 

an individual participant, with the pre-chemo sample (outline) linked to the post-chemotherapy 

sample (no outline) by a line. Samples are shown to cluster by participant rather than by 

sampling time point, with no significant difference between the pre-chemo and post-1 groups 

PERMANOVA; p=0.99. 
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Figure 2.3. Faecal microbiome distribution and dispersal before and after chemotherapy 

The nMDS plot depicts Bray-Curtis resemblance of square root transformed, genus-level, 

relative abundance data. Shaded ovals represent 80% confidence interval. There is no 

difference between the pre-chemotherapy and post-chemotherapy (post-1) faecal microbiome 

distribution (PERMANOVA; p=0.99) or dispersion (PERMDISP; p=0.90). 

 

2.4.4 Impact of chemotherapy on microbiome composition 

The Bray Curtis dissimilarity index (where 0 indicates sample composition is identical and 1 

indicates there are no shared species) was used to evaluate the degree of difference in 

microbiome composition between pairs of samples. This methodology controls for an 

individual’s baseline microbiome composition when used with paired samples from the same 

participant.  

The Bray Curtis dissimilarity score between different participants (unmatched samples) was 

not significantly different before and after chemotherapy (mean Bray-Curtis dissimilarity 

distance 0.84±SD 0.06 pre-chemo vs mean 0.81±SD 0.06 post-1; Figure 2.4, p=0.07). As 

expected, paired samples from the same participant (taken before and after chemotherapy) were 
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more alike than samples from different participants (mean Bray-Curtis dissimilarity distance 

0.58±SD 0.14 vs 0.81±SD 0.06; Figure 2.4, p <0.0001). This is expected as individual 

microbiomes differ substantially from each other, but typically remain stable over time (230). 

However, paired samples from the same participant (taken before and after chemotherapy) 

were significantly more dissimilar than paired samples from healthy participants who did not 

receive chemotherapy but whose samples were collected at similar timepoints (mean Bray-

Curtis dissimilarity distance 0.58±SD 0.14 vs 0.35±SD 0.14; Figure 2.4, p <0.0001).  

 

 

Figure 2.4. Microbiome composition similarity between paired and unpaired specimens   

The box plot figure depicts the median [IQR] and range of the degree of similarity of the 

microbiomes in groups of sample pairs (matched participant and sample type) using the Bray 

Curtis dissimilarity index. The degree of similarly in unpaired samples (from different 

participants) before chemotherapy (pre-chemo, unpaired, n=19 participants with 171 paired 

comparisons) and 7-12 days following chemotherapy (post-1, unpaired, n=19 participants 

with 171 paired comparisons) is depicted on the left.  On the right the degree of similarity 

between paired samples from the same participants before and 7-12 days after chemotherapy 

(chemo, paired, n=19) or healthy participants (healthy, paired, n=6) at matching sampling 

intervals are depicted. Significant comparisons are indicated by stars (****= p<0.0001; one-

way ANOVA).  
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2.4.5 Impact of chemotherapy on the relative abundance of specific phyla  

The observed changes in microbiota composition and structure resulting from chemotherapy 

were associated with significant shifts in the relative abundance of bacterial phyla at 7-12 

days post-treatment. The four most abundant phyla (Firmicutes, Bacteriodetes, Proteobacteria 

and Actinobacteria) representing 99% of bacteria in the samples, were analysed. The relative 

abundance of gram-positive bacteria in the phylum Firmicutes was significantly reduced (pre-

chemotherapy median relative abundance 0.78, IQR 0.11 vs 0.75, 0.11; p=0.003), while the 

relative abundances of gram-negative bacteria in the phyla Bacteroidetes and Proteobacteria 

were significantly increased (Bacteroidetes: median 0.16, IQR 0.13 vs 0.21, IQR 0.13; 

p=0.01 and Proteobacteria: 0.015, IQR 0.018 vs 0.03, IQR 0.03; p=0.02, Figure 2.5). 

 

 

 

Figure 2.5. Phyla relative abundance before and after chemotherapy 

Relative abundance of pre-chemotherapy samples compared to paired samples collected 7-10 

days post-chemotherapy in 19 participants.  Box and whiskers depict median ± interquartile 

range with bars representing minimum and maximum values. All significant comparisons are 

indicated by stars (*= p<0.05; **= p<0.01; ***= p<0.001; Wilcoxon matched-pairs signed 

rank test). 
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2.4.6 Impact of chemotherapy on the relative abundance of specific genera 

In total, 259 individual taxa were identified to the genus level in the cohort’s stool microbiome 

composition analysis. The relative abundance of individual taxa was assessed before and after 

chemotherapy (timepoint 1). Uncommon taxa, defined as being detectable in less than 20% of 

samples, were not analysed, leaving 95 taxa. Of these, 3 comparisons were statistically 

significant prior to correction for multiple testing. Two members of the Firmicutes phylum 

decreased in abundance: Ruminococcaceae UCG-014 (med 0.002, IQR 0.02 vs med 0, IQR 

0.004; p=0.006) and Clostridia D_3_Clostridiales (unnamed genus) (med 0.021, IQR 0.07 vs 

med 0.011, IQR 0.05; p=0.025) and the genus Bacteroides of the Bacteriodetes phylum 

increased in abundance (med 0.123, IQR 0.11 vs med 0.153, IQR 0.11 p=0.03). However, none 

of these comparisons remained significant after correction for multiple testing.  

 

2.4.7 Metagenomic analysis of antibiotic resistance gene dispersion 

Ten paired samples (10 pre-chemotherapy and 10 post-chemotherapy timepoint 1) underwent 

shotgun metagenomic analysis. A total of 339 individual antibiotic resistance determinants 

were identified in the collective metagenome. Eight pairwise comparisons of specific genes 

pre- and post-chemotherapy were significant. The prevalence of the gene van RF (a 

glycopeptide resistance gene intrinsic to Paenibacillus) and the efflux pumps efrB, mexl, tet44, 

tet35 decreased following chemotherapy (p<0.05), whilst the genes EdeQ (instrinsic to 

Brevibacillus), MuxB (a multidrug efflux pump in Pseudomonas) and oqxB (an efflux pump 

conferring resistance to fluoroquinolones in Enterobacteriaceae) increased (p<0.05). However, 

none of these differences remained significant following correction for multiple testing.  

 

2.4.8 Absolute abundance of E. coli as determined by qPCR 

Before performing phenotypic antimicrobial susceptibility testing on E. coli isolates cultured 

from 5 participant stools.  Total E. coli abundance in the entire cohort was assessed by qPCR. 

In one individual there was a dramatic rise in E. coli abundance post-chemotherapy rising from 

undetectable to 105 CFU/gram – a finding also confirmed by culture. However, when the entire 

cohort was evaluated there was no statistically significant change in E. coli absolute abundance 

following chemotherapy (log10 CFU/µL mean ± standard deviation: 4.1 ± 1.5 pre-

chemotherapy vs 4.5 ± 1.2 post-chemotherapy timepoint 1; p=0.17). 
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2.4.9 Phenotypic assessment of resistance to norfloxacin and rifampicin in stool E. coli 

isolates 

Ninety-six E. coli colonies were isolated from the stools of 5 participants who provided fresh 

stool samples, at three time intervals. In total, 1,440 bacterial colonies were isolated and were 

plated onto agar containing norfloxacin and rifampicin. The results, depicted in Figure 2.6, 

showed that there was no significant change in phenotypic resistance to either norfloxacin or 

rifampicin following chemotherapy. 

 

 

Figure 2.6 Pattern of phenotypic resistance of commensal E. coli isolates before and 

after chemotherapy 

Phenotypic resistance to the antibiotics Norfloxacin (A) and Rifampicin (B). The data depicts 

the resistance pattern of 5 participant’s stools, with 96 colonies tested for each participant. 

There were no significant differences before and after chemotherapy (χ2test). The of colonies 
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growing on agar (mean and range) with the selected antibiotic at increasing concentration is 

depicted.  

 

2.5 Discussion 

The importance of assessing chemotherapy-associated changes in the absence of antibiotic 

exposure is highlighted by the substantial differences between our findings and those of 

previous studies in which patients received both chemotherapy and antibiotics (125, 224). The 

design  of this  study meant that the effects of previous antibiotic use on commensal 

microbiome, which can cause dynamic changes in gut microbiota for up to 4 weeks (45, 82, 

83, 92, 93, 95), were minimised. Furthermore, this study also excluded patients with tumour 

affecting the gut lumen or other chronic gastro-intestinal disorders that could independently 

alter the gut microbiota during the study period. Finally, all the patients recruited were 

chemotherapy naïve, so that the baseline samples collected would not demonstrate changes that 

were the result of earlier chemotherapeutic treatments.  

The results suggest that the use of conventional myelosuppressive chemotherapy drives 

significant shifts in gut bacterial microbiome composition. Following chemotherapy gut 

microbiome composition in a short timeframe becomes unstable, with much higher variability 

than would normally be observed. A potential limitation of this finding is that bacterial stability 

in our treatment cohort was compared that of unmatched healthy controls – a cohort that was 

significantly younger. However, significant compositional changes were also observed in this 

time frame and these were controlled by the use of within patient comparisons. These 

compositional changes include a reduction in the relative abundance of commensal gram-

positive bacteria in the Firmicutes phylum, paired with a relative increase in the abundance of 

gram-negative bacteria in the Bacteriodetes and Proteobacteria phyla. The observed changes 

were not driven by extreme changes of a few bacterial species, but rather across the cohort the 

gut microbiome composition shifted in this pattern. Microbiota shifts were most pronounced 

7-10 days following chemotherapy. Following this, just prior to the next chemotherapy cycle, 

the gut microbiota composition appeared to return towards the baseline composition.  

The observed microbiome composition changes align with data from previous studies, with a 

relative decrease of Firmicutes and an increase in Proteobacteria following chemotherapy 

(126), and decreases in Clostridium cluster XIVa of the Firmicutes phylum following 

chemotherapy (224).  Although the reason for this change cannot be attributed to antibiotic use, 
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we cannot exclude secondary effects of chemotherapy, such as loss of appetite or change in 

diet as being the primary driver of the change.  

Unexpectedly, and in contrast to previous reports (126) of decreased bacterial diversity, we 

instead observed a statistically significant rise in bacterial diversity after chemotherapy. 

However, this diversity increase is so small in absolute terms that it may be better described as 

stable. The reasons for this discrepancy are not clear, although previously reported falls in 

diversity were reported in patients with haematological cancer and not the population studied 

here (126). Another crucial difference between our study’s findings, and those previous studies 

(125, 224) whose cohorts also received antibiotics during treatment, is that we did not observe 

a fall in total bacterial absolute abundance during chemotherapy.  

The increase in Proteobacteria and decreased Firmicutes is a change in microbiota composition 

that has been linked to adverse outcomes in patients with haematological cancers. In this 

population, a baseline composition of >5% Enterobacteriaceae (a member of the 

Proteobacteria) has been linked to sepsis while <10% Lachnospiraceae (from the Firmicutes 

Phylum) is associated with overall mortality (140). Although no participants in this cohort had 

a composition of <10% Lachnospiraceae, one participant’s faecal microbiome consisted of 

>5% Enterobacteriaceae (at both time-points sampled). This was the only patient who 

developed sepsis and died during the study period.  

All changes observed in the study were most pronounced 7-10 days following chemotherapy, 

a timepoint when the patients are also neutropenic, a factor which facilitates translocation of 

bacteria across the gut epithelial barrier and increases the risk of systemic infection (231). It is 

likely that gut microbiota changes at this timepoint also reflect how chemotherapy utilises 

commensal bacteria to stimulate host anti-tumour responses. In Viaud et al’s landmark study 

(143), it was demonstrated following cyclophosphamide treatment in mice, that there was a 

disruption of the intestinal barrier and accompanying translocation of predominantly gram-

positive bacteria into lymphoid organs. This bacterial translocation triggered T-cell immune 

responses with antitumor effects. By day 7, a decreased abundance of gram-positive bacteria 

in the phylum Firmicutes in the gut microbiota of the animals was reported, a finding also 

observed in this study. The use of vancomycin, an antibiotic with gram-positive activity 

significantly compromised the anti-tumour effects of cyclophosphamide. Therefore, it is 

possible that changes to microbiome composition found in this study reflect changes associated 

with chemotherapy use that correlate with efficacy. Indeed, chemotherapy may also be 

involved in altering the microbiome of the tumour tissue itself- a factor which could 

independently affect responses to therapy (232).  



 

53 

 

The second aim of the study was to determine whether conventional myelosuppressive 

chemotherapy altered antibiotic resistance in gut microbiota. E. coli was selected as a 

representative pathogen to test for evidence for alteration of phenotypic resistance patterns 

following chemotherapy. E. coli is a leading cause of sepsis globally (233), and unlike many 

other pathogens, it is an intestinal commensal and readily cultured from stool in most people. 

Resistance to norfloxacin and rifampicin were specifically tested because resistance to these 

antibiotics is known to develop in response to point mutations. This mechanism of resistance 

was hypothesised to be the most likely following the use of DNA damaging chemotherapy 

agents (as opposed to resistance mechanisms arising from the acquisition of entire genes from 

mobile elements). 

We found no evidence altered antimicrobial resistance following chemotherapy in the 

resistome analysis of the gut commensal communities, nor in the phenotypic resistance testing 

of commensal E. coli bacteria isolated from participant’s stools. Our negative findings could 

simply be a result of type 2 error, because these changes are too infrequent to be detected in a 

small cohort (n=5). Furthermore, these changes, if present at low levels, may only become 

evident if further selective pressure is applied through antibiotic use. It could also be that the 

mutagenic effects on bacteria occur only briefly while the drug exposure is high and then after 

multiple generations times the bacterial populations revert to normal. Therefore, it is possible 

this effect was missed due to the timing of the sampling, which occurred at least a week after 

the chemotherapeutic drug had been given. Alternatively, it may be that although there is strong 

in-vitro evidence that chemotherapeutic drugs increase bacterial mutagenesis, this simply is 

not occurring in the in-vivo gut environment, where the drug levels achieved and the effect of 

the local environment on the drug’s performance has not been clearly defined.  

In conclusion, when examined in the absence of concurrent antibiotic use, chemotherapy alters 

the human gut microbiome in unexpected ways. Within a week, the bacterial composition is 

substantially altered. These changes predominantly occur during a period of time when 

chemotherapeutic agents are also disrupting the gut epithelial barrier allowing the translocation 

of gut bacteria. Furthermore, a relative increase in potentially pathogenic bacteria from the 

phylum Proteobacteria is also observed at this time. These factors are likely to contribute to the 

increased the risk of systemic infection post-chemotherapy. Concurrently these changes may 

represent beneficial responses to chemotherapy that are crucial in driving host anti-tumour 

responses. Clearly, understanding a patient’s gut microbiome composition during this time is 

critical, and requires further research. Microbiome markers should be further studied in patients 

receiving conventional chemotherapy to establish if there is a correlation between microbiome 
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stability, diversity and composition and adverse outcomes such as sepsis and chemotherapy 

efficacy. This knowledge could help us improve outcomes in patients receiving conventional 

chemotherapy treatment by tailoring antibiotic treatments to avoid damaging important 

commensals and by using therapies to reconstitute damaged microbiomes in selected patients.  
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CHAPTER 3 

  

Intensive care unit admission and the gut microbiome of the 

critically ill 
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3.1 Abstract 

Microbiome characteristics are likely to play an important role in the outcomes of critically ill 

patients. Patients in intensive care units (ICU) have been shown to have profound disturbances 

to their gut microbiota. However, which aspects of ICU care drive this change are not yet clear. 

A prospective longitudinal analysis of the gut microbiota of 54 adult critically ill patients in a 

single ICU was performed. Rectal swab, stool swab or colostomy swab samples and were taken 

within 72hrs of critical illness and every 48hrs there-after for 30 days or until discharge. The 

bacterial microbiome was determined using 16S rRNA gene amplicon sequencing (Illumina 

MiSeq). Changes to individual patient’s bacterial diversity and composition were assessed at 

baseline (t1, n=52), 48hrs after baseline (t2, n=42) and before discharge in those patients who 

had three or more specimens collected (tfinal, n=32). Univariate and multivariate regression 

was used to relate clinical factors to microbiome composition. 

Microbiome characteristics changed significantly within 48hrs (between t1 and t2) and by a 

larger degree between t1 and tfinal. These changes included a fall in α-diversity (using both 

Shannon and Faith’s PD metrics) and differences in composition over time (PERMANOVA t1 

v t2 p=0.015; t1 v tfinal p=0.0001). Using the Bray Curtis dissimilarity metric, the within-

participant change between t1 and tfinal was so large that these two samples were as dissimilar 

as those of two unmatched participants. A range of commensal species, mainly from 

Clostridium cluster XI and the Prevotellaceae almost completely disappeared between t1 and 

tfinal.  Most participants (72%) developed intestinal domination with a single taxon during 

their ICU admission. Univariate regression indicated that sample type, prior hospitalisation and 

sepsis significantly influenced baseline microbiome composition. However, multivariate 

regression showed only sample type (rectal swab compared to stool) remained a significant 

influence on microbiome composition (p<0.001). For this reason, the longitudinal analysis was 

repeated using a matched-sample analysis controlling for sample type. This analysis confirmed 

the findings of the primary analysis showing again that microbiome diversity and composition 

change significantly over time.  

In conclusion, critically ill adults experience profound changes to their gut microbiota over 

time in ICU. These changes are apparent within 48h but are substantially greater at later 

timepoints. Time in ICU appears to be the main driver of this dysbiosis rather than specific 

interventions such as antibiotic use. Further research is needed to link dysbiosis to outcomes 

in the critically ill.   
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3.2 Introduction 

Hospital acquired infections, particularly with resistant pathogens, increase health care costs 

and are a leading cause of preventable mortality (234). In Australian ICUs, severe sepsis has a 

30-day mortality rate of 18% (1).  One of the most important ways to reduce mortality in 

patients with severe sepsis is the early initiation of effective antimicrobial therapy. For every 

hour of delay in effective antimicrobial therapy there is an 8% decrease in survival of patients 

with septic shock (5).  However, as the prevalence of multi-drug resistant organisms (MDROs) 

causing infections increases (235), empirical antimicrobial therapy also becomes less effective 

(236, 237). The ability to identify patients at risk of sepsis prior to infection developing would 

improve our ability to empirically treat or prevent infections with effective targeted therapy.  

An important function of healthy microbiomes is to protect the host from pathogen colonisation 

and expansion, a property known as colonisation resistance (44, 238). The disruption of 

protective commensal species results in loss of colonisation resistance and pathogen expansion. 

A well-known example is the development of C. difficile colitis following antibiotic-mediated 

disruption of resident gut microbiota (53). However, microbiome disruption not only increases 

the chance of C. difficile colonisation but also increases the likelihood that patients will become 

colonised with other opportunistic pathogens (38, 46).  The presence of beneficial commensal 

microbiota (usually strict anaerobes) also prevents opportunistic pathogens  or pathobionts 

from expanding through a variety of mechanisms (56, 239).  This phenomenon is important 

because expansion of pathogens or pathobionts in gut of patients vulnerable to infection can 

predict bacterial infection in these patients (139, 240, 241). In patients receiving HSCT, 

microbiome disruption leads to the gut microbiota being dominated by pathobionts (139). This 

intestinal domination (defined by the authors as a single taxon alone occupying >30% of the 

total bacterial microbiome), substantially increased the risk of a patient developing bacteraemia 

with the dominating organism within the following week (139). In another study, again in this 

population, Enterobacteriaceae relative abundance of only >5% predicted subsequent gram-

negative sepsis (241). 

Admission to ICU results in profound disruption to these microbial communities in both the 

gut and respiratory tract (144-149, 217, 242-245). The causes are multifactorial but are likely 

due to the use of broad-spectrum antibiotics, invasive interventions, mechanical ventilation and 

altered nutrition. Disruption to microbiota resulting in the loss of protective resident microbes, 

may increase the risk that patients in these environments will become colonised with pathogens 

including MDROs such as carbapenem-resistant P. aeruginosa (89). The coinciding loss of 
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mucosal barrier integrity which occurs in many critically ill patients increases translocation of 

pathogenic bacteria and fungi to the bloodstream resulting in increased risk of sepsis (139). In 

this way the microbiome, depending on its composition, may prevent  sepsis through 

colonisation resistance and the anti-inflammatory actions of resident microbiota (46) or  drive 

sepsis by becoming a reservoir of pathogens (246, 247). 

Significant reductions in severe sepsis mortality have already been achieved through 

improvements in ICU interventional care (1). Even though none of these interventions targeted 

the gut microbiota, there is an increasing appreciation that gut microbiota are likely to play a 

major role in sepsis development in the critically ill. This is highlighted by the increasing use 

of prophylactic antibiotics, also known as selective gut decontamination or SDD, targeting gut 

microbiota as an intervention to reduce sepsis rates in ICU. This type intervention has already 

proved efficacious in several randomised controlled clinical trials (151, 152) and is currently 

being trialled in Australian ICUs. However, these interventions have been instituted before we 

have clearly understood the role that microbiota play in driving or preventing sepsis. 

In recent years there has been a rapid increase in published research documenting the gut 

microbiota of this population. Microbiome analysis based on high-throughput sequencing 

microbial DNA directly from patient samples, gives a broader picture of microbes than is 

possible using traditional culture (248, 249). An overview of published observational studies 

of gut microbiota in critically ill patients is presented in Table 1. The majority of these studies 

compared ICU patient’s microbiota to the microbiota of unrelated healthy cohorts and found 

significant differences, including reduced α-diversity and altered composition. A smaller 

number examined within-patient changes during ICU stay (243-245, 250). In the largest 

prospective observational study to date, Freedberg et al concluded that the presence of the 

pathobionts VRE, E. coli, P. aeruginosa or K. pneumoniae in the rectal microbiota of patients 

on admission were predictive of subsequent infection with the same organisms (240). Although 

our understanding of the gut microbiota in this population is rapidly increasing, much more is 

yet to be discovered about the relationship between ICU interventions and gut microbiota and 

the relationship between microbiota and outcomes including nosocomial infection during ICU 

admission (251).  
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Table 3.1. Observational studies of gut microbiota in critically ill populations 

 

Authors Year Sample 

type   

 

Patient 

type 

(sample 

size) 

Sampling 

interval 

Methodology Main findings   Ref 

 

Zaborin et 

al 

2014 Stool ICU long-

stay 

patients 

(n=14) 

Multiple 

variable 

timepoints 

over 40-110 

days 

16S rRNA 

amplicon 

sequencing 

and culture 

Emergence of 

ultra-low diversity 

(1-4 taxa) in 30%. 

Emergence of 

candida in culture 

(147) 

Ojima et al 2015 Stool Ventilated 

patients in 

ICU 

(n=12) 

Four 

timepoints:1-

2, 2-4, 5-8, 7-

10 days 

16S rRNA 

amplicon 

sequencing 

Difference in  

Bacteroidetes 

/Firmicutes ratio 

between survivors 

and patients who 

died. 

(217) 

Yeh et al 2016 Stool, 

tongue, 

skin, 

trachea, 

urine 

Trauma 

patients in 

ICU 

(n=32) 

Healthy 

controls 

from pre-

existing 

database 

Single sample, 

mean 8.8 days 

16S rRNA 

amplicon 

sequencing vs 

healthy 

control  

ICU microbiota 

different from 

healthy controls 

(alpha and beta 

diversity). 

Intestinal 

domination by 

pathogens eg. 

(Enterococcus, 

Campylobacter) 

(144) 

Rogers et 

al 

2016 Stool, 

tongue, 

skin, 

trachea, 

urine 

Paediatric 

ICU 

(n=37) 

Healthy 

controls 

from pre-

existing 

database 

Single sample 

(n=23), 14 

patients 

sampled twice 

weekly  

16S rRNA 

amplicon 

sequencing vs 

healthy 

control 

Microbiota of 

critically ill 

children differs 

from the 

microbiota of 

healthy children 

and adults. 

(145) 

McDonald 

et al  

2016 Stool ICU 

Patients 

(n=115). 

Healthy 

controls 

from pre-

existing 

database 

Two 

timepoints: 

within 72 h of 

admission, 

and at 

discharge or 

day 10 

16S rRNA 

amplicon 

sequencing vs 

healthy 

control 

Lower relative 

abundance of 

Firmicutes and 

Bacteroidetes and 

increased  

Proteobacteria.  

(146) 

Lankelma 

et al 

2017 Stool ICU 

patients 

(n=34) 

Healthy 

controls 

(n=15) 

 

Single sample 16S rRNA 

amplicon 

sequencing vs 

healthy 

control 

Shift in 

composition vs 

controls. Reduced 

diversity in 50%. 

In 38%, a single 

genus made up 

>50% of the gut 

microbiota. No 

associations were 

found between 

microbiota and 

outcomes  

(242) 
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Howard et 

al 

2017 Stool Trauma 

ICU 

patients 

(n=12) 

Control 

patients 

(n=10) 

Two 

timepoints: on 

admission and 

24-72 hrs 

afterwards 

16S rRNA 

amplicon 

sequencing 

Controls same as 

patients on 

admission. 

Significant change 

in within patient 

beta-diversity 

after 72hrs.  

(250) 

Oostdijk et 

al 

2017 Stool 10 ICU 

patients, 

Healthy 

controls 

(n=10) 

30 during ICU 

stay, 5 post-

ICU 

Healthly 

controls at 2 

time points 

16S rRNA 

amplicon 

sequencing 

qPCR for 

resistance 

genes 

ICU patients had 

lower microbial 

diversity, 

decreased E. coli 

and anaerobic  

butyrate-producing 

bacteria of the 

Clostridium 

clusters IV and 

XIVa, increased 

abundance of 

Bacteroidetes and 

enterococci.  

(252) 

Livanos et 

al 

2018 Rectal 

swabs 

ICU 

patients 

(part of 

Freeberg et 

al’s cohort) 

n=93 

On admission 

and 72 hrs 

later 

16S rRNA 

amplicon 

sequencing 

VRE Culture 

At 72 hours 

following ICU 

admission, there 

was a significant 

decrease in the 

proportion of 

Clostridial 

Clusters IV/XIVa, 

and expansion of 

VRE in a within 

patient analysis 

(243) 

Freeberg et 

al 

2018 Rectal 

swab 

ICU 

patients 

(n=301) 

Single sample 

(admission)  

16S rRNA 

amplicon 

sequencing 

VRE Culture 

No association of 

diversity with 

infection or death. 

VRE colonization 

and Enterococcus 

domination (≥30% 

16S reads) were 

associated with 

death or all-cause 

infection. 

(240) 

Ravi et al 2019 Stool ICU 

patients 

(n=24) 

Daily 

sampling, but 

only two 

required to be 

in study  

 

Shotgun 

metagenomics 

(not 

resistome) 

Reduced 

microbial 

diversity in 67%, 

associated with 

Meropenem. 

Pathogen 

domination in 

75% 

(245) 

Aardema 

et al 

2020 stool Cardio-

thoracic 

ICU 

(n=97) 

Three 

timepoints: 

(admission, 

during and 

after) 

16S rRNA 

amplicon 

sequencing 

 

Altered microbial 

composition 

shortly after 

admission. 

Restoration  

microbiota in 

most patients 

post-discharge 

(244) 
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The primary aim of the Microbiome and outcomes in critical illness study (the MOCI study) 

is to document longitudinal changes in both faecal and upper respiratory tract microbiota 

during ICU care in a critically ill cohort. The initial MOCI study was initiated as a pilot study 

to form part of this doctoral thesis, and to inform the design of larger studies that can link 

microbiome to clinical outcomes. Since then, this project has received external funding and 

has expanded to include patients from two South Australian ICUs over two years and will 

include shot-gun metagenomic analysis in addition to 16S rRNA amplicon sequencing.  

However, this Chapter will focus exclusively on the analysis of gut microbiota using 16S 

rRNA amplicon sequencing from the initial cohort of patients recruited at the Royal Adelaide 

Hospital in 2019. 

3.3 Methods 

3.3.1 Participant recruitment 

Inclusion and exclusion criteria (shown in Table 2) were designed to capture the most 

critically ill subset of patients in ICU who were most likely to have long stays in the unit and 

suffer adverse outcomes as a result. Therefore, only those patients receiving invasive 

mechanical ventilation (IMV) and that were deemed to be likely to be in the unit for at least 3 

days were included in the study.   

New admissions to the Royal Adelaide Hospital ICU were screened daily to determine 

eligibility to participate in the MOCI study. Patients receiving IMV were screened for 

eligibility by asking the intensivist responsible for the patient’s medical care what the 

predicted length of stay in ICU was, and whether treatment withdrawal or death was deemed 

imminent.  All patients who met eligibility criteria were enrolled in the study, with the option 

to opt-out of the study presented to the participant or their next of kin at the first opportunity 

available. The study methodology, including the use of opt-out consent, was reviewed and 

approved by the Royal Adelaide Hospital Human Research Ethics Committee (Reference: 

HREC/19/CALHN/211). 
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Table 3.2 Inclusion and Exclusion Criteria of the MOCI study 

Inclusion Criteria 

• Participant admitted to a site intensive care unit 

• Aged ≥ 18 

• Participant is receiving invasive mechanical ventilation (IMV)  

• Participant is predicted by intensivist to have length of stay (LOS) >3 days 

Exclusion Criteria 

• Death is deemed to be imminent during this admission and either the attending 

doctor patient or substitute decision maker is not committed to active treatment 

• Duration of admission is predicted to be less than 72 h. 

• Unable to obtain a specimen within 72 h. 

 

3.3.2 Sample and data collection 

Once patients were enrolled, a faecal sample was collected at the earliest opportunity by the 

patient’s nurse.  In order to maximise the opportunities for sample collection, these faecal 

samples could be obtained by collecting passed motions, through swabbing the rectum or by 

collecting stool from a colostomy. Previously, microbiome data from rectal swab and stool 

swab samples collected at the same time have been noted to be largely concordant as are 

replicates of the same swab type (253). 

 

The nurse was given a sterile stool pot and a sterile swab (COPAN FLOQSwab, Copan Italia 

Brescia-Italy) and was instructed to collect a stool specimen if stool had been passed at the 

time of the patient’s hygiene care. Alternatively, a rectal swab sample was collected. In patients 

with a colostomy, a fresh stool specimen from the colostomy was collected. Faecal samples 

were subsequently collected every other day (where possible) until discharge from the unit or 

until the patient had completed 30 days of admission. Nurses also collected tracheal aspirates 

on the same days as faecal samples, but the analysis of tracheal aspirate samples is not included 

in this report.  

Clinical data from the patient’s case notes were collected onto paper data collection sheets 

study investigators on enrolment and on each day of sample collection. This data was 

subsequently entered into a web-based data management system (REDCap). The full study 

manual (including a detailed protocol and data collection sheets) is included in Appendix 6. 
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3.3.3 Sample processing and storage 

Samples were kept on ice until transported to the laboratory within 6h of collection. For rectal 

swab samples the swab tip was stored in 1.5mL microcentrifuge tubes containing 1mL of 

20% glycerol saline solution. If a stool sample was obtained, the stool specimen was swabbed 

in the laboratory with the same swab type as used for rectal sampling and the swab tip was 

stored in the same manner as the rectal swabs. Additional aliquots of stool (if there was 

remaining specimen) were stored separately in 1mL of 20% glycerol saline solution. All 

samples were stored at -80oC until DNA extraction.  

 

3.3.4 Selection of samples for downstream analysis 

As the main aim of the study was to ascertain the change in gut microbiota over time in ICU, 

samples were selected to be analysed further if they were taken at one of the following three 

time intervals: timepoint 1 (t1) referring to the baseline sample taken at the time of  enrolment 

(median 21 h [IQR 33h] after ICU admission); timepoint 2 (t2) referring to the second sampling 

timepoint (median 48h [IQR 9h] after enrolment) and timepoint final (tfinal) referring to the 

final sample collected in those patients who had a sample collected at a timepoint 3 or later 

(median 142h [IQR 150h] after enrolment). In addition to these samples, additional samples a 

single participant who developed bacteraemia during their ICU stay were analysed before and 

during the episode of nosocomial sepsis.  

 

3.3.5 DNA extraction of samples  

Sample DNA was extracted using the Qiagen Powerlyser Powersoil kit (Qiagen, Chadstone 

VIC, Australia). Stool and rectal swabs were pre-processed to remove faecal material from 

the swabs using centrifugation (the full protocol is included in Appendix 1.2). 

 

3.3.6 Total bacterial load quantitation 

Quantitation of total bacteria was performed using real-time PCR with universal primers 

targeting the bacterial 16S rRNA gene  (254). 1 μL of DNA extract, 0.2 μM of each primer, 

17.5 μL of 2X PowerUp SYBR Green qPCR Master Mix (ThermoFisher, Cat No. A25743, 

Foster City, CA, USA) and the appropriate volume of water was added to a 35 μL total 

reaction volume. This was then divided into triplicates of 10 μL and underwent thermal 

cycling (95°C for 15 sec followed by 60 °C for 1 min) for a total of 40 cycles. Real-time PCR 

quantitation was performed using the QuantStudio 6 Real-Time PCR system (Applied 
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Biosystems, Foster City, CA, USA). Total bacteria were quantified to a copy number per μL 

of PCR reaction by comparing sample Ct to a standard curve with known copy numbers. 

 

3.3.7 16S rRNA gene amplicon sequencing 

The bacterial composition of the preserved faecal specimens was determined by paired-end 

sequencing of the V4 hypervariable region of the bacterial 16S rRNA gene. Faecal microbiome 

characteristics were determined by 16S rRNA gene amplicon sequencing (Illumina MiSeq) as 

described previously (225). Paired-end reads were merged (demultiplexed) and analysed using 

Quantitative Insights in to Microbial Ecology (QIIME) software (v2.2019.4) (226) using a 

previously described bioinformatics pipeline (225). Reads were analysed for quality and then 

filtered and truncated using the DADA2 algorithm (227). Pre-filtering to remove poor quality 

sequences and non-prokaryotic sequences (eg human DNA) was performed by aligning the 

SILVA 16S rRNA reference database (release 132) at 80% similarity using vsearch. Sequences 

were then assigned to amplicon sequence variants (ASVs) using an open reference approach 

against the SILVA reference database clustered at 97% similarity. Contaminants reads 

including those from Mitochondria, Chloroplasts, Planctomycetes, Eukaryota, 

Alphaproteobacteria, Patescibacteria, Chloroflexi, and Cyanobacteria were excluded from the 

analysis.  Median sequence depth was 34,870 (IQR 10,116).  Subsampling was performed on 

all samples to a depth of 474 sequence reads. The taxa relative abundances and α-diversity 

metrics diversity (Shannon and Faith’s PD) were computed using QIIME (v2.2019.4).  

 

3.3.8 Longitudinal analysis of microbiome characteristics: plan and rationale 

The primary aim of this study was to assess changes to gut microbiota occurring over time. In 

order to accomplish this aim, analysis compared two timepoints (t1 v t2) and (t1 v tfinal) 

using a within-participant paired analysis of all sample types. Where within-participant 

pairing was not possible, cohorts of unpaired samples at different timepoints were compared.  

The specific microbiome characteristics assessed include sample bacterial load, α-diversity, 

β-diversity and the relative abundance of specific taxa (at the genus level).  

Total bacterial load was assessed in order to ascertain whether unexpected differences 

occurred at different timepoints, a factor which, if present, could affect the interpretation of 

the other microbiome measures.  

Alpha-diversity (within-sample microbial variance) was assessed using two measures: 

Shannon’s diversity index and Faith’s phylogenetic diversity index. Shannon’s index is a 

composite index which considers both bacterial taxa richness and evenness but is more 
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heavily weighted towards richness. Faith’s phylogenetic diversity index measures species 

richness while considering the phylogenetic relatedness between the taxa present.  

Beta-diversity (between sample comparisons of microbiome composition) was determined 

using Bray-Curtis similarity and dissimilarity indices. These indices compare the microbial 

composition of samples based on the number of common species in the samples and their 

relative abundance.   

Finally, the changes in relative abundance of individual taxa within participants was 

measured in order to determine whether particular taxa were significantly likely to change 

over time in ICU (regardless of whether compositional changes were observed more 

broadly).   

 In addition to the longitudinal analysis of these standard microbiome measures, a 

longitudinal analysis of dominating taxa has been performed. These results are presented 

following the primary analysis. A detailed rationale for performing these additional analyses 

are discussed before these results are presented. Following this, it is explored whether other 

factors (beyond timepoint) could independently influence the results presented in the primary 

analysis. As a result, a sub-analysis by sample type was performed.  

 

3.3.9 Statistical analysis 

Statistical analysis was performed using GraphPad Prism software (version 8.2.1) or R (R Base 

package). The Anderson-Darling and D’Agostino & Pearson tests were used to test for normal 

distribution. Significance (p-value <0.05) for longitudinal data linked to specific participants 

was determined using paired t-tests for parametric data and the Wilcoxon matched-pairs signed 

rank test or the Kruskal-Wallis test for non-parametric data. The χ2 test was used for 

comparisons of categorical data. For comparisons between unrelated cohorts unpaired t-test or 

1-way ANOVA was used for parametric data and the Mann-Whitney U for non-parametric 

data. The benjamini-hochberg correction was employed where multiple tests were used (false 

discovery rate 0.05). The significance of inter-sample variance (β-diversity) was determined 

using PERMANOVA on Bray-Curtis similarity on square root transformed taxa relative 

abundance using PRIMER software version 7 (PRIMER-E, Plymouth, UK). Linear regression 

was performed in SAS (SAS Studio release 3.8). Linear Data were visualised using graphs 

prepared in GraphPad Prism (version 8.2.1) nMDS and PCOA plots were created using R 

(ggplot2 package) or PRIMER version 7. LEfSe LDA scores and graphs were produced using 

the Galaxy program (https://huttenhower.sph.harvard.edu/galaxy/) using 0.5 as the Alpha value 
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for the Kruskal-Wallis test and 2.0 as the logarithmic LDA score cut-off for discriminative 

features. 

 

3.4 Results 

3.4.1 Participant and sample characteristics 

Fifty-seven patients were enrolled in the MOCI study (as depicted in Figure 3.1). Of these, 54 

contributed samples included in the study analysis presented here. Not all 54 patients 

contributed to samples at each timepoint, but all patients included in the analysis contributed 

a stool/rectal sample at least one sampling timepoint.  The 145 samples collected from these 

participants were split into three timepoints for the purpose of this analysis. These include 

timepoint 1 (t1), timepoint 2 (t2) and timepoint final (tfinal). The sample numbers, sample 

collection time and the sample types analysed at each of these timepoints is presented in 

Table 3.3. The demographic and clinical characteristics of the cohort (n=54) are presented in 

Table 3.4  

 

 

 

Figure 3.1 Participants screened and included in the MOCI study analysis 

 

Table 3.3. Characteristics of samples included in MOCI analysis 

 Timepoint 1 

(t1) 

Timepoint 2 

(t2) 

Timepoint final 

(tfinal) 

Total samples analysed 

(N) 

52 42 32 
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Hours from timepoint 1 

Median [IQR] 

0 48 [9] 142 [150] 

Hours from ICU admission 

Median [IQR] 

21 [28] 73 [28] 158 [132] 

Rectal swab  

N (%) 

43 (83%) 24 (57%) 14 (44%) 

Stool swab 

N (%) 

7 (13%) 16 (38%) 16 (50%) 

Colostomy swab 

N (%) 

2 (4%) 2 (5%) 2 (6%) 

Within-participant sample matching 

N, (% of t1) 

t1 and t2 t1 and tfinal 

39 (75%) 31 (60%) 

 

 

Table 3.4. MOCI study cohort demographic and clinical characteristics 

Demographic and Clinical characteristics N, (%) 

Male 42 (77.8%) 

Female 12 (22.2%) 

18-49 19 (35.2%) 

50-69 21 (38.9%) 

≥70 14 (25.9%) 

General community 32 (59.2%) 

Long-term residential facility 1 (1.9%) 

Hospital ward 21 (38.9%) 

Respiratory disease 13 (24%) 

Non-traumatic brain injury 10 (18.5 %) 

Trauma/Burns 10 (18.5 %) 

Cardiovascular disease 9 (16.6%) 

Septic shock 6 (11.1%) 

Gastro-intestinal disease 3 (5.6%) 

Other diagnosis 3 (5.6%) 

IMV time (median hrs [IQR]) 96 [695] 

Length of stay in unit (median hrs [IQR]) 168 [111] 

30-day mortality 13 (24%) 
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3.4.2 Primary longitudinal analysis 

 3.4.2.1 Changes to total bacterial load over time 

In order to ascertain if differences in the absolute abundance of bacteria contributed to 

changes observed in over time, total bacterial load was assessed using 16S qPCR on DNA 

extracted from specimen swabs. Due to the use swabs, it was impossible to normalise the 

result per gram of stool.  There was no relationship between total bacterial load and the 

sampling timepoint: median [IQR] cells/µL reaction (t1:37,486 [82,991] v t2:17,519 [15, 

2474]; p=0.95; t1:37,486 [82,991] v tfinal:41,280 [214,198]; p=0.93). 

 

 3.4.2.2 Changes to bacterial microbiome α-diversity over time 

Longitudinal changes to within-participant bacterial diversity were determined at three time 

points: timepoint 1 (t1: within 72 hrs of ICU admission, n=44), timepoint 2 (t2: collected 

within 48 hrs of the first sample, n=41) and the final specimen (tfinal: collected before 

discharge for each participant who had a further sample collected, n=33). Only participants 

who had an admission sample collected at t1 and at least one other sample (at t2 or tfinal of 

any sample type) were included in this analysis.  

The within-participant paired comparisons revealed large decreases in diversity median [IQR] 

between the first and final sampling intervals using both Shannon and Faith’s PD measures 

(Shannon t1 5.8 [1.1] v Shannon tfinal 5.6 [2.3] p=0.0006; Faith’s t1 5.2 [2.4]  v Faith’s tfinal 

3.0 [2.6]; p=0.0003). There were smaller but still significant decreases in diversity between t1 

and t2 (Shannon t1 5.8 [1.1] v Shannon t2 5.6 [1.3]; p=0.02, Faith’s t1 5.2 [2.4] v Faith’s t2 

4.6 [2.0]; p=0.003), and between t2 and tfinal (Shannon t2 5.6 [1.3] v Shannon tfinal 5.6 

[2.3]; p=0.004, Faith’s t2 4.6 [2.0] v Faith’s tfinal 3.0 [2.6]; p=0.001). These results are 

depicted in Figure 3.2.  

 

 3.4.2.3 Changes to bacterial microbiome composition over time 

There was a significant change to bacterial microbiome composition evident when all samples 

collected at t1 were compared to samples collected at t2 (t1 v t2 PERMANOVA; p=0.015). 

This change was larger and more significant when samples collected at t1 were compared to 

samples collected at tfinal as depicted in Figure 3 (t1 v tfinal PERMANOVA; p=0.0001).  The 

difference in sample dispersion was also significantly different in this comparison (t1 v tfinal 

PERMDISP; p=0.0011). The changes to composition and dispersion between t1 and tfinal are 

presented in figure 3.3. 
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Figure 3.2 Longitudinal changes in bacterial α-diversity  

This figure depicts bacterial diversity using the Shannon diversity index (plot A) and Faith’s 

phylogenetic diversity index (plot B) at three sampling timepoints. Timepoint 1 (t1, n=44) is 

the sample closest to ICU admission, timepoint 2 (t2, n=41) is the sample taken 48hrs 

following sample t1, timepoint final (tfinal, n=33) is the sample closest to discharge in 

participants with three or more samples collected. The box plot depicts median ± interquartile 

range with bars representing minimum and maximum values. Significant comparisons are 

indicated by stars (*=p<0.05; **= p<0.01; ***= p<0.001; Wilcoxon matched-pairs signed 

rank test). 
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Figure 3.3 Gut microbiome composition distribution and dispersal over time 

Non-metric multi-dimensional scaling (nMDS) plot showing between group comparisons of 

faecal microbiome distribution and dispersal. nMDS plots depicted from Bray-Curtis 

resemblance of square root transformed, genus-level, relative abundance data. Shaded ovals 

represent 80% confidence interval. There is a significant difference between the faecal 

microbiome distribution and dispersion of samples taken on admission to ICU (t1) compared 

to the final sample (PERMANOVA; p=0.0001; PERMDISP; p=0.0011). 

 

 3.4.2.4 Bray Curtis dissimilarity across time 

Using the Bray Curtis dissimilarity index (where 0 indicates sample composition is identical 

and 1 indicates there are no shared species) it is possible to track the degree of compositional 

changes occurring within individual participants over time.  When comparing the microbiome 

composition of two unrelated participants at t1, the median Bray Curtis dissimilarity index is 

0.91 [0.1] (across 1, 275 paired comparisons). When participant’s own baseline samples (t1) 

are compared to samples taken 48hrs later (t2) the median [IQR] Bray Curtis dissimilarity 

index is 0.73 [0.39] which is substantially lower than the dissimilarity between unrelated 

participants (p<0.0001). When participant’s own baseline samples (t1) are compared with the 
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final sampling timepoint (tfinal) the median Bray Curtis dissimilarity index increases to 0.85 

[0.30]. This is a significantly greater value than the change between t1 and t2 (p=0.002). This 

degree of dissimilarity is not significantly different from that seen between unrelated 

participants (p=0.24).  These results are depicted in Figure 3.4.  

When the analysis is performed  

 

 

Figure 3.4 Faecal microbiome change measured by the Bray Curtis dissimilarity score in 

the MOCI cohort over time 

The box plot figure (panel A) depicts the median, IQR and range of the degree of similarity of 

the microbiomes in groups of samples using the Bray Curtis dissimilarity index where 0 

indicates sample composition is identical and 1 indicates there are no shared species. The 

degree of similarly in paired samples from unrelated participants in the cohort at timepoint 

1(unmatched t1) is compared to the degree of similarity between participant’s own matched 

samples at different timepoints (t1 v t2 and t1 v tfinal).  There was no significant difference 

(ns) between the t1 v final Bray Curtis dissimilarity score and the dissimilarity score of 

unrelated participants. Significant comparisons (Mann-Whitney test) are indicated by stars 

(**= p<0.01; ****= p<0.0001).  
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Figure 3.5. Collapse of commensal microbiota over time in ICU 

This figure depicts taxa whose relative abundance significantly decreased between the first 

sampling timepoint (t1) and the final sampling timepoint (tfinal) in a paired within-participant 

analysis. Significance was determined using the wilcoxon matched-pairs signed rank test with 

correction for multiple testing. The level of significance is indicated by stars (*=p<0.05; 

**=p<0.01). 
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3.4.3 Predominant taxa and intestinal domination over time 

The predominant taxon in each sample at each timepoint was determined and depicted in Figure 

3.6.  Intestinal domination by a single genus was measured in two different ways to allow 

correlation with previously published findings. Taur et al (139) defines the dominating taxon 

as a single genus comprising >30% of sequences (as long as no other taxon is more abundant) 

and has linked domination by pathogenic taxa (including various Proteobacteria, Streptococcus 

and Enterococcus) to bacteraemia with the corresponding organisms in allo-HSCT recipients. 

Using this definition, intestinal domination was a common phenomenon in this study, occurring 

in 33% of the cohort at t1 and rising to 72% by the final timepoint (p=0.001). In half of these 

specimens, the dominating taxon was a potential pathogen. Enterococcus was the most 

common dominant pathogen at timepoint 1 (dominant in 8%) and remained dominant in the 

same proportion of patients at the final timepoint.  

 A stricter definition of intestinal domination is when >50% of sequences in a specimen align 

to a single genus (242). In these patients, extreme domination is exhibited, with one genus 

frequently representing >90% of the bacterial sequences in the sample. As shown in Table 3.5, 

intestinal domination was significantly more likely to occur at the final sampling timepoint 

than at earlier timepoints. At t1, 10% of the cohort already exhibited extreme domination and 

this rose to 44% by the final timepoint (p=0.0007). Increasing levels of domination by both 

obligate anaerobic commensals and facultative pathobionts contributed to this phenomenon. 

 

3.4.4 Other microbial markers correlated with infection  

Beyond measuring intestinal domination, others have tied the prevalence certain of pathogenic 

species in the gut to the risk of future infection. Mancini et al linked a >5% relative abundance 

of Enterobacteriaceae in the specimen with the risk of gram-negative sepsis in haematological 

cancer patients (241). Additionally, Freedberg et al linked the presence of any level of E. coli, 

C. difficile, P. aeruginosa or K. pneumoniae at admission to ICU with subsequent infection 

with the same organism (240). In this study, the identification of >5% relative abundance of 

Enterobacteriaceae or any Pseudomonas did not change over time however, the proportion of 

samples with any Escherichia decreased significantly between t1 and tfinal (65% v 41% 

p=0.03, Table 3.6).  
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Figure 3.6. Predominant intestinal taxa over time 

This figure depicts the relative abundance of the predominant taxon in each specimen 

analysed at timepoints 1, 2 and final. Light blue bars represent anerobic commensal species, 

whist the other coloured bars indicate the predominant taxon is a facultative or aerobic 

pathobiont. Bars taller than the 30% or 50% dotted lines indicate the predominant taxon 

makes up greater than 30% or 50% of the total bacterial microbiome respectively.  
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Table 3.5: Intestinal domination of ICU patients at different sampling timepoints 

1. Greater than 50% reads aligned to the dominating genus 

2. Greater than 30% of reads aligned to the dominating genus (and no other genus was dominant) 

* Facultative or anaerobic taxa with pathogenic potential 

 
  

 

Total samples  

Dominating genus % 

 Timepoint 1 

(n=52) 

 Timepoint 2 

(n=42) 

Timepoint final 

            (n=32) 

>50%1 >30%2 >50%1 >30%2 >50%1 >30%2 

Any genus total (n, [%]) 5 (10%) 17 (33%) 7 (17%) 20 (48%) 14 (44%) 23 (72%) 

Number with domination different from 

timepoint 1? p-value (χ2) 

NA NA No   p=0.5 No   p=0.2 Yes 

p<0.001 

Yes   

p=0.001 

Obligate anaerobes total (n, [%]) 1 (2%) 9 (17%) 2 (5%) 9 (21%) 6 (19%) 12 (38%) 

Anaerococcus 0 1 0 0 0 0 

Abiotrophia 0 1 0 0 0 0 

Asteroplasma 0 0 0 0 0 1 

Bacteroides 0 0 2 4 4 5 

Bifidobacteirum  0 1 0 2 0 0 

Clostridiales vadinBB60 group 0 0 0 0 0 3 

Finegoldia 0 4 0 1 0 0 

Lactobacillus 1 1 0 1 0 1 

Parabacteroides 0 1 0 1 0 0 

Ruminococcus torques group 0 0 0 0 1 1 

Sphaerochaeta 0 0 0 0 1 1 

Facultative/aerobic bacteria (n, [%]) 4 (7.7%) 8 (15%) 5 (12%) 11 (26%) 8 (25%) 11 (34%) 

Corynebacterium* 0 0 0 1 0 1 

Enterobacteriaceae (un-named)* 0 1 0 2 2 3 

Enterococcus* 3 4 2 2 3 3 

Enterococcaceae (un-named)* 1 1 1 1 1 1 

Escherichia* 0 2 0 2 0 1 

Pseudomonas* 0 0 1 1 0 0 

Staphylococcus* 0 0 1 2 0 0 

Streptococcus* 0 0 0 0 2 2 



 

76 

 

Table 3.6: Pseudomonas, Escherichia and Enterobacteriaceae changes over time 

 

3.4.5 Case study: correlation of gut microbiome with nosocomial bacteraemia 

Only two patients in this cohort developed bacteraemia after a specimen was collected. In the 

first case the patient developed bacteraemia with Enterococcus faecalis. There was only a 

single specimen collected for this patient and there were no reads aligning to Enterococcus in 

this specimen. Therefore, there was clearly no relationship between the presence of this 

pathogen in the gut and this episode of bacteraemia. 

The second patient developed bacteraemia with Morganella morganii (a member of the 

Enterobacteriaceae) at timepoint 9 (t9), shown in yellow in Figure 3.7 below.  At baseline (t1), 

this patient’s microbiome is characterised by a high abundance of pathobionts (5.6% 

Morganella [purlpe],10.3% other Enterobacteriaceae [grey], 2% Staphylococcus [red] and 41% 

Enterococcus [yellow]) and low bacterial diversity (34 observed species). Nonetheless, at t1 

this microbiome also had commensals usually abundant in healthy people (Bacteroides 3.3%, 

Faecalibacterium 0.4% and Bifidobacterium 2.5%). However, this microbiome was very 

unstable, and by t2 the relative abundance of these three commensals had fallen to zero (and 

remained at this level thereafter), the richness fell to 16 observed species and microbiome 

became dominated by Staphylococcus (84%). In the samples preceding the episode of 

bacteraemia, Morganella relative abundance expanded from 2% at t7 to 15% at t9 when 

bacteraemia with this organism occurred. At t12 Morganella relative abundance increased to 

30% and Enterococcus was the dominating organism with 51% of sequences aligning with this 

genus. The patient passed away a few days after this specimen was collected. 

 

  

 Timepoint 1 Timepoint 2 Timepoint final p-value (χ2) 

 (t1) (t2) (tfinal) (t1 v tfinal) 

Pseudomonas (any) 4 (7.7%) 4 (9.5%) 4 (12.5%) 0.47 

Escherichia (any) 34 (65.4%) 24 (57.2%) 13 (40.6%) 0.03 

Enterobacteriaceae (>5%) 17 (32.7%) 14 (33.3%) 9 (28.1%) 0.66 
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Figure 3.7. Taxa bar plot of a participant who developed bacteraemia in ICU 

This bar plot shows all detected genera (n=47) and their relative abundance in a single patient 

who was sampled at multiple timepoints during their ICU stay. This patient developed 

bacteraemia with Morganella (purple) at timepoint 9 (t9). 
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3.4.6 Other microbial markers correlated with infection 

At this stage it was considered whether other factors, apart from sampling timepoint, could 

independently influence microbiome composition. I considered which variables could 

plausibly influence the microbiome of the samples collected, and analysed whether sample 

type, age, gender, admission with sepsis, hospitalisation >48hrs prior to admission and the use 

of antibiotics caused significant differences between samples at baseline (t1). 

 

3.4.6.1 Univariate and multivariate regression of variables that could affect microbiome 

composition 

To assess the impact of each of these variables on microbiome composition, univariate and 

multivariate linear regression was performed. The dependant variable used to represent 

microbiome composition of each sample was the PCOA axis 1 coordinates (PCO1 x-axis, 

Figure 3.8). 

 

 

 

Figure 3.8. Principal coordinate analysis (PCoA) plot visualising similarity of sample 

composition This PCoA plot of square-root transformed Bray-Curtis similarity data at 

timepoint 1 (blue) and timepoint final (red) is depicted. PCO1 (x-axis) represents 17.2% of the 

total variation of the Bray-Curtis similarity data.  
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Table 3.7. Univariate and Multivariate regression of variables that could affect 

microbiome composition.   

 

1Sepsis as defined in the third international consensus definitions for sepsis and septic shock (Sepsis-3)  
2Broad-spectrum antibiotics (selected due to broad anaerobic activity) include: amoxicillin-clavulanate, 

piperacillin-tazobactam, any carbapenem or any other antibiotic when combined with metronidazole, 

clindamycin or oral vancomycin. 
3Narrow-spectrum: any antibiotic not considered broad-spectrum (as above) 

 

As presented in Table 3.7 (above) each of the following variables were examined in 6 

separate univariate models. Model 1: community admission (admission from the community 

within 48 h [n=30]  vs admission from hospital [n=22]); Model 2: sepsis (the presence of 

sepsis on admission [n=19] vs no sepsis on admission [n=33]); Model 3: the use of antibiotics 

at timepoint 1(broad-spectrum [n=33], narrow-spectrum [n=8] vs no antibiotics [n=11, 

reference category]); Model 4: female (n=15) vs male (n=37); Model 5: sample type (rectal 

swab [n=43], colostomy swab [n=2] vs stool swab [n=7, reference category]). Model 6: age 

(age as a continuous variable).  The univariate analysis of these 6 models showed that 

Univariate Model  

Reference category  

 

(R2) 

Variable  

(n=52) 

 

Univariate Analysis Multivariate    

Analysis 

R2 of each variable 

in multivariate 

analysis 

(R2 of the 

multivariate 

model) 

coeff p-value Coeff 

 

p-value 

 

Admission from health-care 

setting  

(0.21) 

 

 

Community 

admission 

 

 

-20.5 

 

0.0006 

 

2.9 

 

0.6442 

 

<0.01 

(0.51) 

 

No sepsis 

(0.13) 

 

 

Has sepsis1 

 

 

18.2 

 

 

0.0036 

 

9.5 

 

0.1253 

 

0.05 

(0.51) 

 

No antibiotics  

(0.07) 

 

Broad2 

 

 

13.2 

 

0.0896 

 

1.8 

 

0.80 

 

<0.01 

(0.51) 

Narrow3 

 

4.4 0.6658 2.2 0.78 

 

Male 

(0.02) 

 

 

Female 

 

 

3.6 

 

0.3671 

 

5.5 

 

0.1827 

 

0.04 

(0.51) 

 

Sample type is stool swab  

(0.43) 

 

Rectal swab 

 

 

-34.5 

 

<0.0001 

 

-29.7 

 

0.0004 

 

0.39 

(0.51) 

Colostomy swab 

 

14.4 0.2990 11.1 0.4303 

 

 

Age as continuous variable 

(<0.01) 

 

 

-0.09 

 

0.6284 

 

-0.12 

 

0.2811 

 

0.02 

(0.51) 
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community admission, the presence of sepsis, and a rectal swab sample type were all 

variables associated with significant changes in baseline microbiome composition (Table 

3.7). These variables were assessed together in a multivariate regression (where the R-

squared shows that the multivariate analysis in total was able to account for 51% of the 

variance of the dependent variable). Following multivariate analysis, sample-type remained 

the only significant variable associated with altered microbiome composition at timepoint 1 

(p=0.0006) and accounted for 39% of the variance. PERMANOVA analysis of the nMDS of 

Bray-Curtis similarity data confirmed the significant difference between the composition of 

stool samples as compared to rectal swabs at both timepoint 1 and timepoint 2 

(PERMANOVA; p=0.0001 rectal swabs v stool swabs at t1, PERMANOVA; p=0.001 rectal 

swabs v stool swabs at t2).  

 

3.4.6.2 Specific taxa driving differences between stool samples and rectal swab samples 

A LEfSe analysis (Figure 3.9, below) was performed to determine which taxa (at all 

phylogenetic levels) were driving the compositional changes between rectal swabs and stool 

swabs. It has previously been shown that facultative or aerobic skin flora which have been 

sampled from the rectal epithelium drive this difference (230). However, the LEfSe plot shows 

that only one such bacterial type (Corynebacterium) is more prevalent in rectal swabs, while 

skin flora belonging to the genus Staphylococcus are unexpectedly more common in the stool 

specimens. The remaining species are anaerobic flora that are found in stool, although many of 

these are species belong to Clostridium Family XI (eg Anaerococcus, Murdochiella and 

Peptoniphilus), commensals that are likely to prefer the rectal site (230). In Figure 3.9, taxa (at 

all phylogenic levels) that have previously been found to be more prevalent in rectal samples 

are indicated by an Asterix.  
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Figure 3.9. Specific taxa driving differences between stool samples and rectal swabs 

A linear discriminant analysis (LDA)-based algorithm underlies the LEfSe analysis which 

depicts the taxa at all phylogenetic levels driving the significant difference between rectal swab 

(red) and stool swab samples (green). LDA scores are proportional to the relative change within 

the bacterial taxa depicted. The Asterix symbol indicates taxa previously shown to correlate 

with rectal swab sampling methodology (230). 
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3.4.7 Longitudinal analysis with sampling type considered 

Rectal swabs were found to have significantly different composition when compared to stool 

swabs but were also unequally distributed between timepoints. Unlike patient-associated 

characteristics that remain constant over time, there was a significant difference in sample type 

collected at different timepoints (t1 consists of 83% rectal swabs, but by the final timepoint the 

proportion of the samples that are rectal swabs falls to 44%,  p<0.0001 t1 v tfinal; Figure 10).  

 

 

Figure 3.10. Number of samples types collected at different timepoints  

The sample type collected varies significantly over time. At timepoint 1 (t1) the majority of 

samples (83%) are rectal swabs, by timepoint final (tfinal) the proportion falls to 44%. 

Significant comparisons (1-way ANOVA) are indicated by stars (**=p<0.01; ****= 

p<0.0001). 

 

Given the large differences in the microbiome characteristics between rectal and stool sample 

types, it is possible that the longitudinal changes observed simply reflect the changing mix of 

sample types in the cohort. Therefore, to assess whether microbiome changes truly occur over 

time, the primary analysis (analysing the change in microbiome composition at three 

timepoints) was performed again using a matched-sample type analysis. In this analysis, when 

within-participant sample pairing was used, only comparisons involving the same sample type 

were included in the analysis. When an analysis was performed without participant pairing, the 

analysis was limited to rectal swabs only (since this was the most common sample type 

overall). The number of specimens, and the specimen types involved in the matched-specimen 
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type analysis (as compared to the sample numbers in the primary analysis) are presented in 

Table 8 below.  

 

Table 3.8. Specimen types involved in matched sample-type analysis 

 Paired timepoints 

t1 and t2 t1 and tfinal 

Any sample type paired 

(primary analysis) 

 

 

39  

 

31  

 

Matched sample-type  

(sub-analysis) 

 

21 (54%) 20 (65%) 

• rectal swabs 16 (76%) 12 (60%) 

• stool swabs  3 (14%) 6 (30%) 

• colostomy swabs 2 (10%) 2 (10%) 

 

 3.4.7.1 Total bacterial load 

To ascertain if differences in the absolute abundance of bacteria contributed to changes 

observed with sampling method, total bacterial load was assessed using 16S qPCR on DNA 

extracted from specimen swabs. Due to the use of swabs, it was impossible to normalise the 

result per gram of stool. There was no significant difference in bacterial load (median [IQR] 

cells/µL reaction) from rectal swab specimens as compared to stool swab specimens (23,432 

[70,256] v 46,861 [347,993]; p=0.18). 

 

 3.4.7.2 Alpha-diversity of samples included in the matched sample-type analysis 

The change over time for both indices of α-diversity using a matched sample-type analysis 

are depicted in Figure 3.11.  There was no significant difference (median [IQR]) in the 

Shannon diversity index between timepoints 1 and 2 (t1 v t2: 5.4 [1.1] v 5.3 [1.3] p=0.16 and 

between t2 and tfinal (5.3 [1.3] v 4.9 [2.4] p=0.17) However, Faith’s PD still decreased 

significantly during these time intervals (t1 v t2: 5.0 [2.0] v 4.6 [3.1], p=0.01 and t2 v tfinal: 

4.6 [3.1] v 3.5 [2.9], p=0.03). Alpha-diversity decreased significantly and by a larger degree 

for both measures when t1 was compared to the final sample (Shannon 5.4 [1.1] v 4.9 [2.4] 

p=0.002; Faith’s PD 5.0 [2.0] v 3.5 [2.9], p=0.0006).  
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Figure 3.11.  Longitudinal changes in bacterial α-diversity of matching sample types 

Shannon diversity index (plot A) and Faith’s phylogenetic diversity index (plot B) during 

ICU admission is depicted at three sampling timepoints: timepoint 1 (t1), timepoint 2 (t2), 

and timepoint final (tfinal). The box plot depicts median ± interquartile range with bars 

representing minimum and maximum values. This analysis is limited to participants with 

matching sample types. Significant comparisons are indicated by stars (*=p<0.05; **= 

p<0.01; ***= p<0.001; Wilcoxon matched-pairs signed rank test). 

 

 3.4.7.3 Beta-diversity of rectal swabs specimens over time 

The changes in composition between t1 and tfinal observed in the primary analysis remained 

significant when controlled for sample type using an analysis of only rectal swabs (t1 v tfinal 

PERMANOVA p=0.0001). The data is presented in the nMDS plot below (Figure 3.12). 
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A 
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Figure 3.12. Non-metric multi-dimensional scaling (nMDS) plot of sample composition  

at t1 v tfinal by sample type.  

This nMDS plot using square-root transformed Bray Curtis similarity data shows that the 

microbiome composition of rectal swabs taken at timepoint 1 (RS1, blue triangles) is 

significantly different from the composition of rectal swabs taken at the final timepoint 

(RSfinal, green crosses) (PERMANOVA p=0.0001). 

There was no significant change over time when stool samples only (STSW1 red triangles vs 

STSWfinal black crosses; Panel B) were analysed (PERMANOVA p=0.7). Colostomy swab 

(COLSW) samples are presented in Panel C but are too few to undergo statistical analysis.  

 

 3.4.7.4 Microbiome composition change over time using a matched sample-type 

analysis 

The Bray Curtis dissimilarity index (where 0 indicates sample composition is identical and 1 

indicates there are no shared species) was used to track the degree of compositional stability 

occurring within individual participants over time. Results are reported as Bray Curtis 

dissimilarity score (median [IQR]) across groups of paired comparisons. In the analysis 

presented here only rectal swabs were used in the comparisons between the microbiome 
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composition of  pairs of unrelated participants at timepoint 1 (n=1,059, 0.89 [0.15]), and 

between paired samples from the same participant at t1 and t2 (n=16, 0.52 [0.37]) and t1 and 

tfinal (n=12, 0.85 [0.12]). The results of the sample-matched analysis are presented in Figure 

3.13. These results closely align with the results of the primary analysis of all samples 

(Figure 3.4), with significantly increased Bray-Curtis dissimilarity scores occurring over time 

in ICU (when t1 v t2 is compared to t1 v tfinal [p=0.002]). As in the original analysis, the 

degree of microbiome change occurring between t1 to tfinal is so great that the samples of 

matched participants are as different from each other as those of different participants 

(p=0.57).  

 

 
 

A B 

 

  

Figure 3.13. Microbiome change in rectal swabs measured by the Bray Curtis 

dissimilarity score in the MOCI cohort over time 

 The box plot figure depicts the median, IQR and range of the degree of similarity of the 

microbiomes in groups of samples using the Bray Curtis dissimilarity index. The degree of 

similarly in rectal swab samples from unrelated participants in the cohort at timepoint 1 

(unmatched t1) is compared to the degree of similarity between participants with matched rectal 

swab samples at different timepoints (t1 v t2 and t1 v tfinal).  There was no significant 

difference (ns) between the matched participant t1 v tfinal Bray Curtis dissimilarity scores and 

the dissimilarity scores between pairs of unrelated participants. Significant comparisons are 

indicated by stars (**= p<0.01; ****= p<0.0001).  
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Panel B represents the same data, broken down by sample type in matched patients who also 

had a matching sample type collected. There number of each sample type (colostomy: COL, 

stool: ST and rectal swab: RS) in each comparison is shown in table. This shows that the rectal 

swab sample type is the only sample type where significant change in overall microbiome 

composition is seen over time. Too few COL samples (n=2) were available to perform 

statistical analysis. 

 

 

 3.4.7.5 Change in individual taxa over time using a matched sample-type analysis 

The results of the matched sample-type analysis analysing the changes in individual taxa over 

time were very similar to the primary analysis. There was strong agreement in which taxa 

changed between t1 and tfinal. All taxa found to change significantly in this analysis were also 

found to change significantly in the primary analysis.  In this analysis the changes to 11 taxa 

were significant prior to FDR correction and of these 9 were decreases (Clostridiales Family 

XIII, Peptoniphilus, Dialister, Anaerococcus, Finegoldia, Porphyromonas, Prevetolla, 

Prevetolla-6, Ezakiella) from the cohort as shown in Figure 14. There was only one that 

increased significantly (prior to FDR correction) in relative abundance (unassigned taxa from 

Ruminococcaceae). Following correction for multiple testing, only the decreases in the relative 

abundance of Prevotella, Dialister and Peptoniphilus remained significant.  
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Figure 3.14. Change to specific taxa over time in ICU in a matched-sample analysis 

This figure depicts all taxa whose relative abundance decreased significantly (prior to 

correction for multiple testing) between the first sampling timepoint (t1) and the final sampling 

timepoint (tfinal) in a paired within-participant matched sample-type analysis. Significance 

was determined using the wilcoxon matched-pairs signed rank test. For those comparisons that 

remained significant after correction for multiple testing, the level of significance is indicated 

by stars (*=p<0.05). 

 

3.5. Discussion 

The preliminary findings of the MOCI study presented here clearly support earlier studies (146, 

147, 242) showing that gut microbiomes are profoundly disrupted during ICU care.  By using 

a longitudinal analysis in matched individuals, we are also able to show that the strongest 

contributor to loss of diversity, compositional change and intestinal domination in the 
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microbiota of ICU patients is the sample being taken >96hrs after admission. By contrast, other 

factors which were hypothesised to influence the gut microbiota characteristics including the 

presence of sepsis, the use of broad-spectrum antibiotics, or admission from hospital appear to 

have relatively little impact on microbiome composition.  

Interestingly, sample type was found to strongly influence microbiome composition 

independently of the other variables listed above. This substantial difference of microbiome 

composition between rectal swab samples and stool samples in ICU patients has also been 

recently described by Fair et al (255), who also longitudinally sampled ICU patients using 

either rectal swabs or stool samples. As also seen in the MOCI study, Fair et al noted that stool 

samples were difficult to obtain at the first sampling time interval but became the predominant 

sample type obtained at discharge. Fair et al concluded that the sampling method itself was the 

main contributor to differences in microbiome between the two sample types. However, neither 

this study nor the MOCI study were designed to answer this question. In order determine if 

analysis of rectal and stool samples result in a different microbiome composition the samples 

must be taken at the same time. Others (253, 256-260) have assessed microbiota from rectal 

swabs and stool in parallel and concluded that these samples are comparable with samples from 

the same person, producing a distinct individual signature that is present in both sample types. 

There are some notable differences in predominant taxa present in rectal swabs when compared 

to stool samples seen in previous studies. These differences are attributable to aerobic or 

facultative commensals which make up the skin flora of the rectal canal (230). Despite these 

differences, rectal samples still correlate with stool samples from the same individual (230, 

256).   When we consider the differences in the microbiota between the stool samples and rectal 

swabs in this study, the differences are much greater than would be expected. Therefore, it is 

likely that biological factors other than sampling method explain the differences between these 

sample types. This is supported by the observation that many of taxa which differ between 

these sample types are commensal anaerobic bacteria usually found in stool and not skin flora. 

In particular, taxa from the phylum Bacteriodetes (eg Bacteroides and Prevotella) have 

previously been noted to be stable regardless of sampling methodology (230, 260) or more 

prevalent in stool samples (255). However, in the MOCI analysis, members of the 

Bacteroidetes are strongly associated with rectal swabs. This finding cannot be explained by 

sampling methodology, but rather suggest that patients who produced stool samples at baseline 

had more disrupted gut microbiota. This hypothesis is supported by the fact that patients who 

had a stool sample collected at baseline did not have a significant change in microbiome over 

time unlike those who had a rectal swab at baseline (Figures 3.12 and 3.13). 
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Participants who produced a stool sample at timepoint 1 were hospitalised prior to ICU at much 

higher rates than the rectal swab cohort (100% v 31%) and used broad spectrum antibiotics at 

higher rates (71% v 61%). Most importantly, the median Bristol stool score of the 74 stool 

samples was 6 (IQR 1) indicating a “mushy stool”. It is therefore likely that the ability to obtain 

stool as a specimen (especially at early timepoints) is a proxy for the presence of diarrhoea, 

itself an independent predictor of an altered microbiome (261). As a patient’s bowel habit 

varies during admission, this is likely to reflect corresponding changes in gut microbiota. If 

diarrhoeal stool samples are not included in the analysis, important changes occurring to the 

patient’s microbiota could be missed. 

The ability to use both rectal swabs and stool samples is important in a longitudinal ICU study, 

because different types of samples are more readily obtained at different timepoints (255). At 

admission, when patients are less likely to pass stool but are sedated, rectal swabs are more 

easily obtained. However, at later timepoints it is only practical to obtain stool samples.  

Ethically, it is difficult to justify performing a rectal swab on a patient when a stool sample is 

readily available. Therefore, if the ultimate goal is to use a sampling method that is most easily 

available and clinically applicable, then ideally we need a measure that can be applied to faecal 

samples more broadly, regardless of whether that sample was obtained through sampling 

passed motions, colostomy output or by swabbing the rectum. 

The most important finding of this study is that gut microbiota became increasingly disrupted 

over time in ICU. Firstly, there was a significant loss of bacterial diversity in an individual’s 

gut microbiome over time. Using Faith’s phylogenetic diversity index (but not the Shannon 

index) this decrease in diversity was evident after only 48hrs. By the final sampling timepoint 

(median 158 hrs after ICU admission), there were large and significant decreases in microbial 

diversity regardless of the diversity measure used or the sampling method used. It is surprising 

that use of broad-spectrum antibiotics at the timepoint studied did not have a significant 

association with loss of diversity. This may be because antibiotic exposure has cumulative 

effects over time that were not captured by this analysis.  

Analysis of β-diversity indices also found an association between the final sampling time and 

highly significant changes in bacterial composition. It is remarkable that by the final sampling 

point an individual’s microbiome had changed so much from their own baseline sample that, 

on average, these two samples were as dissimilar as the microbiomes of two unrelated patients. 

When the specific taxa driving these changes were analysed, a clear trend emerged: most of 

the change was driven by the near complete collapse of a number of a number of closely related 

gram-positive anaerobic commensals in the order Clostridiales (Family XI: Peptoniphilus, 
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Anaerococcus, Finegoldia, Ezakiella, Mogibacterium) as well as large reductions in of 

typically abundant gram-negative anaerobic commensals in the order Bacteroidales 

(Prevotella, Prevotella 6, Porphyomonas). By contrast, there was no clear trend in which 

bacteria increased in abundance, signalling that these compensatory increases were diverse and 

differed between individuals.  

The loss of members of the Clostridiales order, although belonging to different family clusters 

than observed here, has also been observed in other studies that sampled ICU patients 

longitudinally. Both Aardema et al (244) and Livanos et al  (244) observed loss of bacteria in 

Clostridial clusters IV/XIVa after ICU stay (72hrs or greater) in stools and rectal swabs 

respectively. It should also be noted that Howard et al reported the opposite result of 

Clostridiales increasing after 72hrs in ICU.  

Bacteria which were most likely to be lost during ICU admission, particularly members of the 

Clostridiales, play an important role in producing beneficial short-chain fatty acids (SCFA). In 

our study Peptoniphilus and Anaerococcus contribute to butyrate biosynthesis, Prevotella to 

propionate biosynthesis. However, this capacity is also present in several other abundant 

commensal species. Therefore, the loss of these taxa alone would be unlikely to significantly 

alter the capacity of the gut microbiota to produce SCFA or the functional capacity of the gut 

microbiota more broadly. However, the complete loss of several types of closely related 

bacteria could significantly contribute to loss of colonisation resistance by vacating an 

ecological niche, destabilising the microbiome’s structure, and thereby allowing opportunistic 

bacteria to expand.  

The abnormal expansion of opportunistic bacteria is demonstrated by the frequent observation 

of intestinal domination by a single taxon in the MOCI cohort. In normal populations, it is very 

unusual to find any one genus making up the majority (>50%) of microbiome, particularly if 

this bacterium is a pathobiont normally found in low abundance. In the dataset analysed in 

chapter 2 (consisting of 56 samples from 6 healthy faecal donors and 19 cancer patients 

undergoing chemotherapy) there were no samples where one taxon dominated >50% of relative 

abundance. By contrast, intestinal domination by one bacterial genus was present in 12% of 

the MOCI ICU cohort’s samples at baseline, rising to 41% (>50% relative abundance) at the 

final timepoint. The majority of dominating organisms were facultative pathobionts in genera 

Enterococcus, Streptococcus or Staphylococcus or members of the Enterobacteriaceae family. 

These results are very consistent with those previous reported by Lankelma et al who observed 

intestinal domination in 38% of their ICU patient cohort using the same definition (242).  
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A relationship between intestinal domination (at a lower threshold of ≥ 30%) and bacteraemia 

has been shown previously by Taur et al (139) in patients following allogeneic stem cell 

transplant. In the ICU population, Freedberg et al associated Enterococcal dominance (≥ 30%) 

on admission with death and all cause infection (240), whilst the mere presence of certain 

pathobionts in the admission sample predicted subsequent infection with these organisms. 

Using this definition, 72% of the MOCI cohort experienced intestinal domination by the final 

timepoint.  

At this stage our cohort is too small to assess role of the microbiome in these infrequent events, 

although it is possible to discuss the relative levels of the causative pathogens in the 

microbiomes of the two participants who experienced nosocomial bacteraemia and 

subsequently died within days. The first patient suffered bacteraemia with Enterococcus 

faecalis, however the microbiome from the only rectal swab sample taken during the study 

(and preceded this event by one day) did not show any Enterococcus. The second patient 

developed bacteraemia with Morganella morganii (a gram-negative member of the 

Enterobacteriaceae) at timepoint 10. At baseline, this participant’s microbiome already was 

characterised by an abnormally high abundance of pathobionts including 5.6% Morganella and 

Enterococcus at 41%. In the samples preceding the bacteraemia, Morganella relative 

abundance expanded to reach 15% at timepoint 9 when bacteraemia with this organism 

occurred. Despite appropriate treatment, Morganella continued to expand and reached 30% 

relative abundance at timepoint 12 just before death.  Although it is impossible to draw 

conclusions about the utility of using intestinal domination as a predictor of bacteraemia from 

only 2 cases, these cases suggest that predictive models will need to take into account multiple 

factors including longitudinal measures of microbiome stability, the pathogenicity of the 

bacterium that has expanded, and the surrounding microbial and host environment.  

The main limitation of the MOCI study is that it is still underpowered to assess the effect of 

the microbiome on patient clinical outcomes. Expansion of the patient population studied is 

also required to accurately analyse the effect of specific ICU interventions such as the use of 

antibiotics and enteral feeding on microbiome composition.  Another limitation is the lack of a 

control group undergoing longitudinal sampling to control for normal sample variability over 

time. However, because consistent trends have been observed over more than one sampling 

timepoint, these results are not likely to be spurious. A final important weakness of this study 

is that the analysis is limited to only examining bacterial composition through 16S rRNA gene 

amplicon sequencing. This type of analysis lacks the ability to determine whether patients also 

acquire clinically important antimicrobial resistance determinants during their admission, and 
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if such acquisition is linked to microbiome composition. Furthermore, non-bacterial pathogens, 

especially yeasts and other fungi, are likely to significantly expand in gut niches when bacterial 

populations are substantially depleted and di is required to form a complete picture of microbial 

dynamics in this population.  

In order to address these limitations, the final MOCI study analysis will include shotgun 

metagenomic analysis on a subset of samples so that antimicrobial resistance genes and fungal 

composition can be assessed. Furthermore, the study recruitment has been expanded to include 

116 patients to date. Once an interim analysis has been performed on these patients, it will be 

determined if further recruitment is required to adequately power the study to achieve the goal 

of assessing the role of gut microbiota in nosocomial sepsis and bacteraemia.  
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CHAPTER 4 

  

Optimisation of a propidium monoazide based method to 

determine the viability of microbes in faecal slurries for 

transplantation  

 

The contents of this chapter appear in the following publication:  

Papanicolas LE, Wang Y, Choo JM, Gordon DL, Wesselingh SL, Rogers GB. Optimisation 
of a propidium monoazide based method to determine the viability of microbes in faecal 

slurries for transplantation. Journal of Microbiological Methods. 2019 Jan;156:40-45. doi: 
10.1016/j.mimet.2018.12.001. Epub 2018 Dec 4. 
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4.1 Abstract 

The efficacy of faecal microbiota transplantation (FMT) as a therapeutic intervention may 

depend on the viability of the microorganisms in faecal slurries (FS) prepared from donor stool. 

However, determining the viability of these organisms is challenging. Most microorganisms in 

stool are refractory to culture using standard techniques, and culture-independent PCR-based 

methods derive signal from both viable and non-viable cells. Propidium monoazide (PMA) 

treatment has been shown to be effective in preventing PCR amplification of DNA from non-

viable bacteria in a range of contexts. However, this methodology can be sensitive to factors 

such as bacterial load and sample turbidity. We describe the optimisation of a PMA treatment 

methodology for FS that restricts quantitative PCR-based bacterial enumeration to viable cells. 

When applied to concentrated FS (10-25% stool content), PMA treatment at 100 µM 

concentration was ineffective in preventing DNA amplification from heat-killed cells. Efficacy 

was not significantly improved by doubling the PMA concentration. However, PMA treatment 

efficacy was improved markedly following 10-fold sample dilution and was found to be 

optimal at 100-fold dilution. Substantial reductions in viable bacterial load could be observed 

following both freeze-thaw and heat-treatment of FS. This method successfully prevented 

DNA amplification of heat-killed Pseudomonas and Staphylococcus spiked into stool and 

could reliably determine the proportion of live bacteria and viable E. coli counts present in 

fresh and heat-treated stool. With appropriate sample dilution, PMA treatment excluded >97% 

of non-viable cells from amplification in all assays, without significantly affecting the 

amplification of DNA from viable cells. This method can be applied to optimise sample 

processing of FMT donor material, and to characterise bacterial viability within faecal samples 

more widely. 

 

4.2 Introduction 

Faecal microbiota transplantation (FMT) is a therapeutic intervention in which stool from one 

or more healthy donors is processed into a faecal slurry (FS) and delivered to the lower 

intestinal tract of the recipient. The ability of FMT to substantially alter gut microbiota makes 

it potential interventional therapy in a range of diseases (196). FMT is an established therapy 

for Clostridioides difficile colitis (172) and shows promise as a therapeutic intervention in 

inflammatory conditions such as ulcerative colitis (262). It is postulated that the efficacy of 

FMT is dependent on the ability of beneficial commensal bacteria from the donor to proliferate 

within the recipient (172, 263, 264). This requires those microbes to be viable at the time of 
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transplantation. The ability to accurately determine the viability of bacteria in donor faecal 

samples is critical to developing appropriate protocols for the preparation and standardisation 

of FMT material.  

Previous efforts to assess the viability of microorganisms in faecal material used for FMT have 

been limited either by the use of culture methods, that can readily isolate only a small subset 

of the total gut microbiota (170), or molecular methods that lack the capacity to distinguish 

between DNA from viable cells, non-viable cells, and the extracellular environment (200). A 

potentially effective strategy to overcome these challenges is to combine quantitative (q)PCR-

based bacterial enumeration with propidium monoazide sample treatment (PMA-qPCR). PMA 

is a red fluorescent dye that is excluded from viable cells by the energised membrane of an 

intact cell wall. When the cell wall is compromised, PMA enters the cell and intercalates into 

DNA (201). The monoazide group allows PMA to covalently bind DNA upon exposure to 

light, thus limiting PCR amplification to DNA present within viable cells (202).  

The combination of PMA treatment with PCR-based analysis has been shown to be effective 

in a range of contexts, including the assessment of bacterial viability in samples with mixed 

populations, such as in waste water or sputa (203-205). However, its efficiency may be reduced 

when applied to samples in which levels of non-viable bacterial DNA and extracellular DNA 

are high, or where sample turbidity impedes light penetration (203, 206).  

The use of PMA in combination with 16S rRNA gene amplicon sequencing has been reported 

previously in the assessment of viable bacterial composition of FS for FMT (207). Chu and 

colleagues subjected undiluted simulated faecal transplant material from a single participant to 

various processing conditions including exposure to oxygen and freeze thaw cycles prior to 

treatment with PMA (207). However, this study did not include a validation of the 

methodology.  

This chapter describes the optimisation of PMA-qPCR to determine the viable bacterial content 

of faecal slurries for FMT. This method can reliably be applied to optimise sample processing 

methodologies for FMT donor material, as well as the characterisation of bacterial viability 

within faecal samples more widely.  

 

4.3 Methods 

4.3.1 FMT faecal slurry (FS) processing  

Stool was collected with informed consent from participants being screened as stool donors for 

a clinical trial examining the use of FMT in patients with recurrent UTI (265). Fresh stool from 
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3 faecal donors were collected on separate occasions and processed immediately. Stool was 

collected on site and processed with 15 minutes. Stool was blended with normal saline (NS) 

and glycerol to produce a FS consisting of 25% (wt/vol) stool, 65% NS, and 10% glycerol, as 

previously described (266). Stool blending and PMA treatment were performed within an 

anaerobic chamber. Remaining stool was frozen at -80oC in either 50 mL centrifuge tubes or 

250 mL sterile pots. To assess the effects of freeze-thaw, a 50mL aliquot of FS was stored at -

80oC for 48 hrs and then allowed to thaw at room temperature within the anaerobic cabinet. 

Heat killing was performed by subjecting a 1 mL aliquot of thawed FS to 99oC for 30 minutes 

in a heating block.  

 

4.3.2 Dilution and PMA treatment of fresh, frozen and thawed, and heat-killed FS  

Fresh, freeze-thawed and heat-treated FS was tested at four different dilutions. Neat FS (25% 

stool content) was serially diluted in phosphate buffered saline (PBS) 10, 100, and 1000-fold. 

Neat FS and each dilution were treated with PMA or control in triplicate, as described in 

Section 2.3. 

 

4.3.3 PMA treatment  

Stock solution was prepared by dissolving 1 mg of PMA (Biotium Inc., Fremont, CA, USA) 

in 1 mL of 20% dimethyl sulfoxide. For PMA treatment, 5 µL of PMA was added to 95 µL of 

sample to achieve 100 µM final concentration of PMA in 100 µL  (203). All samples were 

prepared in clear RNase-free 1.5mL tubes (Ambion®, Thermo Fisher Scientific, Waltham MA, 

USA). Following a 30 min incubation at room temperature in the dark (267), samples were 

exposed to an LED light (1.5 W, Model AL329, Aqua Zonic, Singapore) at a distance of 15 

cm for 20 min. A detailed protocol is included in Appendix 1. 

 

4.3.4 Spiking of stool with heat-killed Pseudomonas aeruginosa and dilution of stool prior 

to PMA treatment  

P. aeruginosa ATCC 27863 was cultured onto horse blood agar (HBA, bioMerieux, Australia) 

for 24 hours. Colonies were dispersed in 1 mL PBS and diluted 40-fold to give a suspension of 

3.35 McFarland units (~1x109 CFU/mL). Heat-killing of the neat suspension was performed 

by heating 1 mL aliquots to 99°C for 30 min.  

To assess the effect of stool concentration on the exclusion of non-viable bacteria through PMA 

treatment, donor stool was spiked with heat-killed P. aeruginosa to produce FS consisting of 

25% (vol/vol) heat-killed P. aeruginosa, 10% (wt/vol) stool suspended in PBS. This 
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suspension was further serially diluted 10-fold in PBS to produce suspensions of 1%, 0.1% and 

0.01% stool. Each dilution of spiked stool was separated into six 95 µL aliquots. Three aliquots 

were treated with PMA (as described in section 4.3.3) and three used as untreated controls.  

As the presence of stool in specimens could result in PCR inhibition or affect the performance 

of PMA, the performance of the P. aeruginosa qPCR assay in pure culture alone was compared 

to its performance in stool specimens. Therefore, the heat-killed P. aeruginosa culture was 

diluted to 25%, 2.5%, and 0.25% in PBS to mirror the concentration of spiked bacteria in the 

stool samples and treated with PMA in an identical manner.  

 

4.3.5 Spiking of viable and non-viable Staphylococcus aureus into 1/100 diluted FS 

Fifty µL of S. aureus ATCC 29213 overnight culture in cerebrospinal fluid (CSF) enrichment 

broth (bioMerieux, Australia) was inoculated into 3 mL CSF broth, which was grown at 37 °C 

with shaking for 6 hours prior to use to ensure log-phase of growth. Two 1.5 mL culture 

aliquots were centrifuged for 2 min at 10,000 g. The pellet was washed twice in NS and 

resuspended to provide a suspension of 4 McFarland units (~1.2 x109 CFU/mL).  

To confirm that PMA treatment was effective in preventing PCR amplification of DNA from 

non-viable cells, while not affecting amplification of DNA from viable cells, dilute FS was 

spiked with live and heat-killed S. aureus cells as well as with a combination of live and heat-

killed cells in a 1:1 ratio. For each, 100 µL was spiked into 900 µL of diluted (1/100) FS. The 

three spiked samples were treated in triplicate with PMA or PBS control. Pure bacterial cells 

(live, heat-killed, and combined) were similarly PMA-treated.  

To determine whether a higher PMA concentration would provide greater efficacy in 

concentrated stool, 100 µL heat-killed S. aureus was spiked into 900 µL neat FS and divided 

into nine aliquots (three used as controls, three treated with 100 µM PMA as described above, 

and three treated with 200 µM PMA).  

 

4.3.6 Assessing performance of PMA qPCR over a defined range of viable concentrations  

To determine the performance of this method over a range of viable/dead concentrations, FS 

was prepared fresh as described in section 4.3.1, diluted 100-fold in PBS, and mixed with heat-

killed FS in defined proportions. The following FS mixtures were prepared in 1mL aliquots: 

100% fresh, 80% fresh/20% heat-killed, 60% fresh/40% heat-killed, 40% fresh/60% heat-

killed, 20% fresh/80% heat-killed and 100% heat-killed.  Each mixture was treated with and 

without PMA in triplicate in 100 µL aliquots as described in section 4.3.3. The proportion of 

total bacteria viable in each specimen was determined using PMA qPCR targeting the 16S 
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rRNA gene, as described in section 4.3.7. Estimated E.coli  colony forming units (CFU/µL) 

were quantified using a probe based qPCR targeting the tuf gene as described previously (268). 

For each FS mixture, 100 µL of sample was plated onto three MacConkey with salt agar plates 

(Thermo Fisher Scientific, Therbarton SA, Australia) at three 10-fold dilutions to select for 

single colonies of coliforms. Plates were incubated aerobically at 37°C for 24 hr.  The heat-

killed aliquot was also cultured under the same conditions and demonstrated no growth. Single 

coliform colonies were counted and confirmed to be E. coli by matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (Bruker Daltonik MALDI Biotyper, 

Bruker Biosciences Pty Ltd, Preston VIC, Australia).  

 

4.3.7 DNA extraction and qPCR  

DNA was extracted from samples using the PowerLyzer® PowerSoil® DNA Isolation Kit 

(MO BIO Laboratories, Carslbad, CA, USA) in accordance with the manufacturer’s 

instructions and stored at 20oC. 

Levels of total bacteria, P. aeruginosa, and S. aureus, were determined using previously 

described qPCR assays (269-271) on a QuantStudio 6 Real-Time PCR system (Applied 

Biosystems, Foster City, CA, USA). Total bacterial and P. aeruginosa qPCR assays were 

performed using sybr green fluorophore reagents (PowerUpTM SYBRTM Green Master Mix, 

Applied Biosystems, Foster City, CA, USA). S. aureus and E. coli specific qPCR was 

performed using probe-based assays (KAPA PROBE FAST ROX Low MasterMix, Kapa 

Biosystems, Japan). All qPCR assays were performed in triplicate and mean Ct values were 

converted to log10 cell/µL.  Details of primers, probes and cycling conditions are available in 

Appendix 2.  

Proportions of live cells were determined by dividing the quantity of cells amplified in the 

presence of PMA by the quantity of cells amplified in matching untreated controls. Statistical 

significance (p-value <0.05) was determined using paired t-tests for parametric data and the 

Wilcoxon matched-pairs single rank test for non-parametric data.  

 

4.4 Results 

4.4.1 Effect of stool concentration on PMA-qPCR efficacy in fresh, freeze-thawed, and 

heat-treated samples  

The efficacy of PMA treatment was reduced in both neat and 10-fold diluted FS (2.5% stool 

content) compared to 100-fold and 1000-fold diluted FS. In neat FS, no difference in 
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amplification between PMA-treated and control samples was observed for fresh (p=0.496), 

frozen (p=0.203) or heat-treated samples (p=0.203) (Figure 4.1A). In 10-fold diluted FS 

(Figure 4.1B), amplification of bacterial DNA was significantly reduced in fresh (p=0.004) and 

heat-killed FS (p=0.004) following PMA-treatment compared to controls, but not in frozen FS 

(p=0.074). In 100-fold diluted FS (Figure 4.1C), amplification of bacterial DNA was 

significantly reduced following PMA-treatment compared to controls (p=0.004 for all three 

treatment conditions). While reductions in bacterial DNA amplification were also observed in 

1000-fold diluted FS (p=0.004 for all three treatment conditions, Figure 4.1D), at this dilution 

the FS is so dilute that amplification levels are near the limit of detection of the assay even 

without PMA treatment. Overall, the best separation of heat-killed control and PMA treated 

samples is observed at the 100-fold dilution of FS (Figure 4.2, arrow) 

 

Figure 4.1.  Effect of faecal slurry (FS) dilution on the ability of PMA to exclude non-

viable cells from amplification in FS material processed as fresh, frozen or heat-killed 

(HK). A. Neat FS (25% stool) B. 1/10 diluted FS (2.5% stool) C. 1/100 diluted FS (0.25% 

stool) D. 1/1000 diluted FS (0.025% stool) Bars depict the mean (±SD) log cells/µL amplified 

by 16S qPCR from three donors, each with three replicate samples. Statistical comparisons 

(paired t-tests) are made between amplification from PMA treated samples (shaded bars) 

compared to untreated control samples (clear bars) (**=p<0.01). 
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Figure 4.2.  Effect of faecal slurry (FS) dilution on the ability of PMA to exclude non-

viable cells from amplification in heat-killed FS material. Circle symbols depict the mean 

(±SD) log cells/µL amplified by 16S qPCR from three donors, each with three replicate 

samples. The 1/100 dilution shows the best separation between control and PMA treated 

specimens (arrow). The dotted line represents the assay’s threshold of detection.  

 

4.4.2 Effect of stool concentration on the ability of PMA to exclude spiked non-viable P. 

aeruginosa cells from qPCR amplification.  

PMA treatment did not prevent the amplification of DNA from non-viable P. aeruginosa cells 

in the presence of 10% stool, with no significant difference observed between PMA-treated 

and control samples (Table 4.1). Furthermore, the level of amplification of P. aeruginosa DNA 

in spiked FS was significantly reduced compared to an equivalent level of P. aeruginosa DNA 

in pure culture (3.45 ± 0.04 vs 5.99 ± 0.05 log cell/µL p<0.0001, Figure 4.3), suggesting 

inhibition of PCR by components of stool DNA. Inhibition was also observed to a smaller 

degree in the 1% stool samples (4.34 ± 0.02 vs 4.81 ± 0.12; p=0.02), but not in the 0.1% stool 

sample (Figure 4.3). No P. aeruginosa DNA was detectable in unspiked FS.  

In all samples with 1% or less stool concentration, amplification of P. aeruginosa DNA in the 

PMA-treated samples was significantly reduced compared to controls (p <0.005), consistent 

with the successful limitation of DNA amplification to viable cells (Table 4.1).  

When viability was assessed as a proportion of total bacterial cells (Table 4.1), no significant 

difference was observed between spiked samples with ≤1% stool content. More than 97% of 

DNA from heat-killed cells was excluded from amplification following PMA treatment. The 

performance of PMA-qPCR in samples with a stool concentration of ≤1% did not differ 

significantly from the performance of PMA on cells from pure culture alone.  
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Figure 4.3. Effect of stool dilution on amplification of heat-killed P. aeruginosa cells  

The amplification in P. aeruginosa cells alone (Pa) grown in pure culture is compared to 

amplification of the same cells at the same concentration spiked in FS without PMA treatment 

(paired t-tests,*=p<0.05; ***=p<0.001). The neat spiked sample consists of 10% stool, dilution 

1 (D1) of 1% stool and dilution 2 (D2) of 0.1% stool. 

 

Table 4.1. Effect of stool dilution on PMA’s ability to exclude heat-killed P. aeruginosa 

DNA from amplification using P. aeruginosa specific qPCR 

 
 Stool content 

(%) 

 P. aeruginosa cells detectede Difference 

(p-value) 

Proportion viablef 

(PMA /control) 

 Control PMA 

Neata  10% 3.45 ± 0.04 3.80 ± 0.17 0.1 >100% 

D1b 1% 4.34 ± 0.02 2.80 ± 0.17 0.005 3.0% 

D2c 0.1% 3.46 ± 0.08 1.74 ± 0.08 0.002 2.0% 

D3d 0.01% 2.19 ± 0.12 0.53± 0.13 0.0006 2.2% 
 

aHeat-killed P. aeruginosa cells (5.8 log10 cells/µL) were spiked into a sample consisting of 10% stool (Neat). 
b,c,dThis sample was then serially 10-fold diluted: 1/10 dilution (D1), 1/100 dilution (D2), 1/1000 dilution (D3). 
eAll P. aeruginosa cells detected (log10 cells/µL, mean± SD of 3 replicate samples) in spiked stool samples 

without PMA treatment (Control) were compared to viable cells detected in corresponding PMA-treated samples 

(PMA). fThe proportion of heat-killed P. aeruginosa cells detected as viable is determined by dividing viable cells 

detected in PMA treated samples by total cells detected in the control samples.  

 

4.4.3 Efficacy of PMA-qPCR in discriminating live and dead S. aureus cells spiked into 

100-fold diluted FS 

Our initial experiment suggested that 100-fold diluted FS (0.25% stool) was optimal for PMA-

qPCR determination of viable bacterial load. We sought to confirm this finding by assessing 

whether PMA treatment could reliably eliminate amplification from non-viable cells, while not 

significantly affecting the amplification of viable cells. 100-fold diluted FS was spiked with 

live, heat-killed, or a 1:1 ratio of live and heat-killed S. aureus cells, to a concentration of ~ 1.2 
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x109 CFU/mL. The use of S. aureus also allowed an assessment of the efficacy of PMA 

treatment when applied to a gram-positive organism and a different, probe-based qPCR assay.  

PMA treatment did not significantly affect amplification from viable cells from culture (p= 

0.33, data not shown), while still providing optimal (>99%) exclusion of DNA from heat-killed 

cells from amplification (p= 0.004). No amplification of S. aureus DNA was observed with 

unspiked FS. PMA treatment reduced amplification of DNA from non-viable cells in FS 

samples spiked with 1:1 heat-killed: viable cells (p=0.003) and 100% heat-killed cells 

(p<0.001) when compared to FS spiked with live cells (Figure 4.4).  

We also examined whether the inefficiency of PMA treatment in concentrated stool could be 

overcome by doubling the concentration of PMA used. However, in neat FS piked with heat-

killed S. aureus there was no difference in amplification between PMA treated and control 

samples regardless of PMA concentration (control vs 100 µM PMA, p=0.47; control vs 200 

µM PMA p= 0.51).  

 

 

Figure 4.4. Proportion of cells determined to be viable S. aureus cells. 

 Proportion of viable cells was determined by dividing viable cells amplified in PMA-treated 

samples (mean ± SD of 3 replicate samples) over total number of cells amplified in non-PMA 

treated control samples. S. aureus cells consisted of live culture (Live), a mixture of 50% live 

culture and 50% heat-killed culture (HK50), or 100% heat-killed culture (HK100). The ability 

of PMA to exclude dead cells from amplification was assessed in S. aureus culture alone, or in 

S. aureus spiked into diluted faecal slurry consisting of 0.25% stool (FS) (paired t-tests, 

**=p<0.01; ***=p<0.001). 

 

4.4.4 Performance of PMA-qPCR in varying ratios of fresh and heat-killed FS 
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The PMA-qPCR method performed well in predicting the proportion of live bacteria in the 

sample with a strong linear correlation (Figure 4.5, R2= 0.966). As the proportion of fresh FS 

increased there was an increase in the variability between replicate samples, with the most 

variability in the 100% fresh sample (mean proportion viable 0.55 +/- SD 0.18). PMA-qPCR 

was used to determine E. coli CFU/µL and these results were compared to corresponding 

colony counts on selective agar. Estimates of viable bacterial load, as determined by PMA-

qPCR, were closely correlated with bacterial colony counts (Figure 4.6). PMA-qPCR 

performed comparably to culture in identifying the proportion of live E. coli in the sample, 

with a strong linear correlation (Figure 4.6 panel A: E. coli culture R2= 0.900, panel B: E. coli 

PMA qPCR R2= 0.978). 

 

 

Figure 4.5 Performance of PMA-qPCR (16S) when applied to defined ratios of fresh and 

heat-killed FS. 

Data points and error bars represent the proportion of viable bacterial cells detected in FS after 

16S rRNA qPCR (mean ± SD of 3 replicate samples). Proportion viable was determined by 

dividing cells/ µL amplified in PMA treated samples by the amplification of the non-PMA 

treated in the 100% fresh sample. The strength of the linear relationship was determined by 

calculating the coefficient of determination, R2. 
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Figure 4.6. Performance of PMA-qPCR when applied to defined ratios of fresh and heat-

killed E. coli spiked in FS.  

Data points and error bars represent the CFU/µL after selective agar culture (panel A) and 

CFU/ µL of bacterial cells determined to be viable after E. coli-specific qPCR (panel B) (mean 

± SD of 3 replicate samples).   The strength of the linear relationship was determined by 

calculating the coefficient of determination, R2. 

 

4.5 Discussion  

A methodology that can reliably determine the viability of stool bacteria, a substantial portion 

of which are refractory to standard culture techniques, is essential for the accurate assessment 

and optimisation of stool processing protocols for FMT. While the use of PMA treatment in 

conjunction with PCR-based bacterial enumeration has shown promise in other contexts, a 

failure to consider the reduced efficacy of this approach when applied to undiluted faecal 

slurries may have confounded previous applications in this context. We describe the 

optimisation of this approach and demonstrate the importance of sample dilution in achieving 

efficient exclusion of DNA from non-viable cells. 

Stool is an inherently heterogeneous and variable material, with substantial variation in water 

content between samples. The degree of stool dilution incorporated into standard protocols 

must therefore allow effective PMA treatment on even the densest stool samples. Our results 

suggest that 1/100 dilution of stool or faecal slurry to ~0.25% stool content is necessary to 

achieve optimal results following PMA treatment. As a guide, the optical density of the FS 

specimens used at 0.25% stool content was 3.76 -4 McFarland units. At this dilution, PMA 

reliably inhibited amplification from non-viable cells in all experiments.  
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Although PMA treatment also performed well when stool content was further diluted, over-

dilution of specimens is inadvisable, particularly when attempting to amplify targets that are 

already present at low concentrations (as illustrated in Figure 4.2). PMA treatment also 

performed well in excluding DNA from spiked non-viable cells at 1% stool content. However, 

at this concentration, PCR assay inhibition was observed, a phenomenon that is well-described 

in relation to DNA extracts from stool (272).  

The inefficiency of PMA treatment at stool contents of ≥10%, could not be overcome by 

doubling the concentration of PMA used to 200 µM. This observation suggests that factors 

such as light penetration, rather than PMA concentration, limit the effectiveness of this 

approach in concentrated stool samples.  

PMA-based methods might, under certain circumstances,  be prone to underestimating 

numbers of non-viable bacteria (273). Therefore, our method employs a relatively high PMA 

concentration (100 µM), long incubation time (30 min) and long period of light exposure (20 

min). These parameters are conservative, based on available evidence to optimise the 

elimination of non-viable cells from amplification (203, 267). By applying our method to live 

as well as heat-killed spiked S. aureus cells we confirmed that our method did not significantly 

affect live cells while still excluding more than 99% of DNA from non-viable cells from 

amplification (Figure 4.4).  

The application of the optimised methodology described here demonstrates that a single freeze-

thaw cycle renders the majority of bacteria in FS non-viable (Figure 4.1). These results differ 

from those reported by Chu et al., who did not detect a significant difference in cell viability in 

FS for FMT after 20 freeze-thaw cycles (207). However, in contrast to our optimised approach, 

Chu et al applied PMA treatment to undiluted FS (207), a methodology which is in this study 

is demonstrated to be ineffective. Similarly, Young and colleagues also reported applying PMA 

treatment to concentrated stool samples (274). In addition, they analysed samples that had 

already been frozen, a process which is problematic given the impact that this has on the 

number of viable bacteria within the sample.  

Commensal intestinal bacteria are increasingly being recognised as important mediators of both 

human health and disease (275). Many of these organisms are only readily detectable using 

molecular methods. PMA-based methodologies have an important role to play in determining 

the viability of a wide-range of organisms in stool. Application of the optimised methodology 

described here will allow standardisation of appropriate preparation protocols for FMT-based 

therapeutics.  
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CHAPTER 5 

  

Effect of stool processing on the viability and functional potential 

of microbes in faecal transplant material 

 

 

The contents of this chapter appear in the following publication:  

 

Papanicolas LE, Choo JM, Wang.  Y, Leong LEX, Costello SP, Gordon DL, Wesselingh SL, 

Rogers GB. Bacterial viability in faecal transplants: Which bacteria survive? EBioMedicine. 
2019 Feb 19. pii: S2352-3964(19)30095-7. doi: 10.1016/j.ebiom.2019.02.023.  
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5.1 Abstract 

The therapeutic potential of faecal microbiota transplantation (FMT) is under investigation for 

a wide range of inflammatory conditions. While mechanisms of benefit are poorly understood, 

most proposed models rely on the viability of transplanted microbes, either to displace disease-

associated microbiota or to drive the biosynthesis of anti-inflammatory metabolites. We 

hypothesised that protocols commonly used in the preparation of faecal transplant material will 

substantially reduce both the number of viable microbes delivered through FMT and the 

relative abundance of beneficial commensal species.  

Analysis was performed on stool from eight screened donors. Processing conditions for sample 

aliquots replicated commonly employed clinical protocols, including strict anaerobic 

conditions, homogenisation in ambient air, and freeze-thaw. Propidium monoazide (PMA) 

sample treatment was combined with quantitative PCR and 16S rRNA gene amplicon 

sequencing and short-chain fatty acid (SCFA) analysis to define the viable microbiota 

composition and functional potential. 

Approximately 50% of the total bacterial content of stool processed immediately under strict 

anaerobic conditions was non-viable. Homogenisation in ambient air or freeze-thaw reduced 

viability to 19% and 23% respectively. Processing of samples in ambient air resulted in up to 

12-fold reductions in the abundance of important commensal taxa, including the highly 

butyrogenic species Faecalibacterium prausnitzii, Subdoligranulum variable, and 

Eubacterium hallii. The adverse impact of atmospheric oxygen exposure on the capacity of the 

transplanted microbiota to support SCFA biosynthesis was demonstrated by significantly 

reduced butyrate and acetate production of faecal slurries processed in ambient air. In contrast, 

while reducing overall levels of viable bacteria, freeze-thaw did not significantly alter viable 

microbiota diversity or composition. 

The practice of preparing material for faecal transplantation in ambient air profoundly affects 

their viable microbial content, disproportionately reducing the abundance of beneficial 

anaerobic commensals and the capacity for the biosynthesis of important anti-inflammatory 

metabolites.  

 

5.2 Introduction 

In recent years, following major advances in nucleic acid sequencing technology, there has 

been a dramatic increase in research linking gut microbiota not only to intestinal pathologies 

such as inflammatory bowel disease (96, 276-278) or colorectal cancer (279), but also to a 
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broad range of other medical conditions that include metabolic disorders and even mental 

health conditions (280-282). This has led to the hypothesis that modification of gut microbiota 

via faecal microbiota transplantation (FMT) could have a therapeutic role in a diverse range of 

diseases.  

FMT is a therapeutic intervention in which stool from one or more healthy donors is processed 

into a faecal slurry (FS) and delivered into the intestinal tract of the recipient. Although FMT 

is best established as a therapy for recurrent C. difficile infection, (172, 174) there is increasing 

evidence for the use of FMT in inflammatory disorders, particularly ulcerative colitis (262). 

Despite its increasing use, there is neither standardisation of donor screening nor 

standardisation of stool processing (266). This lack of standardization extends to the use of 

FMT in clinical trials, of which there are over 200 registered on clinicaltrials.gov, making 

comparison of outcomes difficult. Worryingly, FMT is also often performed in private clinics, 

or even by patients themselves, for unproven indications and in a completely unregulated 

fashion (283). 

Current guidelines for processing stool for FMT are intended for the treatment of C. difficile 

colitis and are based on expert opinion in the absence of evidence (284-286). The exact 

mechanism by which FMT results in clearance of C. difficile from stool is not known, and 

variations in stool processing protocols appear to have little impact on the efficacy of FMT for 

this indication (284, 287, 288). This has resulted in protocols designed for use in C. difficile 

infection being adopted in trials using FMT for other indications, where mechanism of action 

is likely to be different. These protocols commonly involve the homogenisation of stool in 

ambient air, despite oxygen exposure being known to cause the rapid death of many obligate 

anaerobic bacterial commensals (289). 

At present there is little evidence available to guide clinicians in selecting a stool processing 

methodology. Characterisation of the microbiome composition in processed FMT donor 

material is often not attempted, and where performed, typically involves high throughput 

sequencing of extracted faecal DNA (200). Such an approach will detect DNA derived from 

both viable and non-viable organisms and therefore have a limited capacity to indicate which 

bacteria are viable and capable of replicating in the recipient. Culture methods readily isolate 

only a small subset of the total gut microbiota (20) and are therefore unsuitable for 

characterising the impact of processing on many of the commensal anaerobic species present.  

A strategy to overcome these challenges is combine molecular techniques, such as next-

generation sequencing and targeted quantitative PCR assays, with propidium monoazide 

sample treatment (PMA-qPCR) (207). PMA is a red fluorescent dye which selectively enters 



 

111 

 

cells with compromised cell membranes. Upon exposure to light PMA will covalently bind to 

DNA in these cells, inhibiting PCR amplification (201). In this way, PMA treatment of sample 

material allows the selective amplification of DNA from only viable cells in the sample (201). 

The PMA-qPCR methodology applied in this study was specifically optimised for use in faecal 

slurries for transplantation and validated in comparison to culture methods (290) as presented 

in Chapter 4.  

This study presented in this chapter documents the effects of anaerobic homogenisation, 

aerobic homogenisation and freeze-thaw on the viability and functional capacity of bacteria in 

donor stools processed for faecal microbiota transplantation.  

 

5.3 Methods 

5.3.1 FMT faecal slurry processing  

Stool was collected with informed consent from healthy participants being screened as FMT 

donors for a clinical trial (265) with approval from the Queen Elizabeth Hospital Human 

Research Ethics Committee (HREC/16/TQEH/32). All donors had passed a screening 

questionnaire (see Appendix 5.1) used to identify potential FMT donors. Stool was collected 

on site and processed within 15 minutes of passage. Stool was divided into two aliquots 

weighing at least 30g. Each aliquot was blended (in a 240 V Waring SS515 laboratory blender 

at 22,000 rpm) with normal saline (NS) and glycerol to produce a FS consisting of 25% (wt/vol) 

stool, 65% NS, and 10% glycerol, as previously described (266). In the first aliquot (ANO2) 

stool blending and PMA treatment were performed under anaerobic conditions within an 

anaerobic chamber. In the second aliquot (O2), the same procedure was performed in ambient 

air. The resultant FS was frozen at -80oC in 50 mL centrifuge tubes. To assess the effects of 

freeze-thaw, a 50mL aliquot of anaerobically processed FS was stored at -80oC for 48 hrs and 

then allowed to thaw at room temperature within the anaerobic chamber. The freeze-thawed 

specimens were not exposed to oxygen during the processing or PMA treatment. Heat killing 

was performed by subjecting a 1 mL aliquot of thawed FS to 99oC for 30 minutes.  

 

5.3.2 Dilution and PMA treatment of fresh, frozen and thawed, and heat-killed FS 

Immediately following the processing described above, neat FS (25% stool content) was 

diluted 100-fold in PBS and divided into six 95 µL aliquots in clear RNase-free 1.5mL tubes 

(Ambion, Thermo Fisher Scientific, Waltham MA, USA). Diluted samples were treated with 

and without PMA in triplicate, as described above. Samples were stored at -80oC prior to 
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extraction. PMA-treatment was performed using a protocol specifically developed and 

validated for faecal slurries as described in Chapter 4. A stock PMA solution was prepared by 

dissolving 1 mg of PMA (Biotium Inc., Fremont, CA, USA) in 1 mL of 20% dimethyl 

sulfoxide. For PMA treatment, 5 µL of PMA stock was added to 95 µL of sample to achieve 

100 µM final concentration of PMA. Following a 30 min incubation at room temperature in 

the dark, samples were exposed to an LED light (Aqua Zonic, Singapore) for 20 min. In non-

PMA treated control aliquots, 5 µL of PBS was added instead of PMA. Control samples 

underwent identical incubation and light-exposure as the matching PMA treated samples.  

 

5.3.3 Determination of microbiota composition 

DNA was extracted from the entire (100 µL) unspun sample. DNA was extracted using the 

PowerLyzer PowerSoil DNA Isolation Kit (MO BIO Laboratories, Carslbad, CA, USA) in 

accordance with the manufacturer’s instructions (see Appendix 1.4) and stored at -20oC. 

The microbial composition of the faecal slurry specimens was determined by paired-end 

sequencing of the V4 hypervariable region of the bacterial 16S rRNA gene. Amplicon 

sequencing was performed on an Illumina MiSeq platform as described previously. Paired-end 

reads were merged, demultiplexed and analysed using Quantitative Insights in to Microbial 

Ecology (QIIME) software (v1.9.1) using a previously described bioinformatics pipeline (225). 

Sequences were assigned to operational taxonomic units (OTUs) using an open reference 

approach against the SILVA 16S rRNA reference database (release 128) clustered at 97% 

similarity. Subsampling was performed on all samples to a depth of 6188 sequence reads. The 

alpha diversity metrics for determining taxa richness (observed species) and phylogenetic 

diversity (PD whole tree) was computed using QIIME. Inter-sample variance (β-diversity) was 

determined using Bray-Curtis similarity on square root transformed taxa relative abundance 

using PRIMER software version 7 (PRIMER-E, Plymouth, UK). Sequence data was submitted 

to the National Center for Biotechnology Information SRA database with accession number 

PRJNA491383.  

Taxa with zero counts were normalised to a single count across all samples. Changes in taxon 

relative abundance were determined by calculating the log2 values of fold change in relative 

abundance against the anaerobically processed matching controls across all taxa. Taxon 

relative abundance average fold change was computed based on the inverse logarithm of the 

sum of log2 fold change divided by the number of donors in which the taxa was detected. Only 

bacterial taxa that were present (sequence count ≥2) in at least one comparison group within 

each donor and were present in at least 7 of 8 donors were included in the analysis.  
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5.3.4 Species-specific bacterial enumeration 

Levels of total bacteria, butyryl-CoA:acetate CoA-transferase gene, Anaerostipes hadrus, 

Faecalibacterium prausnitzii, Eubacterium hallii, Roseburia spp/Eubacterium rectale, 

Bifidobacterium spp., Alistipes putredinis, and Bacteriodes spp. were determined using 

previously described qPCR assays using a QuantStudio 6 Real-Time PCR system (Applied 

Biosystems, Foster City, CA, USA). Details of primers and probes used in these assays is 

available in Appendix 2. The Subdoligranulum variable qPCR assay was developed as part of 

this study (see Appendix 3). Escherichia coli DNA was amplified using a probe-based assay 

using KAPPA PROBE FAST ROX Low Master Mix reagents (Kapa Biosystems, Cape Town, 

South Africa). All other PCR assays were performed using SYBR green fluorophore reagents 

(PowerUp SYBR Green Master Mix, Applied Biosystems). Quantitative PCR assays for the 

butyryl-CoA:acetate CoA-transferase gene, fastidious bacteria, including A. hadrus, E. hallii, 

Roseburia/E. rectale, and S. variable, a 10-fold dilution series of DNA extracted from donor 

faecal slurry was used as the positive qPCR standard.  

The proportion of bacterial cells in each sample that were viable was determined by dividing 

the quantity of cells amplified in the presence of PMA by the quantity of cells amplified in 

matching untreated controls. To determine the proportion viable in heat-killed specimens, the 

quantity of cells amplified in PMA-treated heat-killed samples was divided by the quantity of 

cells amplified in the control sample prior to heat killing. Heat-killed specimens served as 

negative controls, representing levels of amplification expected in non-viable specimens.  

 

5.3.5 Assessment of metabolic functional capacity 

An, alternative method of analysing the SCFA biosynthetic capacity of the faecal slurries was 

employed to complement the analysis of butyryl-CoA:acetate CoA-transferase gene by 

quantitative PCR. We assessed the capacity of differentially processed faecal slurries to 

biosynthesize SCFA using an in vitro fermentation model, as described previously (291). This 

method assesses the ability of microbiota in the sample to produce SCFA when incubated with 

a fermentation substrate, high amylose maize starch (HAMS). Briefly, stored frozen faecal 

slurry samples from FMT donors (n=8) that had been processed ANO2 or O2 as described 

earlier were thawed and incubated under strict anaerobic conditions with HAMS. Heat-killed 

faecal slurry (n=2) and HAMS only (n=2) were used as negative controls. SCFA levels were 

determined by gas chromatography with flame ionisation detection (Hewlett-Packard6890; 

Palo Alto, CA, USA). Acetate, butyrate and propionate levels were measured pre-incubation 
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and after 24 h of anaerobic incubation at 37ºC with shaking. Results were normalised using 4-

methylvaleric acid (Sigma-Aldrich) as an internal standard. 

 

5.3.6 Statistical analysis 

Statistical analysis was performed using GraphPad Prism 7.03 software. Significance (p-value 

<0.05) was determined using paired t-tests for parametric data and the Wilcoxon matched-pairs 

signed rank test for non-parametric data.  

 

5.4 Results 

5.4.1 Donor characteristics  

Donors median age was 28.5 years (range 21-41) and with an equal male to female ratio. An 

equal number of donors had South East Asian and European heritage. 

 

5.4.2 Impact of processing methodology on bacterial viability  

With immediate anaerobic processing, the mean proportion of bacteria in FS that was viable 

was 0.50 ± 0.24 (mean ± SD). After processing in ambient air, this proportion fell to 0.19 ± 

0.07, and after anaerobic processing followed by one freeze-thaw cycle it was 0.23 ± 0.11 

(Figure 5.1). A significant reduction in the proportion of bacterial cells that were viable was 

observed following processing in ambient air (p=0.007) and after freeze-thawing (p=0.027), as 

compared to anaerobic processing alone. The proportion of viable bacteria in all processing 

methods was greater than detected in heat-killed specimens (p >0.001). 

 

5.4.3 Diversity of microbiota 

The α-diversity of viable taxa detected in specimens processed under anaerobic conditions after 

PMA treatment was significantly lower than that in specimens processed using standard 

(without PMA) methods (Figure 5.2; taxa richness: p <0.001; PD whole tree: p=0.007). 

Observed viable taxon richness was significantly lower after processing in ambient air (O2) as 

compared to either ANO2 processed (p= 0.023) or FT specimens (p= 0.023). No difference in 

diversity was observed between ANO2 and FT groups (Figure 5.2). Differences in PD whole 

tree diversity between O2 and ANO2 and between O2 and FT groups were not significant.  
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Figure 5.1. Proportion of bacteria determined to be viable using 16S rRNA gene qPCR 

in conjunction with PMA treatment 

Proportion of viable cells was determined by dividing viable cells amplified in PMA-treated 

samples over total number of cells amplified in non-PMA treated control samples. Bacterial 

viability in faecal slurry was assessed after processing in fresh anerobic conditions (ANO2), 

fresh aerobic conditions (O2), after one cycle of freezing and thawing in anaerobically 

processed specimens (FT1) or after heat-killing (HK). (Bars depict mean ± SD of 8 donor faecal 

slurry samples *= p<0·05, **=p<0·01; paired t-test). 

0 .0

0 .2

0 .4

0 .6

0 .8

p
r
o

p
o

r
ti

o
n

 v
ia

b
le

A N O 2
O 2 FT1 H K

* *

*



 

116 

 

 

Figure 5.2. Taxa richness of FMT material from 8 donors as assessed by 16S rRNA gene 

amplicon sequencing with and without PMA treatment.  

Viable taxa richness (PMA treated group) was significantly lower than richness observed in 

control specimens, even in samples processed immediately in anaerobic conditions (Figure 

5.2A ***=p<0·001, paired t-test). When comparing only viable diversity between samples 

processed in anaerobic conditions (ANO2), in ambient air (O2), or after one cycle of freezing 

and thawing in anaerobically processed specimens (FT1) there are significantly lower observed 

species in specimens processed O2, whereas freeze-thawing of specimens did not significantly 

reduce diversity (Figure 5.2B, box plot depicts median and IQR and error bars depict minimum 

to maximum values; *= p<0·05; Wilcoxon matched-pairs signed rank test). 
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5.4.4 Viable microbiota composition 

The five most abundant taxa (OTUs) across all samples belonged to the genera Bacteroides, 

Prevotella, Bifidobacterium, Faecalibacterium, and the family Lachnospiraceae (0.21, 0.09, 

0.05, 0.05 and 0.05 mean relative abundance, respectively). To determine which taxa were 

affected most by processing in ambient oxygen or freeze-thawing, taxa were ranked by relative 

abundance fold-change (Figure 5.4). Nineteen taxa displayed a 2.5-fold or greater drop in 

relative abundance after processing in ambient air, as compared to 2 taxa in the freeze-thaw 

group. The taxa most affected by processing in ambient air included Faecalibacterium, 

Subdoligranulum, Eubacterium hallii, Eubacterium rectale, Roseburia and Anaerostipes, 

representing major butyrate-producing taxa in healthy human gut microbiota (292). 

Escherichia-Shigella and Alistipes were the only taxa to show a 2.5-fold or greater increase in 

relative abundance processing in ambient oxygen or freeze-thawing and this was observed only 

following processing in ambient air.    

To corroborate changes observed in taxon relative abundance, absolute levels of the taxa listed 

above that were substantially affected by processing were determined by qPCR. This included 

an assessment of all major butyrate producers that displayed a ≥2.5-fold in relative abundance, 

as well as those taxa displaying the greatest overall prevalence (Bacteriodes/Prevetolla and 

Bifidobacterium spp). Changes in relative abundance of viable bacteria (PMA-treated) in the 

anaerobically processed group, compared to standard analysis of the same group, is depicted 

in Figure 5.3. 

 
Figure 5.3. Change in the relative abundance of taxa after processing in anaerobic 

conditions with or without PMA  

Light grey bars represent taxa with decreased relative abundance after PMA treatment. Only 

taxa with at least 2.5-fold change in relative abundance are depicted.  
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Figure 5.4. Change in the relative abundance of viable taxa after processing in ambient 

air (O2 vs ANO2) or after freeze-thawing (FT1 vs ANO2) 

Light grey bars represent decreased relative abundance and dark grey bars represent increased 

relative abundance. Selected bacterial taxa were further assessed by qPCR (arrows). Only taxa 

with at least 2.5-fold change in relative abundance are depicted.  

 

5.4.5 Targeted amplification of viable microbial DNA  

The use of targeted qPCR assays allowed the proportion of viable cells belonging to particular 

bacterial species to be determined (Figure 5.5). Specific assays for F. prausnitzii, S. variable, 

A. hadrus, E. hallii, and Roseburia/E. rectale were performed as these taxa showed >2.5 fold 

or greater decrease in relative abundance following processing in ambient air. Assays for 

Bacteriodes/Prevotella spp. and Bifidobacterium spp. were also performed as these were the 

genera with the highest relative abundance in our cohort. Results for individual donors for each 

processing condition are shown in Appendix 4: Supplemental Tables 4a-c.  
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Significant reductions in levels of viable bacteria following ambient air processing were 

observed for all taxa except the Roseburia/E. rectale (for which no significant effects of 

processing were observed). In the case of F. prausnitzii, the proportion viable bacteria in the 

O2 group was not significantly different from heat-killed aliquots, indicating likely complete 

loss of this species. E. hallii was the only species that showed a significant reduction in absolute 

viable levels following freeze-thaw.  

An assessment of E. coli absolute abundance was performed as this taxon showed the greatest 

increase in relative abundance after processing in ambient air. The absolute amplification of E. 

coli in the donors was below the threshold of quantification in all but one individual, and there 

was no significant difference between the different processing methods (Appendix 4: 

Supplemental Tables 4a-c). Alistipes also showed an increase in relative abundance following 

processing in ambient air, but there was no increase in absolute abundance.  

A semi-quantitative PCR method was used to estimate the carriage in viable bacterial cells of 

the gene encoding the butyryl-CoA:acetate CoA-transferase gene, the terminal enzyme in the 

dominant pathway of butyrate biosynthesis (this was employed as a surrogate measure of 

overall butyrate biosynthesis capacity) (292). When comparing amplification from viable cells 

processed in ambient air, levels of this enzyme are significantly lower than that detected in 

viable cells from anaerobically processed samples (p=0.012) or freeze-thawed samples 

(p=0.001). The level the butyryl-CoA:acetate CoA-transferase gene detected within viable cells 

processed in ambient air was equivalent to samples that had been heat-killed (Figure 5.6).  

 

5.4.6 SCFA biosynthesis by FMT microbiota in an in-vitro fermentation model 

 In order to confirm our findings using a non-molecular method, we also measured the 

production of SCFA in the faecal slurries by gas chromatography before and after incubation 

with a fermentation substrate, high amylose maize starch (HAMS). Paired comparisons of post-

fermentation SCFA levels demonstrated microbial butyrogenic and acetogenic capacity to be 

significantly reduced when donor stool was processed in ambient air (O2 vs ANO2, p= 0.008 

and p=0.016 respectively, Figure 5.7). In contrast, no significant change in propionate 

biosynthesis was associated with oxygen exposure.  
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Figure 5.5 Proportion of bacteria determined to be viable by specific qPCR assays 

Bacterial viability in faecal slurry was assessed after processing in fresh anaerobic conditions 

(ANO2), fresh aerobic conditions (O2), after anaerobic processing and after one cycle of 

freezing and thawing in anaerobically processed specimens (FT1) or after heat-killing (HK). 

Box plot depicts median and IQR and error bars depict minimum to maximum values of faecal 
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slurry samples from 8 individual donors. All significant comparisons are indicated by stars (*= 

p<0·05; **= p<0·01; ***= p<0·001; Wilcoxon matched-pairs signed rank test). 

 

Figure 5.6  Assessment of butyrogenic capacity of FMT material by PMA-qPCR 

Amplification of the butyryl-CoA:acetate CoA-transferase gene, the terminal enzyme of the 

central butyrate synthesis pathway of human gut microbiota, in fresh anaerobic conditions 

(ANO2), fresh aerobic conditions (O2), after one cycle of freezing and thawing in anaerobically 

processed specimens (FT1) or after heat-killing (HK) in PMA treated samples. Butyryl-

coenzyme A(CoA) CoA transferase gene levels were measured relative to amplification in a 

10-fold dilution series of neat faecal slurry (FS control). The dotted line represents limit of 

quantification of the assay. Box plots depict median and IQR and error bars depict range from 

8 individual donors. Significant comparisons are indicated by stars. (*= p<0·05; **= p<0·01; 

***= p<0·001; Wilcoxon matched-pairs signed rank test). 
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Figure 5.7.  SCFA levels following in-vitro fermentation of faecal slurries for FMT with 

high-amylose maize starch.  

Net production of butyrate (panel A) and acetate (panel B). Matching samples (n=8) were 

processed either under anaerobic conditions (ANO2), or under aerobic conditions (O2). 

Significant comparisons are indicated by stars. (*= p<0·05; **= p<0·01; Wilcoxon matched-

pairs signed rank test). 

 

5.5 Discussion  

At present there is little evidence to guide clinicians using FMT on how to best ensure that the 

viability of donor microbiota is preserved in faecal transplant material. Analysis of microbiota 

in donor material is not routine, and when performed, the methods used do not assess viability. 

PMA based methodology can overcome many challenges in assessing the viability of the 

complex community of fastidious bacteria in stool. However, the main limitation of  PMA 

methodology is that it is prone to over-estimating the number of live bacteria in a sample (201). 

This means the number of viable cells could be lower than found here. Furthermore, the dilution 

of specimens required for PMA treatment means that very rare taxa are excluded from this type 

of analysis. 

Despite these limitations, this study shows that current methods of reporting the microbiota 

present in FMT material significantly overestimates the number of live bacteria transplanted. 

On average, only half of bacteria in faecal transplants in our study were still viable after 

immediate processing in strict anaerobic conditions. The use of PMA sample treatment also 

revealed that the diversity of bacteria in these transplants is significantly less than what would 

be reported using standard sequencing methods. 
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We observed substantial inter-donor variation in the impact of sample processing. Such 

differences can be explained by individual variation in microbiome composition, resulting in 

microbiota with different vulnerabilities to oxygen exposure and freezing, and indicate the need 

for viability assessments to be performed individual donor material.  

This study revealed that homogenization by blending stool in ambient air has a profound impact 

on its viable bacterial composition. Ambient air processing is the default practice in most 

clinical trials and is described in American, (293) British (286) and European consensus 

guidelines, (284) although in many protocols stools are homogenized manually and not blended 

as in this study. The increased air flow produced during high-speed blending may result 

increased oxygen-exposure and be more detrimental to oxygen sensitive species than manual 

homogenization. 

Obligate anaerobic gut commensal species that are most affected by oxygen exposure, 

including Faecalibacterium prausnitzii, Subdoligranulum variable, Eubacterium rectale, 

Eubacterium hallii and Anaerostipes hadrus, are major contributors to the biosynthesis of 

butyrate (292). Butyrate is an SCFA produced from the fermentation by the intestinal 

microbiota (54). Apart from being the major energy source of colonocytes, butyrate and has 

both anti-inflammatory and anti-carcinogenic properties (55, 294). More recently the 

interaction of butryrate with colonocytes has been linked to the inhibition of potentially 

pathogenic species such as E. coli (62).  Reduced luminal butyrate concentration or butyrate 

utilisation is associated with enterocyte adenosine triphosphate depletion, loss of tight 

junctions, reduced mucus production and resultant colonic barrier disruption with 

inflammatory and immunological consequences (294). 

The proportion of viable F. prausnitzii and A. hadrus in the majority of donors, as well as the 

levels of the butyryl-CoA:acetate CoA-transferase gene, were reduced to levels detected in 

heat-killed specimens when specimens were processed in the presence of oxygen. The relative 

reduction of butyrate producing bacteria, F. prausnitzii in particular, within the gut has been 

associated with the presence of a diverse range of chronic diseases including depression (282), 

obesity (281), type 2 diabetes (280) and inflammatory bowel disease (96, 276, 278). These 

findings suggest that processing faecal material in ambient air may negatively influence the 

outcome of efforts to achieve anti-inflammatory or immunomodulatory outcomes using FMT.  

Bifidobacterium spp and Bacteroides spp, are major sources of the short-chain fatty acids, 

acetate and propionate respectively, and like butyrate are important energy and signalling 

molecules (55). Although, their beneficial effects are less well-established than those of 

butyrate, these metabolites have also been found to be important immune and metabolic 
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regulators (55). Members of these genera were also significantly reduced in abundance 

following oxygen exposure. However, significant residual viable populations remained, 

particularly in the case of Bacteroides spp., suggesting the potential for re-expansion in the gut 

of the recipient.  

Although freezing did reduce the overall viability of the transplant material (reducing overall 

viability to around 25%) the viable microbiota composition was not significantly different to 

that in fresh, anaerobically processed, specimens. Only one bacterial species, Eubacterium 

hallii, was found to be significantly reduced in freeze-thawed specimens. While E. hallii is a 

major butyrate-producer (292), this function is also performed by several other bacterial 

species. The potential clinical implications of the loss of this single species is uncertain. 

Beyond the depletion of beneficial commensal bacteria in faecal material through processing 

in ambient air, the relative abundance of potentially pathogenic species, such E. coli and other 

oxygen-tolerant gram-negative bacteria, will increase proportionally. In our donor cohort levels 

of E. coli were very low in fresh stool, with no evidence of an increase in absolute abundance 

during processing. However, delays in sample processing that result in prolonged periods at 

room temperature could result in substantial increases in the abundance of opportunistic 

pathogens. The loss of butyrate-producing anaerobes combined with the overgrowth of 

oxygen-tolerant species could potentially transform faecal transplant material from healthy 

donors into faecal material with a microbiota profile more closely resembling those linked to 

inflammatory bowel disease (277, 289), type 2 diabetes (280) and colorectal cancer (279).  

Processing FMT material in an anaerobic chamber achieves optimal preservation of important 

commensal species. In the context of C. difficile colitis, aerobic processing does not appear to 

adversely influence clinical outcomes. However optimal preservation of commensals should 

be attempted when FMT is being investigated for other indications where it is not yet known 

how the loss of commensal anaerobes could influence clinical outcomes. A limitation of this 

study was that the effect of delays in processing were not analyzed. Although stool specimens 

were processed within 15 minutes in this study, this is not achievable in most clinical settings, 

and a delay in processing of several hours is more typical. Such delays in processing may result 

in changes in viable microbiota composition. A number of previous studies employing 

molecular strategies, have reported delays in stool analysis to be associated with shifts in 

microbiota composition and viability (225, 295-297). Chu et al assessed changes in FMT 

material in one donor after processing delays of incremental periods up to 7 hours and saw a 

trend towards a change in microbiome composition over this time (207). These reports are 

supported by a number of culture-based studies that have demonstrated reduced recovery of 
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anaerobes when processing is delayed, (298) particularly at room temperature (299) and when 

samples were not stored in anaerobic conditions.(300) Until further research clarifies the effects 

or processing delays, we suggest that periods between sample collection and processing are as 

short as possible. 

Following processing, faecal material should be frozen promptly at -80C. The ability to freeze 

samples prior to instillation is important as it provides an opportunity to complete systematic 

testing for pathogens, including viruses and parasites (266). Freezing also allows stool to be 

available on demand for use in urgent clinical situations. This analysis suggests that, while 

freeze-thaw does impact the viable composition of stool, in general this effect is relatively 

limited. However, there is variability in the individual donor microbiota response to freezing. 

In this study, the overall bacterial viability in two donors dropped below levels seen after 

ambient air processing after freeze-thaw alone. 

The role that stool processing plays in changing the composition of faecal transplants has been 

widely overlooked in the design of FMT clinical trials. Adherence to strict anaerobic stool 

processing protocols is likely to result in increased benefit from FMT in some clinical settings. 

Other factors, such as delays in stool processing and storage conditions, might have as great an 

impact on bacterial viability as anaerobic processing, but were not assessed in this study. It 

would be beneficial for future trials to assess the composition of donor transplant material with 

a viability assay to ensure that the microbiota composition includes a broad range of viable 

bacteria some of which may be crucial in mediating the therapeutic effects of FMT. A detailed 

analysis of the types and numbers of viable bacteria transplanted is critical to understanding of 

the mechanisms by which FMT produces, or fails to produce, therapeutic effects.  
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CHAPTER 6 

  

Design of a randomised controlled clinical trial to investigate the 

effect of FMT on gut colonisation and subsequent infection with 

resistant gram-negative bacteria 
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6.1 Abstract 

Gram-negative pathogens arising from the gut are the causative agents in the majority of 

urinary tract infections (UTIs). Antimicrobial resistance in these pathogens is increasingly 

prevalent resulting in increased morbidity and mortality associated with these common 

infections. In patients that experience recurrent infection with these pathogens, antibiotic use 

may contribute to increasing likelihood of future infection by disrupting beneficial gut 

microbiota that prevent pathogen expansion in the gut. However, more needs to be known 

about how gut microbiota affect the clinical course of patients with recurrent UTI and 

whether restoring beneficial bacteria to patient’s gut microbiomes with faecal microbiota 

transplantation (FMT) can break the cycle of recurrent UTI.  

This chapter describes the design of a randomised controlled trial to test the ability of FMT to 

alter outcomes in patients with recurrent resistant gram-negative UTI. The trial design, which 

includes monthly stool collection for microbiome analysis, will allow us to explore the 

relationship between gut microbiota, FMT and urinary tract infection in the participants. 

 

6.2 Introduction 

The world is facing a global epidemic of antimicrobial resistance which poses a grave threat 

to human health as antibiotics lose their efficacy (301). Of most concern are resistant enteric 

gram-negative bacteria capable of causing life-threatening infection in otherwise healthy 

people. These infections have emerged in the community and often manifest as urinary tract 

infections in otherwise healthy people (302). The most worrying multi-resistant organisms 

are gram-negative bacteria carrying transmissible carbapenemase genes (CRE). These 

organisms are intrinsically virulent, and carry resistance not only to carbapenems but in some 

cases to almost every other known antibiotic (303). Cases are extremely difficult to treat, and 

are associated with a high mortality and significant health care costs (301). CRE are already 

endemic in some regions of the world including Southern Europe, the Middle East and South 

Asia and are rapidly increasing in incidence (303). Although still relatively rare in Australia, 

incidence is steadily rising (12). Currently no decolonization therapy or procedure is 

routinely available to eliminate gut carriage of resistant organisms. Some people naturally 

clear these organisms over a period of months to years, however, the clearance rates are 

highly variable between individuals (304). It is thus imperative that innovative approaches 

are developed to reduce the incidence of infection with these types of bacteria. 
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Although some enteric gram-negative bacteria (particularly E. coli) are commonly present as 

gut commensals, these bacteria are also some of the most common human pathogens (4, 224). 

Organisms that have pathogenic potential but may otherwise exist as harmless members of 

commensal communities are also known as pathobionts. In healthy individuals these typically 

exist as a small fraction of the total gut bacterial community (56).  When intact, the human 

gut microbiome has the ability to prevent the expansion of existing pathobionts and resist 

colonisation when exposed to extrinsic pathogens, a property known as ‘colonisation 

resistance’ (247). However, when the microbiome is disrupted by antibiotic use, subsequent 

colonisation with resistant pathogens is more likely to occur (40, 89, 239, 305). In murine 

models the reduction of microbial diversity resultant from antibiotic administration allows 

establishment of multi-resistant Klebsiella pneumoniae (37). In allogeneic hematopoietic 

stem cell transplant patients, the reduction of microbial diversity that occurs during treatment 

often results in the dominance of a single microbial taxon in the microbiome. This in turn is a 

predictor of subsequent bacteraemia, with a 9-fold increased risk in the case of VRE 

dominance, and a 5-fold increased risk in the case of Proteobacterial dominance (139). These 

observations form the basis of the theory that restoration of the microbiome with FMT 

following disruption may prevent or reduce MRO gut colonisation, and thereby prevent 

serious clinical infections resulting from intestinal domination with pathogenic bacteria.  

There is evidence that carbapenem-resistant K. pneumoniae colonised mice can be 

decolonised using FMT from healthy animals (37). The ability for FMT to reduce the 

abundance of gut pathobionts is also supported by data from human clinical trials that used 

FMT for the treatment of C. difficile. In the microbiome composition analysis from Van 

Nood et al’s landmark randomised controlled trial of FMT showed that the relative 

abundance of  gram-negative bacteria in the phylum Proteobacteria fell up to 1,000 fold post-

FMT (172).  

FMT used explicitly for MRO de-colonisation (including both gram-negative pathogens 

producing ESBLs and gram-positive MROs such as VRE) has been reported in the literature 

(208, 209). In a single case described by Singh et al, a man who suffered recurrent infection 

of his transplanted kidney allograft with ESBL-producing E. coli was administered FMT via 

nasoduodenal tube. Following FMT he remained clear of both clinical infections and faecal 

colonisation for 12 weeks (209). Several further case studies have been published 

documenting similar response to FMT; these are reviewed in Chapter 1 (Table 1.1).   

Larger case series have shown more variable levels of success. Bilinski et al. reported 75% 

success in complete decolonisation of gut carriage of antibiotic-resistant bacteria in 20 
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immunocompromised cancer patients receiving FMT (213). Davido et al. also published a short 

case-series where only two of six patients were successfully de-colonised from CRE carriage 

following FMT (215). To date there has only been one published randomised controlled study 

of the ability of FMT, in combination with antibiotics, to eradicate resistant gram-negative 

pathogens (216). While a non-statistically significant difference in the groups was observed 

(41% vs 29% decolonisation in the treatment and placebo arms respectively), the trial included 

only 39 patients and was terminated early, and was therefore likely to be underpowered (216).  

There is also emerging evidence that FMT may reduce the frequency of recurrent urinary 

tract infections. Wang et al reported a case in which FMT interrupted a 25-year history of 

recurrent urinary tract infection (27). In a retrospective report, Tariq et al reported that FMT 

significantly decreased the frequency of recurrent UTI in patients who received FMT for 

treatment of C. difficile infection (212). In support of the underlying hypothesis that the gut 

microbiome is an appropriate target for intervention to prevent recurrent UTI, Magruder et al 

(306) and Thanert et al (307) independently found clonally identical bacterial strains both in 

stool and in urine during symptomatic UTI in a subset of patients with recurrent UTIs. Many 

of these patients had sterile urine between episodes of UTI, while the uropathogen persisted 

in the stool (307).  

Managing recurrent urinary tract infection with resistant gram-negative bacteria is an 

increasingly difficult clinical problem. Antibiotic therapy only provides temporary relief as 

infection recurs on antibiotic cessation. As multi-drug resistant bacterial infections become 

more prevalent in the community, antibiotic treatment options have become increasingly 

limited leaving only antibiotics that either have significant toxicity or must be delivered 

intravenously (or both). In patients in whom the reservoir of infectious pathogens is in the 

gut, the ability to reduce pathogen carriage at this site has the potential to produce significant 

clinical benefit. In order to test the hypothesis that modulation of the gut microbiota can 

reduce the carriage of gram-negative pathobionts in the gut and thus reduce recurrent 

infection by these organisms we designed a randomised controlled trial examining the ability 

of FMT to alter microbiota and reduce infection rates in persons with recurrent urinary tract 

infection. 

 

6.3 Study Objectives 

6.3.1 Primary 
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To determine whether FMT decreases carriage of selected gram-negative bacteria from the 

gastrointestinal tract, as evaluated by a significant decrease in relative abundance of these 

organisms in the stool microbial community   

 

6.3.2 Secondary 

To evaluate whether FMT diminishes subsequent rates of clinical infection in persons with 

recurrent gram-negative bacterial infections. 

 

6.4 Trial Design 

We designed a randomised, controlled and double-blinded study as this design is the most 

likely to objectively test the effectiveness of a new intervention with minimal bias and is 

considered the gold standard design for interventional research (308). The trial has been 

prospectively registered on the Australian New Zealand Clinical Trials Registry (reference: 

ACTRN12617000561381 https://www.anzctr.org.au/). Ethical approval for this trial was 

granted by The Queen Elizabeth Hospital Human Research Ethics Committee (reference: 

HREC/16/TQEH/32). 

Patients identified as having recurrent UTI with resistant gram-negative pathogens will be 

offered FMT via a retention enema. Following confirmation of eligibility, participants will be 

randomly allocated into either the donor FMT or autologous FMT (aFMT-faecal slurry 

prepared from the participant’s own stool) group on a 1:1 basis. Participants and investigators 

will be blinded regarding group allocation. Due to the difficulty in delivering the total volume 

in one enema, the FMT is delivered in three separate intervals, one week apart. The FMT 

preparation and administration is detailed in section 6.4.6 below.  

For 12 months following transplantation, participants will be followed up monthly to 

document the number of urinary tract infections that occur and participant’s antibiotic use. 

Participants will provide a stool sample (weekly for the first 4 weeks, then monthly until 

study completion) for microbiome analysis using 16S rRNA amplicon sequencing to 

determine the relative abundance of bacterial taxa present during the monthly follow-up 

period. The timeline of the study intervention and follow-up is depicted in Figure 6.1.  

 

https://www.anzctr.org.au/
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Figure 6.1. Study schema and timeline 

 

6.4.1 Sample Size 

The sample size for the study’s primary outcome was calculated using a binary outcome 

superiority trial power calculation. From animal study data, we expect approximately 80% 

success in reducing (2-log or greater) Enterobacteriaceae abundance in the intervention group 

and 20% rate in the placebo group. Significance level (alpha) was 0.05 with a power of 90%. 

This yielded a sample size required per group of 10 with a total sample size of 20.  

Sample size was also calculated for the secondary outcome of reduction in recurrent infection 

rate. For patients who have 3 or more recurrent infections in the preceding year the power 

required to show a 50% reduction in recurrent infection frequency is 21 (80% power at 0.05 

significance).  

We aim to enrol 22 patients with infection with recurrent resistant gram-negative infection. 

Eleven patients will be randomised to receive donor FMT and 11 will be randomised to 

receive aFMT. Stool samples and health data will be collected from patients weekly for 4 

weeks and monthly for a further 11 months.  
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6.4.2 Inclusion criteria:  

• Age range 18-85 years inclusive. 

• Patients with refractory or recurrent infection–defined as at least 3 episodes of UTI 

requiring at least 3 episodes of antibiotic therapy in the preceding 12 months.  

• Infection caused by a gram-negative bacterium which has acquired resistance to 

clinically important antibiotics routinely reported by SA Pathology. This is defined as 

reported resistance to one or more of the following antibiotics: meropenem, 

ceftriaxone, cefepime, ceftazidime, cefalexin, amoxicillin-clavulanate, piperacillin-

tazobactam, ciprofloxacin, gentamicin or trimethoprim is this for all 3 or more 

episodes 

 

6.4.3 Exclusion criteria: 

• Active gastrointestinal infection 

o bacterial or viral infection causing symptoms of diarrhoea 

• Pregnancy 

• Current use of antibiotics*  

• Cognitive impairment 

• Perianal inflammation 

• Life expectancy < 1 year 

• Neutropaenia <0.5 X109/L 

• Severe IgE mediated food allergy: urticaria or anaphylaxis 

• At risk of peritonitis: including patients with ascites or peritoneal dialysis  

* The use of trimethoprim-sulfamethoxazole for pneumocystis prophylaxis in 

immunocompromised patients will be permitted.  

 

6.4.4 Withdrawal criteria 

Patients may withdraw from the study at any time. We will ask for their reasons for statistical 

purposes, however they will not be obliged to provide this. Withdrawal from the study will 

not affect the participant’s medical care in any way.  

 

6.4.5 Faecal donors 

Donors will be anonymous volunteers. They will be recruited by poster advertising on 

University campuses. They will be paid $18 per hour for time spent participating in the study. 
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If donors are excluded from the study because of an abnormality detected on their screening 

test, they will be referred to their GP or other appropriate outpatient service for follow-up. 

Details of faecal donor screening are included in Appendix 5. 

 

6.4.6 Faecal transplant preparation 

Prior to randomisation each participant enrolled in the study will provide a stool sample of 

their own in order to prepare the autologous faecal transplant. The pooled FMT donor and 

auto-transplants will be prepared by a study investigator (Dr. Papanicolas) who will remain 

blinded to the participant’s allocation. The stool transplants will be prepared from pooled 

donor stool or the participant’s own stool. Faecal samples will be transported on ice on the 

day of passage to the laboratory and processed into FMT material immediately. FMT is 

prepared using stool (25%) blended with normal saline (65%) and glycerol (10%) in 

anaerobic conditions in an anaerobic chamber as previously described (266, 309). This faecal 

slurry is split into 3 aliquots of 67mL and these aliquots are immediately frozen at -80oC.  

(266). FMT material will be placed in 250 mL capacity gamma sterilised, polystyrene 

containers (Techno Plas St Marys SA, Australia) in an anaerobic chamber. Following this 

samples will be immediately stored at -80 C until further use. 

Each stool aliquot will then be numbered and recorded in the secure and confidential faecal 

transplant aliquot document that will list the stool donor who provided each aliquot. In this 

way, any possible transmission of infection or other disease could be traced. Small aliquots (1 

mL) of each individual donation will be set aside and frozen individually. This will allow 

repeat testing and tracing of each individual donation in the future in the event of possible 

transmission of infection. 

Before use in the study, FMT material from individual donors will be pooled under anaerobic 

conditions to create as uniform a specimen as possible for each participant. Stool from 5 

donors will be pooled. Aliquots of 67 mL of the pooled donation will be frozen and thawed 

just before transplantation into the participant. The total FMT delivered will be 200 mL over 

3 enemas, equivalent to 50 grams in stool content.  

 

6.4.7 Participant allocation 

Participants will be assigned a study number (consecutive 1-22) in order of recruitment to the 

study. Prior to the commencement of the trial block randomisation will occur so that cohort 

allocation (11 placebo, 11 intervention) is randomly linked to participant number using a 

random number generator from Random.org. Sealed envelopes prepared by a unit secretary 
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not otherwise involved in the study are marked with the patient’s study number on the outside 

and contain the cohort allocation inside. On the day of the first faecal transplant procedure, 

the study gastroenterologist will determine the participant’s pre-assigned allocation and based 

on this allocation will select the appropriate faecal slurry to thaw (autologous or donor). If the 

patient is assigned to donor FMT then their autologous transplant will be discarded.  

The participants will continue to receive either donor or aFMT via enema for a further 2 

weeks, for a total of three 67mL enemas given 1 week apart. The FMT is given as three 

smaller volume faecal transplants delivered one week apart because larger volumes are 

difficult to retain by participants receiving the enema.  

The gastroenterologist administering the faecal enemas will be not be blinded as to which 

group the participant has been assigned to. This is so the proceduralist can provide a bedside 

check to ensure the participant does not receive an incorrect fecal transplant. Therefore, 

gastroenterologist will perform an unblinded safety check prior to administering the enema 

and then will not be involved in any aspect of participant follow-up or data analysis until the 

study has been completed.  

 

6.4.8 Follow-up period 

During the trial subjects will be treated as per the standard of care by their usual clinician for 

any medical conditions that they have. Patients will be given the telephone number of the 

primary investigator to contact should they have any concerns. Patients will not be taking 

antibiotics at enrolment, however, if the need arises for antibiotics during the study period 

there will be no restriction on their use.  

In the first month, participants will be asked to provide specimens weekly (prior to each of 

the three FMT procedures). Participants are asked if they are experiencing fever or GIT 

disturbance or any other self-reported side-effects following FMT but will not have routine 

blood monitoring following the procedure. Following this, participants will be interviewed 

monthly (by telephone or in person) to arrange specimen collection and to determine whether 

they have developed any new clinical infections. Antibiotic use and/or hospitalisation for any 

reason will also be recorded.  

Stool will be collected from study participants weekly for 3 weeks (prior to each enema 

administration), then monthly for one year. Where possible the stool samples will be 

provided fresh, these samples will be sub-aliquoted into 1.5 mL plastic tubes stored at -80oC. 

Participants who develop symptoms of urinary tract infection within the study follow-up 

period will be asked to collect a urine sample. This sample would be collected by a study 
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investigator to be processed separately from any urine sample testing requested by their usual 

doctor as part of their clinical care.  

 

6.5 Clinical data and sample analysis plan 

Clinical data collected during the trial will include documentation of every episode of 

symptomatic urinary tract infection that was treated with antibiotic therapy. Data collected 

will include the date of UTI onset, the results of diagnostic culture and all use of antibiotic 

therapy during the trial regardless of indication. Any admission to hospital, and the reason for 

this will also be recorded.  

DNA from stool samples will be extracted and the V3-V4 region of the bacterial 16S rRNA 

gene will be amplified and sequenced (Illumina MiSeq) as previously described (309). Bio-

informatic processing of sequencing data will be performed using Quantitative Insights in to 

Microbial Ecology (QIIME) software (226) using a previously described bioinformatics 

pipeline (225). QIIME outputs will be used to determine microbial α-diversity measures and 

the relative abundance of specific bacteria taxa. Where appropriate, specific qPCR molecular 

assays will be used to detect the presence, absence or absolute abundance of pathogenic 

bacteria species causing infections in selected participants.  

 

6.5.1 Analysis of the primary end point  

To determine whether faecal microbiota transplantation (FMT) decreases carriage of selected 

gram-negative bacteria from the gastrointestinal tract, the relative abundance of the phylum 

Proteobacteria and the specific pathogenic genus causing infection (determined individually 

for each participant) preceding trial enrolment will be analysed before and after the FMT 

intervention. Where possible, the absolute abundance of the specific pathogen species will be 

quantitated using qPCR.  

Participants will be analysed according to their intervention allocation (either donor FMT or 

autologous FMT) group using paired comparisons relative abundance measures before and 

after intervention using three repeated tests obtained during 5 distinct time intervals (first 3 

weeks following FMT, 1-3 months following FMT, 4-6 months following FMT, 7-9 months 

following FMT and 10-12 months following FMT). The significance of the comparison (set 

at p<0.05) will be determined using the paired Wilcoxon signed-rank test with correction for 

multiple testing using the Benjamini-Hochberg approach.  

 



 

137 

 

6.5.2 Analysis of the secondary end point  

To evaluate whether FMT diminishes subsequent rates of clinical infection in persons with 

recurrent gram-negative bacterial infections, we will determine whether UTI occurred during 

the 4 distinct sample intervals (as above). The study end point will be analysed using both an 

intention-to-treat and a per-protocol analysis. The difference in UTI occurrence for each 

group in each of the 5 time intervals, and the outcome across all time point combined, will be 

determined using the Fisher’s exact probability test. 

 

6.6 Discussion 

This trial described in this chapter is currently recruiting and has so far enrolled 9 

participants. Due to the blinding involved in the trial there has not yet been an interim 

analysis performed, and therefore data relating to this study will not be included in this 

doctorate.  

The purpose of this study is to investigate whether FMT reduces or eliminates carriage of 

gram-negative pathobionts in the gastrointestinal microbiota and thereby diminishes the 

incidence of clinical infection with these organisms in participants. Although FMT is not 

without risk, the potential benefit of this intervention significantly outweighs the risk. The 

global incidence of gram-negative MROs is rapidly rising and as a result there are 

increasingly limited therapeutic options for treating these infections (310). Many of the 

participants recruited to this study undergo recurrent hospital admission to receive 

intravenous antibiotics for their infections. Each episode of hospitalisation, particularly when 

associated with bacteraemia, carries a substantial risk of mortality (237, 310). A single 

episode of gram-negative bacteraemia has a mortality rate of nearly 20% even before 

resistance is taken into account (311) This contrasts to the small risk of serious adverse 

effects from FMT. 

The main complication reported in conjunction to faecal transplantation in the literature is 

related to complications of anaesthetic sedation in those patients receiving FMT via 

endoscopy or colonoscopy (312, 313). These risks have been avoided in this study by using 

enema, where no sedation is used, as the mode of administration. More recently, risks of 

transmission of infection from FMT material have been reviewed showing that the incidence 

of severe infections following FMT is 2.5% (27/1089), this included two cases of 

bacteraemia with enteric pathogens (219-221). In addition, there has been at least two cases 

of viruses transmitted through FMT reported including cytomegalovirus (314) and norovirus 
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(315). Recent cases of the transmission of ESBL carrying E. coli resulting death of one 

patient have caused considerable concern about the safety of FMT (218). However, in these 

cases screening for ESBL resistance was not performed on donors. Given our aim is to use 

FMT to decolonise patients from these very pathogens we have taken great care to screen 

donors for stool carriage of multi-resistant organisms.  

There are also concerns about FMT causing harm via modulation of host-microbial 

interactions in the gut which influence immunological and metabolic processes. The risk of 

long-term metabolic or immunological adverse effects following FMT are not established and 

remain largely theoretical. Nonetheless, given the paucity of long-term data, the possibility 

such long-term risks need to be considered. There have been limited reports where FMT 

could plausibly have resulted in such outcomes. For example, a case of weight gain has 

reported following FMT provided from an obese donor (175). In a follow up study of 77 

patients who had received FMT for recurrent CDI, 4 patients developed new autoimmune 

disease during the follow up period of 3-68 months (316). This study had no control group 

with which to compare the follow up data and so no definite association between FMT and 

the development of autoimmune disease could be made. Increased insulin sensitivity has been 

demonstrated in obese subjects following duodenal infusion of faeces from lean donors (317). 

The transmission of insulin resistance via FMT is therefore a potential risk. In order to 

mitigate the risk of non-infectious adverse events developing in FMT recipients, the donors 

used in this study were screened for obesity, type 2 diabetes mellitus, hypertension, 

dyslipidaemia and auto-immune disease on history, examination and blood testing.  

This trial employs the use of pooled donor stool from 5 individual donors processed under 

anaerobic conditions and then frozen at -80oC prior to use. As shown in chapter 5, the use of 

anaerobic processing in crucial in preserving the viability of critical beneficial commensal 

taxa. Freezing, in contrast, has less detrimental effect on the viability of commensals, but is 

essential to perform to allow the screening of donor stool. 

There were two main reasons for using pooled stool in this study. Firstly, pooling  is likely to 

increase the total diversity of bacteria present in the faecal transplant material and this 

hypothesis is supported by at least one study (177). Secondly, the differences between 

individual donors can skew results when the so-called “super-donor” effect is observed. For 

example, in Moayyedi et al’s trial of FMT for ulcerative colitis, one of the five donors was 

used in 78% of the remissions observed (197). To prevent distortions occurring because of 

individual donor differences, pooled donations were used so that the transplant material being 

given represented a more uniform product in all recipients. However, pooled donations do 
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have the disadvantage of slightly increasing the risk of infection transmission occurring. For 

this reason, the practice of using pooled stool in faecal transplantations will no longer be 

allowed when the latest regulatory guidelines on FMT published by the Australian 

Therapeutic Goods Administration come into effect on July 1 2021.  

To date, only 9 participants have been enrolled in this study. This includes 5 women and 4 

men, 5 of whom are renal transplant recipients. A low rate of recruitment has been a 

persistent problem in this study. Several changes to the protocol were made in order to 

improve recruitment rates but also reflect the evolution of my thinking about the underlying 

mechanisms driving recurrent infection these patients.  

When this trial was initially conceived, it was hypothesised that patients with recurrent UTIs 

would have consistent and easily detectable (via culture) gut colonisation with the same 

resistant gram-negative bacterium that was causing their urinary tract infection. It was 

hypothesised that donor organisms from donor FMT would be able to displace these 

pathogens to the point where they would no longer be detectable, thus achieving 

decolonisation. However, this viewpoint was challenged as the trial progressed. Firstly, the 

first two patients recruited to the trial could not be included the causative pathogen could not 

be cultured from stool despite the history of recurrent UTI.  As a result, the initial protocol 

that stipulated that the organisms must be cultured from stool prior to faecal transplantation 

had to be altered and this requirement was removed. Since then, I have come to understand 

that gut microbiomes in a perturbed state are far more dynamic than I had initially presumed. 

The underlying problem in patients with disrupted gut microbiota is that they are particularly 

prone to instability (318). The role of intervention with FMT therefore is not to “decolonise” 

the patient from resistant pathogens, but rather to stabilise the recipient’s microbiome to 

prevent repeated cycles of pathogen acquisition and expansion. 

Despite it being widely accepted that uropathogens arise in the gut (319), at the time of the 

trial’s initiation very little was known about the relationship between the gut microbiomes 

and urinary tract infection. Using culture and whole genome sequencing, Chen et al showed 

that in 4 healthy women with recurrent E. coli UTIs, half maintained a clonal population of 

the dominant uropathogenic strain in both urine and stool, whereas the other two experienced 

a complete shift in the strain colonising their urine and stool between UTI recurrences (320). 

Using similar methodology, Thanert et al related intestinal blooms of specific uropathogens 

to subsequent UTI with the same organism in 4 of 7 patients with recurrent gram-negative 

UTI (307).  In late 2019 stronger evidence of a connection between gut microbiome 

composition and UTI emerged when Magruder et al published a large observational study 
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involving 16S amplicon sequencing of faecal specimens from 168 renal transplant recipients 

(306). This study showed an association between gut microbiome composition and 

subsequent UTI. Specifically, Magruder et al showed a 1% relative abundance of Escherichia 

or Enterococcus was an independent risk factor subsequent bacteriuria with the 

corresponding organism and in the case of Escherichia was also a risk factor for UTI (306). 

The findings from these studies support the premise that reducing the relative abundance of 

pathogens through gut microbiota modulation, rather than eliminating the carriage of these 

pathogens entirely, may be sufficient to alter clinical outcomes in patients with recurrent UTI.    

Due to low recruitment rates and the recognition that reducing the relative abundance of 

pathobiont bacteria in the gut (not their resistance determinants) should be the major goal of 

the study, some of the inclusion criteria were altered. Initially only participants with infection 

due to Enterobacteriaceae with ESBL or CRE type resistance were included in the study. 

Subsequently the inclusion criteria were broadened to include a wider range of gram-negative 

pathogens (such as Pseudomonas aeruginosa) and resistance to other classes of antibiotics.  

In order to be able to recruit solid-organ transplant recipients we also amended the protocol to 

allow the use of the antibiotic trimethoprim-sulfamethoxazole (as this is routinely used for 

prophylaxis from Pneumocystis infection in immunosuppressed persons). This antibiotic has 

a limited effect on anaerobic bacteria (321) and therefore we concluded that it’s use would be 

unlikely to have an adverse impact on the donor stool transplant. The requirement for three 

infections in the year prior to enrolment has also limited recruitment, but this requirement 

was not altered as this would reduce the power of the study to show a change in infection 

frequency following the intervention. Although the rate of recruitment has gradually 

improved over time, the main limitation in study enrolment is that patients who are otherwise 

eligible for recruitment are often too unwell and unstable to be included in an outpatient 

clinical trial. Even though these patients are the ones with the most to gain from a successful 

intervention, where possible we seek to avoid recruiting participants who are likely to die 

during the study period as this must be treated as a serious adverse event.  

 

In summary, conducting a clinical trial as described in this chapter will answer the important 

question of whether altering gut microbiomes through FMT can significantly reduce the 

incidence of recurrent UTIs. Given the regulatory hurdles due to be imposed by the TGA, the 

recruitment for this study will necessarily end in July 2021. However, difficulties in 

participant recruitment mean that this trial as currently implemented will not be able to 

achieve adequate power to answer the question we posed within that time. To move forward, 
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the data collected from this trial will be used to better determine the power required for a 

second clinical study, where the clinical outcome of reducing infection rates will be the 

primary endpoint. For such a study to be successful it must result from a collaboration with 

centres in cities and states with larger populations and receive adequate funding. Setting up 

this clinical trial will be a major focus of my immediate post-doctorate career.  
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CHAPTER 7 

  

Future directions: Microbiome based interventions to reduce 

infection and resistant pathogen carriage 
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7.1 Introduction 

In an ideal future world, the risks of systemic infection and multi-resistant organism (MRO) 

carriage will be mitigated through individual faecal microbiome analysis followed by 

treatment with safe and effective microbiome-based precision therapeutics. However, while 

attempts to develop microbiome-based therapeutics proceed at a rapid pace, these efforts are 

hampered by substantial knowledge gaps that exist in understanding how microbiome 

composition influences the risk of MRO carriage and infection. While interventions to restore 

microbiota are awaited, efforts should be directed towards understanding how medical 

interventions harm commensal microbiota and focused on preventing unnecessary damage to 

microbial communities in our gut.  

This chapter will review strategies to reduce the harm to microbiota from antibiotic use and 

review the progress that has been made in the rapidly expanding field of microbiome-based 

therapeutics. Finally, this chapter will place the findings of this thesis into the broader context 

of this field and will explore approaches to future research that will help to bridge important 

knowledge gaps. 

 

7.2 First do no harm: strategies to reduce unnecessary damage to gut 

microbiomes  

7.2.1 Considering the gut microbiome in antibiotic stewardship  

Antibiotic stewardship involves a coordinated effort to use antimicrobials in an appropriate 

manner (322). Current antimicrobial stewardship efforts are mainly focused on reducing 

antimicrobial resistance which forms in response to direct selective pressure. For example, 

use of 3rd generation cephalosporins directly selects for bacteria carrying ESBLs.  

Consequently,  antimicrobial stewardship programs that restrict the use of 3rd generation 

cephalosporins are used as a strategy to reduce ESBL prevalence (323). However, 

antimicrobial stewardship interventions often fail to consider antibiotic-related gut 

microbiome disruption as a factor driving the expansion and acquisition of antibiotic resistant 

pathogens. 

Inappropriate and unnecessary use of antibiotics is common. For instance, recent audits 

determined that nearly one-quarter of antibiotic prescriptions Australian hospitals were 

inappropriate (324). Therefore, interventions that prevent the inappropriate prescription of 

antibiotics or that result in the cessation of antibiotics within a short time frame have high 

impact. Interventions that reduce inappropriate antibiotic prescriptions often involve large 
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education campaigns targeting both health practitioners and the public (324), although 

interventions based on selective pathology reporting of antimicrobial susceptibility results 

can also alter antibiotic prescribing behaviour (325, 326). By limiting patient exposure to any 

antimicrobial therapy, these interventions reduce all harmful aspects of antibiotic use 

including damage to gut microbiota. 

However, other commonly employed stewardship interventions, such as those that involve 

changing the type of antibiotic used, are less impactful and could even inadvertently lead to 

increased damage to gut microbiota. One such intervention is encouraging early switching 

from intravenous (IV) antibiotics to oral antibiotics (327). This may result in a switch from an 

IV antibiotic which has low impact on gut microbiota due to low levels of gastrointestinal 

tract penetration (such as IV vancomycin) or low levels of anaerobic activity (such as IV 

flucloxacillin) to an oral antibiotic with significant anaerobic activity which is delivered 

directly to the gut microbiota through the oral route (such as clindamycin or amoxicillin-

clavulanate).  Even though there are other advantages to IV-to-oral switches such as reduced 

renal toxicity or vein thrombosis, the possible negative impacts on gut microbiota are rarely 

acknowledged or considered.   

Another aspect of antimicrobial stewardship practice which often fails to take into account 

the gut microbiota is the principle of switching from broad-spectrum to a narrow-spectrum 

therapy where possible. Initially, “broad-spectrum” referred to the activity of an antibiotic 

against both gram-positive and gram-negative bacteria (328). However, anecdotally, many 

clinicians see this classification as reflecting the relative ability of an antibiotic to combat a 

wide range of pathogenic species (predominantly facultative or aerobic bacteria). However, 

the terms “narrow” and “broad” can be misleading and have little value in predicting effects 

on commensal microbiota. Indeed, antibiotics referred to as narrow-spectrum may have broad 

activity against commensal gut bacteria (predominantly obligate anaerobes). For instance, the 

narrow-spectrum antibiotic, vancomycin, has far greater adverse impact on gut microbiome 

composition than broad-spectrum amoxicillin when given orally (81).   

There is also evidence that the use of narrow-spectrum antibiotics with broad anaerobic 

activity can drive antimicrobial resistance through the disruption of anaerobic commensals. 

For instance, Ubeda et al linked the ampicillin-mediated destruction of gut bacteria in the 

Bacteroidetes phylum to the dramatic expansion and domination of the gut with VRE in a 

murine model (38). Subsequently, Taur and colleagues demonstrated that the strongest 

predictor of VRE intestinal domination and VRE bacteraemia in hematopoietic stem cell 

transplant recipients was the use of metronidazole (139).  This antibiotic is often considered 
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narrow-spectrum by clinicians although it is known for its activity against a broad range of 

anaerobes including bactericidal activity against Bacteroides spp (329).  

Although guidelines on antibiotic use often do not explicitly take into account the impact of 

antibiotics on gut microbiota, the association of certain antibiotics with the development of C. 

difficile infection is usually considered. An association with C. difficile infection is one 

approach used as a surrogate indicator of that antibiotic’s ability to disrupt gut microbiota 

(87). However, this rule of thumb is not always reliable, and can fail to identify certain 

antibiotics with significant microbiome-disrupting ability. Again, metronidazole fails to be 

recognised as a major disruptor of microbiomes because it is not considered to be associated 

with C. difficile infection (instead it is used to treat this condition). 

Certain guidelines already incorporate consideration of the impact of antibiotics on 

commensal microbiology. For example, in patients receiving treatment for uncomplicated 

urinary tract infection (UTI), ciprofloxacin use results in substantially greater disruption of 

gut commensals than nitrofurantoin, which in contrast has minimal effects on gut microbiota 

(82). Such findings support current guidelines which take the impact of antibiotics on gut 

commensals into consideration and recommend use of nitrofurantoin as a first line agent for 

the treatment of UTI (330). In another example, where the oral options for treating resistant 

staphylococcal infection include trimethoprim-sulfamethoxazole, clindamycin or linezolid, it 

could be argued that trimethoprim-sulfamethoxazole should be favoured based on its minimal 

relative activity against commensal anaerobes (321), yet the differing effects of these 

antibiotics on gut microbiology are not discussed in MRSA treatment guidelines (331). 

Even very broad-spectrum antibiotics that are used empirically for sepsis or febrile 

neutropaenia are not equivalent in regard to their microbiome-disrupting capacity. There is 

emerging evidence that cefepime is less disruptive to commensal microbiota than other broad-

spectrum antipseudomonal antibiotics (carbapenems, piperacillin-tazobactam) and the choice 

of antibiotic used for febrile neutropaenia may influence the long-term survival of patients 

receiving haematopoietic stem cell transplantation (332). However, we currently lack 

prospective clinical evidence that would support using less microbiome-disrupting antibiotics, 

particularly when considerations such as immediate efficacy and local antibiotic susceptibility 

patterns clearly take precedence.  

In order to successfully incorporate the concept of reducing microbiome harm into routine 

antimicrobial stewardship practice, clinical trials must determine the potential benefit of 

stewardship efforts to limit the use of antibiotics that have the greatest potential to disrupt gut 

microbiota, compared with current practice. These trials must be appropriately powered, multi-
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centre and focus on long-term outcomes including multi-resistant organism acquisition and 

infection, hospital re-admission rates for sepsis and overall mortality in order to be meaningful.  

However, even in the absence of data from microbiome studies, the likely impact of commonly 

used antibiotics on commensal microbiota can at least partially be predicted based on their 

known antimicrobial spectrum and intestinal absorption, providing an immediate basis to refine 

treatment decisions. Specifically, where two antibiotic regimens are otherwise equivalent, the 

agent(s) with the lesser impact on commensal anaerobic bacteria should be preferred.  

 

7.2.2 Therapeutics to block the gastrointestinal action of antibiotics  

Frequently it is clinically necessary to use antibiotics that are known to disrupt the gut 

microbiota, even when the bacterial pathogen targeted is outside the gut. When this is the 

case, an innovative approach to preventing collateral damage to the gut microbiota is to use a 

substance to inactivate the antibiotic in the gut to protect commensal microbes from the 

antimicrobial effects of the antibiotic. This approach has begun to be explored by repurposing 

β-lactamases to protect the gut microbiota.  

 Beta-lactamases have long been present in gut ecosystems and are evolutionarily ancient 

enzymes secreted by microbes in order to protect themselves from naturally occurring β-

lactam antibiotics (333). In 2008, Tarkkanen et al reported the use of a recombinant class A  

β-lactamase (the P1A protein) in human volunteers to successfully prevent changes to gut 

microbiota induced by the intravenous administration of ampicillin (334). In participants 

receiving ampicillin alone a significant rise in the percentage of ampicillin-resistant coliforms 

cultured from faeces was demonstrated (from <5% at baseline to 70-80% during treatment) 

whereas with the use of P1A the number of resistant isolates remained low (<10%). The drug 

Ribaxamase was developed after P1A, in order to achieve broader-spectrum β-lactamase 

activity including cephalosporins, and has reached phase II clinical trials (335). Ribaxamase 

degrades ceftriaxone in the human intestine without affecting the plasma concentration of 

ceftriaxone (335). Although Ribaxamase prevents microbiome diversity loss and the 

development of antibiotic resistance due to amoxicillin or amoxicillin-clavulanate in dogs, 

this has yet to be demonstrated in humans (336). 

An alternative approach employs an activated-charcoal based drug (DAV132) to selectively 

adsorb drug compounds in the colon while still allowing systemic absorption in the proximal 

gut. The advantage is that this intervention can be used with non-β-lactam antibiotics, 

although its broad spectrum of activity could be problematic for those taking non-antibiotic 
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medications. In 2015, DAV132 was reported to be capable of protecting human participants 

from microbiome disruption following oral moxifloxacin administration (337).  

Optimal antibiotic stewardship and the use of novel strategies to selectively inactivate 

antibiotics in the gut could substantially reduce collateral damage occurring to intestinal 

microbiota during systemic therapy. Further research is required for these therapies to 

become established therapeutics, but if successful, this approach will make a substantial 

contribution to protecting gut commensals from antibiotic disruption. However, even optimal 

use of approaches to reduce harm to commensal gut bacteria will not eliminate antibiotic-

induced microbiome damage because many antibiotics therapies, such as those used 

empirically in sepsis or for abdominal infections, deliberately target a broad range of gut 

bacteria. Therefore, interventions to restore damaged gut microbiota to health are also 

required.   

 

7.3  Interventions to restore damaged gut microbiomes 

7.3.1 The role of probiotics and prebiotics in microbiome reconstitution and infection 

Probiotic therapies, most commonly involving the ingestion of live bacteria associated with 

fermented dairy products such as Lactobacillus spp and Bifidobacterium spp, have long been 

thought to be health-promoting. Ingestion of these bacteria have been used as a therapy to treat 

antibiotic-associated diarrhoea (AAD). Although the mechanisms of AAD are likely multiple 

and have not been clearly established, it is likely that in a substantial proportion of patients this 

side-effect is related to antibiotic-mediated disruption of commensal anaerobes (338).   A 

reduction in commensal anaerobes can lead to the reduced metabolism of carbohydrates and 

produce osmotic diarrhoea. This is supported by a small study showing that patients with AAD 

had altered SCFA levels (the main metabolic product resulting from bacterial fermentation of 

carbohydrates) (339).   

Although certain well controlled trials have failed to show a benefit from particular probiotics 

(340, 341), many clinical studies of probiotic interventions suggest efficacy in reducing the 

incidence of AAD. A meta-analysis of 82 pro-biotic studies published in 2012 (342) found 

that probiotic interventions (Lactobacillus based therapy in the majority) showed a 

statistically significant association reduction of AAD with a number needed to treat of 13. 

Yet despite the large number of studies included in the meta-analysis only 4 proactively 

monitored for adverse effects and only 7 examined outcomes beyond the cessation of 

antibiotic use. No study examined the microbiota of the probiotic recipients, a failure which 
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meant that few conclusions could be drawn about mechanisms underlying the observed 

clinical efficacy of the intervention.  

In 2018, a landmark study by Suez et al gave us new insights into how probiotics interact 

with antibiotic-affected microbial communities in the human adult gut (45). In this study 21 

volunteers were treated with antibiotics (ciprofloxacin and metronidazole) for 1 week. This 

caused a significant disruption of their gut microbiota in the short term. In 7 participants that 

received no intervention, their microbiome composition returned to normal after 21 days. 

This supports the findings of numerous other studies in healthy volunteers showing that gut 

microbiomes are able to largely reconstitute themselves within 1-6 weeks after antibiotic use 

(83, 93, 343, 344). Another subset of volunteers in Suez et al’s study were given a probiotic 

treatment consisting of 11 bacterial strains (6 species of Lactobacillus, 4 species of 

Bifidobacterium and Streptococcus thermophilus). The researchers observed that antibiotic-

induced disruption of the native microbiota enhanced the ability of the administered 

probiotics to colonise the GI mucosa of the participants. However, this colonisation resulted 

in a delayed reconstitution of baseline microbiota. Further investigation by the same group in 

an in-vitro model suggested that microbial products found in Lactobacillus supernatants 

could inhibit the growth of the indigenous colonic flora (45). Importantly, the microbial 

species richness in the probiotic group was only half of what was observed in those who 

received no treatment. As reduced gut microbiome diversity has been associated with 

multiple chronic diseases (345, 346), this outcome could arguably be considered harmful.  

This study has cast significant doubt on claims that the oral administration of Lactobacilli or 

Bifidobacteria as probiotics is beneficial in adults. Further studies will need to be done to 

confirm the findings of Suez et al, but in the interim this study provides robust scientific 

evidence showing that administration of exogenous bacteria to a system where colonisation 

resistance has been disrupted by antibiotics could result in a harmful alteration of the 

recipient’s microbiome and impede the reconstitution of indigenous microbiota that occurs 

naturally (45). 

However, these results are not necessarily applicable to all populations. For instance, 

neonates have a substantially different microbiome composition than adults (347) and a diet 

that consists exclusively of milk. In this population, there is already strong evidence that 

probiotic supplementation prevents necrotizing enterocolitis (348). In a large randomised 

controlled trial in India, Panigrahi et al found that Lactobacillus plantarum plus fructo-

oligosaccharide (FOS) could reduce infection related adverse outcomes in infants (349). 

However, it should be noted that this intervention was not a simple probiotic, but a symbiotic: 
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a probiotic strain combined with a prebiotic (FOS in this case) that is meant to promote the 

growth of the probiotic strain. Therefore, it is difficult to untangle the effects of the probiotic 

from the effect of the prebiotic. The prebiotic itself could be the more successful part of this 

intervention since a wider range of endogenous commensal bacterial could be promoted by 

providing a substrate for their growth, not just the probiotic strain.  

A prebiotic is defined by Gibson and Roberfroid as “a non-digestible food ingredient that 

beneficially affects the host by selectively stimulating the growth and/or activity of one or a 

limited number of bacteria in the colon, and thus improves host health.” (350)  However, in 

the settings of nutritional deprivation, including processed foods consumed in a standard 

western diet, the fibre consumed is completely digested in the proximal gut and therefore 

does not reach the distal colon where beneficial bacteria are most abundant, and their 

metabolites are produced. For instance, a diet rich in resistant starch found in cooked and 

cooled potato or rice, plantain, maize and legumes will resist digestion and reach the distal 

colon where resident bacteria can utilise this starch as a substrate for the biosynthesis of 

SCFA (351).  SCFA in turn contribute to infection prevention by contributing to the colonic 

epithelium barrier function, dampening inflammation and maintaining and acidic and 

anaerobic local environment which is able to suppress the growth of disease-causing 

pathogens (62).   

 

7.3.2 Autologous faecal transplantation  

Thus far, the only intervention proven to reliably restore gut microbiota to a profile found in 

health is FMT. This has been demonstrated by a durable increase in microbial diversity found 

following allogenic donor faecal transplantation in multiple clinical trials investigating donor 

FMT for the treatment of CDI (183), ulcerative colitis (276) and metabolic syndrome (352).  

Although less well studied than donor FMT, microbiome reconstitution may be more 

effective when the transplant is made from the recipients own stool (ie autologous) rather 

than from an unrelated donor. Theoretically, the microbiota in autologous transplants are 

already ideally adapted to the host recipient, a property which should allow for optimal 

engraftment. Not only is autologous FMT (aFMT) likely to be highly efficacious, given that 

this approach has none of the safety concerns that are inherent to donor stool, this type of 

intervention is well positioned to become a routine therapeutic option in the future.  

There is already evidence that aFMT is very effective in restoring microbiome composition 

following perturbation. Suez et al’s landmark study that showed that probiotics delayed the 
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normal reconstitution of gut microbiota after antibiotic use also examined the effect of aFMT 

on gut microbiome reconstitution (45).  A subgroup of volunteers in this study received 

aFMT following antibiotic use. These participants were significantly more likely to achieve 

rapid and sustained early reconstitution of their microbiomes, occurring as early as one day 

post aFMT, in contrast with the several weeks required for spontaneous recovery to occur 

(45).  Taur et al also showed that aFMT is highly effective in reconstituting gut microbiota in 

patients who receive broad-spectrum antibiotics following immunosuppression for allogenic 

haematopoietic stem cell transplantation (allo-HSCT) (181).  In contrast, Bulow et al, found 

no significant difference in microbiome recovery of healthy volunteers who took amoxicillin-

clavulanate and either received aFMT or saline enema (92). However, the impact of 

amoxicillin-clavulanate appeared to be relatively mild with only few subjects experiencing 

major taxonomic changes at the phylum level. It appears that when antibiotic impacts are 

relatively mild, spontaneous microbiome reconstitution is rapid and other interventions are 

not required. 

Autologous FMT is ideally suited to patients who have intact microbiota at baseline but will 

be undergoing procedures or therapies that are likely to cause significant microbiome 

disruption. Examples include patients undergoing allo-HSCT or other chemotherapy, patients 

undergoing solid-organ transplantation and those having certain elective abdominal surgical 

procedures. For these patients, stool could be collected, processed into FMT and stored in 

stool banks ahead of commencing therapy. Those receiving microbiome-disrupting therapies, 

such as empirical broad-spectrum antibiotics for febrile neutropaenia, could receive aFMT 

following completion of antibiotics.  Already, aFMT is being trialled to see if it can prevent 

adverse outcomes, including MRO colonisation and infection in at risk populations, including 

in those receiving allo-HCST (ClinicalTrials.gov identifier: NCT02269150) patients with 

other haematological malignancy (ClinicalTrials.gov identifier: NCT02928523) or in long-

term care residents (ClinicalTrials.gov identifier: NCT03061097). However, since only small 

numbers of patients have been recruited so far in these trials, it is likely that larger clinical 

trials will be required in order to assess the benefit of aFMT.  Given the low risks involved 

with this type of intervention and the likely benefits, research efforts into this area should be 

increased and stool bank infrastructure that make autologous transplants feasible should be 

supported.  
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7.3.3 Donor FMT to reduce pathogen colonisation and sepsis risk 

Although aFMT may be an therapeutic option in the future, it is not appropriate for those 

patients who have an abnormal microbiome composition at baseline or are already colonised 

with pathogens, and it will only be available to a minority of patients who are able to store their 

stool prior to undergoing microbiome-disrupting intervention. For these reasons, donor FMT 

will continue to be the main therapeutic option for microbiome reconstitution being 

investigated in patients with MRO colonisation and at high risk of sepsis. Given the scarcity of 

high-quality evidence that FMT is an effective intervention for this indication it is imperative 

that randomised controlled clinical trials, such as the one we have initiated, are performed to 

answer this important question. However, given the lack of standardisation of FMT donors, 

processing and delivery it is difficult for results from interventional studies to be compared. In 

this context, efforts to optimise and standardise the production of FMT for use in non-CDI 

conditions need to move forward.  

 

 7.3.3.1 Optimising donor selection 

Donor-specific differences in clinical outcomes, also referred to as the super-donor effect, have 

been observed in the context of FMT used in inflammatory bowel disease (197, 198). In these 

cases, the donor effects were associated with bacterial richness (a measure of diversity) (198) 

and increased abundances of anaerobic bacteria in the Ruminococcaceae and Lachnospiraceae 

families (197), with prolonged remission linked to increased butyrate-producing ability after 

FMT (198).   

However, in order to truly select the best possible donors, there must be a greater understanding 

of what donor characteristics are in fact most likely to be beneficial. This will require further 

research that examines FMT microbiome composition from every donor and correlates this 

with efficacy. Unfortunately, this type of analysis does not occur routinely even in the context 

of clinical trials. In the interim, some educated guesses can be made about characteristics of 

donor microbiomes that optimise efficacy in reducing pathogen colonisation.  

Assessing donor microbiomes for α-diversity is an initial consideration. Reduced faecal 

bacterial diversity is associated with an increased risk of pathogen colonisation and systemic 

infection (139), suggesting this factor should be considered when assessing donor material. 

However, bacterial diversity is likely to be less important as an indicator of a beneficial 

microbiome, than as an indicator of the probability of transplanted material containing specific 

microbial traits. In particular, the presence of beneficial keystone taxa can have a 
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disproportionate influence on microbial community structure and function (353). Different 

short chain fatty acids (SCFA) interact with different host receptors to regulate host physiology, 

and therefore a microbiome’s ability to biosynthesize a full range of SCFA is essential for 

health (55). Production pathways for propionate, acetate and lactate are widely distributed 

among bacterial groups and are likely to be found in all FMT donors. In contrast, a smaller 

subset of organisms, dominated by Faecalibacterium prausnitzii, Eubacterium rectale, 

Eubacterium hallii, Roseburia spp and Anaerostipes hadrus are responsible for the production 

of butyrate (54). As reviewed in Chapter 1, butyrate in particular seems to play a key role 

(through interactions with host epithelial cells) in maintaining intraluminal conditions that 

suppress pathogen expansion (62, 239). Therefore, screening donors for a high abundance of 

butyrate-producing taxa may be particularly important. Other key taxa important to 

colonisation resistance might include those with the ability to transform primary bile acids into 

secondary bile acids, a property associated with the inhibition of C. difficile (53, 354) or that 

produce endogenous antibacterial substances, such as lantibiotics that inhibit gram-positive 

pathogens including VRE (355).  

However, it is important not to over-estimate the beneficial properties of individual commensal 

taxa. Microbes in diverse communities, such as the gut, have evolved together and developed 

complex interrelationships that we are only just beginning to understand (356). While we are 

still relatively naïve about how commensals interact with each other to provide benefit, high 

bacterial diversity is likely to be the best surrogate marker of normal microbiota functionality.  

 

 7.3.3.2 Considering the ratio of obligate anaerobes to facultative anaerobes  

In healthy individuals, bacterial gut microbiomes are typically dominated by obligate anaerobic 

bacteria of the Bacteroidetes and Firmicutes phyla (26). In contrast, facultative anaerobes that 

can behave as commensals or human pathogens (Enterobacteriaceae, Enterococcaceae) are 

typically found in low abundances (<1%) (44).  

Mounting evidence suggests that the high relative abundances or “blooms” of facultative 

anaerobes in the gut, particularly those from the phylum Proteobacteria in the 

Enterobacteriaceae family (such as E. coli or Klebsiella sp.) are associated with inflammatory 

states and sepsis (27). Disruption of the gut microbiota results in increased availability of 

oxygen and nitrate in the gut lumen, which facultative anaerobes are able to take advantage of 

to expand rapidly (61). By stimulating host immune responses, Enterobacteriaceae also 

contribute to changes in the gut luminal environment that further support their growth (27, 357, 

358).  
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It is not only Enterobacteriaceae that are capable of driving inflammation and infection. 

Evidence from both murine models and observational human studies show that antibiotic 

treatment enables enterococcal blooms in the gut and that this numerical domination of the 

microbiome by enterococci precedes blood-stream infection (38, 359). It may therefore 

important to consider in FMT material whether the composition of the donor microbiota 

reflects the ratio of obligate anaerobes to facultative anaerobes that are observed in healthy 

people and avoid using donor material if the microbiome composition is dominated by 

facultative anaerobic bacteria with pathogenic potential.  

 

 7.3.3.3 FMT processing to preserve microbiome composition and function 

FMT processing steps, particularly blending in aerobic conditions, result in profound changes 

in the final viable microbiota composition that are not dissimilar to that associated with 

exposure to antibiotics (44). As demonstrated by the work presented in this thesis (Chapter 5) 

and published (309), there is an overall loss of bacterial diversity, a relative enrichment for 

aero-tolerant Proteobacteria, and in most donors the complete loss of keystone obligate 

anaerobic commensals such as Faecalibacterium prausnitzii and Anaerostipes hadrus (309). 

Processing in aerobic conditions significantly reduces the microbiota’s capacity for butyrate 

biosynthesis (309), an  effect that is important, given the role of butyrate in reducing colonic 

inflammation, maintaining colonic epithelial function and preventing pathogen expansion (55, 

62). In contrast, although freezing reduces overall bacterial viability, it does not affect the 

overall bacterial diversity or composition of the stool (309). Furthermore, the ability to freeze 

samples is important in providing an opportunity to perform pathogen screening and 

characterisation of the wider faecal microbiota. Although further evidence is required to show 

that processing methodologies alter the efficacy of FMT, results from a recent clinical trial 

suggest that clinical efficacy of FMT for ulcerative colitis could be improved by anaerobic 

processing to preserve butyrate-producing bacteria (178). 

 

 7.3.3.4 Modifying donor microbiota to reduce sepsis risk 

The recruitment of suitable donors for FMT is a major challenge. Already stringent screening 

criteria mean that only 10-15% of screened donors are ultimately eligible for stool donation 

(360). The exclusion of donors with undesirable microbiota composition could result in a 

substantial further reduction in the donor pool. However, while inappropriate processing 

practices can modify the composition of the viable stool microbiota in a detrimental manner, 
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modification of donated stool to improve its microbiological characteristics might allow 

material to be used from a wider donor group.  

Antibiotic exposure is broadly considered to be associated with changes in microbiota 

composition that is harmful. This is in part because certain antibiotics, for example oral 

vancomycin or metronidazole used in the treatment of CDI, have a significant impact on 

anaerobic commensals (343, 361). However, there are antibiotic options that could be 

employed in vitro to selectively deplete viable Proteobacteria from faecal transplant 

preparations, while increasing the relative abundance of commensal anaerobes. For example, 

trimethoprim, fosfomycin and nitrofurantoin, typically used to treat gram-negative UTI, have 

little appreciable anaerobic activity (82, 321, 362). Use of such antibiotics could leave 

anaerobic commensals largely intact while simultaneously reducing facultative anaerobes. In 

the case of nitrofurantoin, this treatment could have the added benefit of increasing the relative 

abundance of the beneficial commensal F. prausnitzii (82).  

However, such an approach has several major disadvantages. Firstly, if the donor harbours a 

pathogen with intrinsic or acquired antibiotic resistance to the antibiotic used, this approach 

could inadvertently increase the risk of this strain being transmitted and causing infection by 

reducing competition from similar bacteria. Secondly, the use of antibiotics could increase the 

probability of de-novo antibiotic resistance arising in both commensal and pathogen 

populations. Finally, this approach would reduce the overall bacterial diversity, and perhaps 

disrupt the overall balance of microbes that were present in the donor microbiome, causing 

expansion of other bacteria in unpredictable ways. 

An alternative to using antibiotics could be to add laboratory cultured bacterial strains or 

bacteriophages known to have specific antimicrobial effects to transplant material. For 

example, in the case of a patient receiving FMT who is known to be colonised with VRE, the 

addition of specific bacteria, bacteriophages or bacteriocins associated with VRE clearance 

could potentially reduce carriage of this pathogen and reduce the chance of future infections. 

In principle support for this approach comes from studies using murine models, where carriage 

of Barnsiella has been shown to be protective against VRE colonisation (363), while 

lantibiotic-producing commensal strains such as Blautia producta are able to clear this 

pathogen from the intestine (355, 364). This is further supported by evidence in that lantibiotic 

gene abundance correlates with low Enterococcus faecium carriage in the stool microbiota of 

patients at high risk of VRE colonisation (355).  

The addition of growth substrates to faecal transplant slurries that provide a relative selective 

advantage for commensal anaerobes in vivo should also be considered. The availability of fibre 
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is an important mediator of colon mucosal health (55). In order to produce SCFA, not only 

must the right bacteria be present, but they must also have a suitable fibre substrate readily 

available (55). In a murine model, the relative absence of fibre was shown to alter microbiome 

composition within hours, increasing the abundance of mucin degrading bacteria that reduce 

colonic mucus and facilitate pathogen translocation (365). Therefore, adding fibre to the FMT 

product could be a strategy to improve short-term colonic epithelial barrier function. In vitro 

studies have shown, for example, that the presence of resistant starches promotes the relative 

abundance of important commensal taxa, as well as increasing the production of beneficial 

SCFAs (366). 

 

7.3.4 Bacterial consortia to replace FMT 

There is growing interest in the use of bacteriotherapies as a stool substitute. These 

bacteriotherapies involve using either live cultures of defined bacteria or the use of spores 

from defined bacteria derived from human stool and several have been used as an 

investigational therapy for recurrent C. difficile infection (CDI). One of the earliest reports of 

bacteriotherapy use for CDI was in 1989 when Tvede and Rask-Madsen reported the cure of 

6 patients with CDI after they were administered a consortium of 10 bacterial strains (194).  

A follow-up case series showed a 64% response rate following this bacteriotherapy treatment 

(defined as no diarrhoea within 30 days of treatment) (367), but evidence from a controlled 

trial is lacking.  In 2013 Petrof et al reported the cure of two patients with CDI following 

infusion of a bacterial consortium of 33 isolates (MET-1) from a healthy stool donor (368), 

however a clinical trial investigating this product was never completed  (ClinicalTrials.gov 

ID: NCT01372943). Similarly, RBX2660 is a microbiota-based drug sourced from live 

human-derived microbes. In Phase 2 clinical trials, RBX2660 has been shown to reduce r-

CDI as compared to placebo (369). Another microbiome-based therapeutic, SER-109, 

composed of donor-derived bacterial spores has been linked with reduced rates CDI 

recurrence, but only when early engraftment has occurred (370).  

Only one of these bacteriotherapies has been reported to be efficacious in pathogen de-

colonisation. The microbiome analysis of participants receiving RBX2660 showed that 

responder microbiomes came to resemble the RBX2660 product with increasing levels of 

Clostridia and Bacteroidetes and decreased Proteobacteria (371), a result consistent with a 

product able to reduce the carriage of gram-negative pathogens as well as VRE. In a 

published case series of participants receiving RBX2660 for recurrent CDI, of the 10 

participants who tested positive for VRE during the study, 6 of 10 cleared the pathogen from 
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stool at the 6-month follow-up (257).  However, it is very difficult to draw any firm 

conclusions from this report. A crucial weakness is that the study did not include a control 

group. Furthermore, culture based VRE testing is known to have variable sensitivity with 

reports of fluctuating positive tests over time making it difficult to interpret rates of clearance 

(372).   

Compared to FMT, stool-substitute bacteriotherapy has the marked advantage of being a 

standardised and reproducible product with far fewer safety concerns. This type of product is 

far more attractive to both manufacturers and regulators than inherently complex and variable 

stool donations. However, although studies on live bacterial consortia have thus far suggested 

that they are likely to be more efficacious than placebo for CDI, overall efficacy rates have 

been disappointing and do not approach the impressive rates of cure achieved with whole 

stool faecal transplantation (196). This means that the currently available bacterial consortia 

will also likely fall short in achieving the more substantially more difficult aim of reducing 

colonisation with pathogens in the gut other than C. difficile. 

 

7.3.5 Therapeutic use of microbial products 

The gut microbiota produces a vast number of proteins and metabolites which could be used 

as or targeted by novel therapeutics. These types of therapeutics could potentially bypass the 

need to maintain populations of specific microbes in the gut and directly harness selected 

beneficial properties of microbes to treat specific conditions. Although this field of 

therapeutics is currently in its infancy, there are already multiple such therapeutics in 

development (373).  

Given the evidence that SCFA, the abundant microbial by-products of fibre fermentation, are 

crucial in regulating multiple aspects of host physiology (55), it is not surprising that SCFAs 

were one of the first bacterial metabolic products considered for therapeutic use. Although 

the link between SCFA and pathogen suppression has been made in recent years, the direct 

use of SCFA in the distal gut has not been trialled in this context likely due to earlier 

disappointing results of using this type of therapy for ulcerative colitis. 

In the 1990s there was great interest in using SCFAs in ulcerative colitis therapy, given the 

known links between the absence of SCFA in the colon and the development of inflammatory 

colitis (374).  Steinhart et al trialled butyrate enemas in patients with ulcerative colitis and 

found no therapeutic effect (375). Two other randomised controlled trials of SCFA rectal 

irrigation for ulcerative colitis were similarly disappointing (376, 377), with the authors 

commenting that prolonged contact with rectal mucosa seemed to be required for efficacy 
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(376). Therefore, it could be that administration of SCFA via enema is unlikely to be 

beneficial because this mode of delivery cannot consistently deliver the same amount of 

SCFA to the colonic mucosa that resident microbiota can produce locally from the 

fermentation of fibre. 

There are multiple other therapeutic avenues being explored as a way to selectively target 

pathogens or pathobionts in the gut microbiota. For instance, polysaccharide A, a bacterial 

capsular protein expressed on Bacteroides fragilis, inhibits colitis induced by the pathobiont 

Helicobacter hepaticus and is capable of supressing host pro-inflammatory pathways in a 

murine experimental colitis model (378). This molecule has been commercialised and is 

being investigated as a therapy for inflammatory bowel disease and multiple sclerosis (373).  

In another example, antagonists of Fibrial adhesin (FimH) are currently being investigated as 

a therapy to block the binding of adherent-invasive E. coli to epithelial receptors in the gut 

(ClinicalTrials.gov Identified:  NCT03709628) in an attempt to limit the pathogenic role that 

this bacterium plays in driving inflammation in some patients with inflammatory bowel 

disease. Interestingly, as uropathogenic E. coli also use the FimH to adhere to the bladder 

urothelium, these same antagonists could prove to be useful in treating urinary tract infection 

(379). KB109 (a glycan whose purported mechanism of action is not disclosed) is another 

small molecule microbiome based therapeutic currently being investigated as a therapeutic to 

reduce pathogen carriage. It is being trialled as a therapeutic to reduce gastrointestinal 

carriage of multi-resistant organisms (ClinicalTrials.gov Identifier: NCT03944369). 

If one thing is clear, it is that individual species of bacteria cannot be beneficial on their own, 

they require an entire ecosystem that supports their ability to thrive and produce benefit 

(356). This includes surrounding organisms that are symbionts, a tolerant host immune 

system and appropriate conditions for growth such as an anaerobic environment and 

appropriate nutrition. Our ability to produce microbiome-based therapies will be greatly 

improved if we are first able to have a greater understanding of how complex communities of 

bacteria interact with each other and their host to produce benefit.  To achieve this more basic 

research must be done on the relationship between human microbiomes and disease states 

and careful dissection of how interventions that alter microbiomes – such as FMT- also alter 

host physiology and disease manifestations.    

 

7.4  Addressing knowledge gaps 
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7.4.1 Improving our knowledge of gut commensal microbiology and microbial 

interactions  

Despite the major advances in sequencing technology that have allowed us to identify a wide 

variety of previously unknown microbial species that inhabit the human GI tract, we are far 

from being able to reliably identify all these species. Although many types of organisms 

make up the human microbiome, it is mainly bacteria that are characterised in microbiome 

analysis (due to the expense and technological barriers involved in characterising other 

microbes). It is safe to say we are only just beginning to understand this immensely complex 

system which is unique to each of us. It is important to learn more about commensal 

microbes and which of their numerous gene products influence human physiology and the 

interactions between each other. Future research should focus not only on the role of 

individual microorganisms but on groups of micro-organisms working as a functional unit. 

By doing this we will better understand the functional redundancy of microbial groups that 

explains how individuals with vastly different microbiome compositions can have 

microbiomes that are functionally very similar (33).  

Our ability to precisely characterise the bacterial composition of microbiomes is currently 

limited by incomplete databases containing only a few strains of difficult to culture 

commensal bacteria.  It is now recognised that several different strains of bacterial species 

can co-exist in the same person (352). The ability to define the microbiome composition as 

precisely as possible is important since even differences at a strain level may manifest as 

different phenotypes that can result in functional changes to the microbiome.  For instance, 

the phenotypes of commensal E. coli strains vary so greatly from one another that some 

strains are considered deadly pathogens while other are sold as probiotics (30).  In order for 

optimal genomic based analysis to occur, the databases must be enhanced with the whole 

genome sequences of pure bacterial strains grown in culture (380). Considerable progress 

towards achieving this goal has been made through advances in bacterial culturing methods 

that have allowed many strains of bacteria previously considered unculturable to be cultured 

and subsequently sequenced (20).  

The picture becomes even more complex when we consider that microbial metagenomes not 

only consists of chromosomal bacterial genes but also genes encoded by mobile genetic 

elements that are carried on plasmids, transposons and bacteriophages that transfer easily 

between bacteria and therefore must be considered separately to other genes. This is before 

even considering including other commensal microorganisms such as viruses, fungi and 

eukaryotes in microbiome analysis.  However, we should expect that steady progress in this 
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area will mean substantially better databases will be available in the future that will markedly 

improve our ability to define microbial composition. In order for this progress to produce the 

greatest benefit, these improved databases need to be accessible to all researchers.  

 

 

7.4.2 Understanding microbiome disruption caused by cancer chemotherapy and 

critical care intervention 

In this thesis, two observational studies were preformed to further explore the role of medical 

intervention on the gut microbiota. In the first study presented in Chapter 2, the effect of 

myelosuppressive chemotherapy on gut microbiota was explored. In this study we attempted 

to isolate the effect of chemotherapy on the gut microbiota by excluding patients with 

confounding exposures from the analysis. In the second study, presented in Chapter 3, the 

broad impact of receiving critical care interventions in an intensive care unit was studied.  

These exposures, although substantially different, both resulted in temporal instability of the 

gut microbiota and altered microbiome composition in a way that promotes the expansion of 

facultative anaerobe populations within the gut. In the case of patients receiving 

chemotherapy in the absence of antibiotic therapy, the preservation of a high diversity of 

obligate anaerobic taxa in the gut microbiota of these patients will likely serve to mitigate the 

risk of pathogen expansion and preserve the overall functionality of the gut microbiome.  

Furthermore, the observed changes in microbial composition seen during chemotherapy may 

reflect the translocation of bacteria (as shown in Vetizou et al’s murine model (130)) that 

play a role in driving host anti-tumour immune responses.  Although, the change in bacterial 

composition is likely to contribute to increased risk of infection, if these changes are linked to 

the efficacy of chemotherapy then the changes to gut microbiology during chemotherapy may 

in fact prove to be on balance more beneficial than harmful.  

In contrast to the chemotherapy cohort, the critically ill population experienced very 

substantial losses in microbial diversity, with severe dysbiosis characterised by intestinal 

domination by a single taxon are observed in the majority of participants. The microbiomes 

of individual ICU patients observed over time underwent radical changes in composition, 

such that their microbiomes upon discharge from ICU were as different from their own 

baseline sample as from a different person.  

These two studies are a glimpse into how medical therapies affect microbiomes in real-life 

clinical contexts. They form the basis for further research which needs to answer the 

important question of whether these microbiome changes alter clinical outcomes.  
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Filling these substantial knowledge gaps will require many more studies to be conducted so 

that the effects of medical interventions and therapies on the commensal microbiomes of 

patients can be evaluated. Most importantly, theses microbiome changes must be 

prospectively linked with outcomes including pathogen carriage, antimicrobial resistance 

acquisition and the development of infection. Already, prospective examination of 

microbiome data in patients with haematological malignancy has led to a greater 

understanding of how microbiome composition relates to sepsis (139, 381) and how 

particular bacteria and their microbial products contribute to colonisation resistance against 

specific pathogens (53, 56, 355).  However, relatively little is known about how microbiome 

changes affect outcomes in other populations.  

To further contribute to knowledge in this area, the preliminary exploratory observational 

studies which were conducted as part of this thesis have received external funding and are 

being expanded.  We will continue to prospectively study the gut microbiota of patients with 

solid organ malignancy before and after chemotherapy and link microbiome changes to 

outcomes including febrile neutropaenia, sepsis and bacteraemia. Similarly, the MOCI study 

examining the gut and tracheal aspirate microbiomes of critically ill patients has been 

expanded to include a second intensive care unit and will seek to link microbiomes to 

nosocomial sepsis and ventilator-associated pneumonia in these patients.  

 

7.4.3 Expanding our understanding of FMT as a therapeutic intervention 

Although FMT is highly efficacious in treating r-CDI, presumably by re-establishing 

colonisation resistance against C. difficile, the exact mechanisms that produce a clinical effect 

are not completely evident. For instance, the degree of engraftment of microbiota from the 

donor to the recipient does not seem to predict clinical outcomes (186) suggesting that the 

effects of specific bacteria may be more important. Although particular bacteria in the genus 

Clostridium with the ability to convert primary bile acids to secondary bile acids are able to 

inhibit C. difficle growth in vitro (354), no one has yet demonstrated that transplantation of 

these species alone is sufficient to cure r-CDI. The reason why whole stool FMT remains 

more effective than the transplantation of select bacteria, or even a large variety of spore 

forming bacteria remains elusive (196).  

FMT remains a powerful tool in examining how altering microbiota affects clinical outcomes 

in a variety of disorders, including in how microbiome composition can alter our 

susceptibility to non-CDI infection. So far, some of the strongest evidence supporting FMT 

as an effective intervention in preventing future infections comes from r-CDI FMT trials 
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where outcomes related to antibiotic resistance carriage (211, 382) or non-CDI infectious 

outcomes (212, 383) have been examined retrospectively.  Nonetheless, the evidence of 

benefit could be much stronger if these trials were specifically designed to test these 

outcomes.  

However, it is not only further trials examining the clinical benefits of FMT in infection 

prevention that are required to move forward. Drawing the correct conclusions about why 

FMT is successful and has durable effects in some people but not in others requires much 

more than the mere assessment of clinical outcomes. Since FMT material is inherently highly 

variable due to differences in donor microbiota and processing methodologies, it is important 

to precisely define the microbial content of donor FMT material used in clinical trials. In 

depth analysis of donor FMT material should become routine as it is not only essential for 

understanding the mechanisms behind FMT’s efficacy, but also because this type of analysis 

could be used to improve the safety of FMT (180).  

The PMA-based methodology developed as part of this thesis (described in Chapter 4) makes 

an important contribution to this effort by enabling the viability of bacteria in FMT material 

to be determined. It allows investigators to establish if a lack of viability of bacteria in the 

FMT material explains why certain species that appear to be highly abundant in donors fail to 

engraft in recipients. This type of analysis could steer researchers away from falsely 

attributing non-engraftment of micro-organisms (that have been shown to be non-viable in 

donor material) to an incompatibility between donor microbiota and the recipient’s gut 

environment. Once the donor material has been precisely defined, it becomes possible to 

better interpret microbiome changes in the recipients, and to reproduce these effects in the 

future. Therefore, this type of analysis of donor material should be used routinely in future 

clinical trials using FMT.     

The other type of analysis that is essential to perform in FMT clinical trials is a longitudinal 

examination of the recipient’s microbiota that is linked to clinical data at the same time 

points. Such analysis, similar to that performed by Li et al (352), can give us invaluable 

insights into the persistence of donor microbiota in recipients and how this relates to clinical 

outcomes in the trial. In the design of the clinical trial assessing FMT in people with recurrent 

gram-negative infections (detailed in Chapter 6), the participant’s longitudinally collected 

samples are matched with data on urine infections occurring concurrently. This will allow us 

to not only gain insight into the efficacy of FMT in preventing recurrent UTI, but also into 

whether microbiome composition predicts such infections occurring. Clinical trials which 
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combine FMT intervention with rigorous analysis of the relationship between participant 

microbiomes and outcomes will be critical in determining the future role of FMT.  

 

7.5  Conclusion  

Our understanding of the contribution made by gut microbiota in the development of 

infection is rapidly expanding. This is a journey of understanding the causes of microbiome 

disruption, how microbiomes influence infection risk, and investigating if interventions that 

reconstitute microbiomes can effectively mitigate the risk of infection developing.  

This thesis contributes to knowledge at several points along this journey.  The first part of the 

thesis focuses on the effect of medical interventions on human gut microbiota.  This research 

documents how conventional chemotherapy and critical care interventions disrupt 

microbiomes, setting the stage for pathogen colonisation and infection. The second part of the 

thesis explores the role of FMT as an intervention to mitigate the risk of bacterial infection 

arising from the gut. The application of PMA methodology to stool slurries improved our 

existing capacity to analyse the viable microbial content of FMT, thus allowing us to 

optimise FMT processing methods. The thesis documents the initiation of a clinical trial into 

the effects of FMT on recurrent bacterial infection, a crucial step towards determining if FMT 

will play a role in future clinical practice. Finally, in the discussion sections of this thesis, I 

offer an overview of how our current knowledge can be applied now to improve antibiotic 

stewardship and the key areas for future research required to move forward.  
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APPENDICES 

  

 

Appendix 1: Faecal sample pre-processing and DNA Extraction  

1.1 Pre-Processing: Faecal samples in Norgen tubes  

 

1. Thaw samples and record relevant patient information 

2. Weigh an empty 2 ml flip top tube. 

3. Vortex sample well. 

4. Using a wide bore tip, aliquot 2 ml of sample from the Norgen tube into pre-weighed 

tube.  

a. Usually the Norgen tube will contain buffer and it is easy to transfer. In other 

instances, the faecal matter is solid. If this is the case, using a sterile toothpick 

or tip, scoop out 0.15 g to 0.2 g of faeces into the tube and add 500 µL of PBS. 

Vortex well. 

5. Spin down sample at 13,000 rpm for 20 minutes at 4°C. 

6. Transfer supernatant to a 2 ml labelled screw cap tube. Store at -80°C 

7. Weigh wet pellet and calculate the pellet weight. 

8. Proceed to DNA Extraction from Faecal Sample - Qiagen PowerLyzer PowerSoil Kit 

Protocol (Appendix protocol 1.3) 

1.2 MOCI Study stool swab and rectal swab 

 
1. Thaw swab stored in 500µL 20% glycerol-saline solution and vortex. 

2. Using sterile forceps, remove swab and transfer to 500µL of TE buffer. 

3. Vortex for 10 sec. 

4. Remove TE buffer solution from swab by centrifugation  

a.  Take plunger out of a sterile 3mL syringe 

b.  Using forceps, transfer swab to syringe barrel 

c.  Paraffin wrap the bottom of syringe to the top of the 2 mL screw capped tube 

d. Put syringe with swab + tube in a 50mL eppendorf tube and screw on 50 mL 

cap 

e.  Centrifuge 50mL tube in large centrifuge at max for 5 min at 3374G 

f.  Dispose of syringe + swab and keep 2 mL tube  

g. Transfer the remaining TE buffer solution to the original 500 µL of TE 

solution. 

5. Aliquot 250 µL into the Qiagen bead beating tube and continue with the Qiagen 

Powerlyser Powersoil protocol by adding 750 µL of Bead Solution. 

 

1.3 PMA treatment pre-processing for faecal slurry specimens (Chapters 4 and 5) 

 

Bring the following into the anaerobic chamber: 
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• 20mM Propidium monoazide (PMA) 

• One mg of PMA dye (Biotium Inc, Hayward CA, USA) is dissolved in 1mL of 20% 

dimethyl sulfoxide. The reconstituted PMA is stored at 4
o
C in a light-proof container.  

• PBS or sterile Normal Saline (best kept in ANO2 chamber for days prior to use) 

• LED lamp  

• Vortex 

• Pippettes for following tips:1000 uL wide bore tips, 200 uL tips and 20uL tips 

• 1.5 uL Eppendorf tubes 

• Fresh or frozen faecal slurry specimen (allow specimen to thaw in the anaerobic 

chamber to maintain viability of anaerobes before proceeding with dilution and PMA 

treatment) *Keep faecal slurry specimens anaerobic at all times* 

• Heat kill a 1mL aliquot of FS by heating at 99oC for 30 minutes on a heat block. 

Allow the specimen to cool to room temperature in the anaerobic chamber prior to 
using (this is your negative HK control specimen) 

o Note: If you want to use a positive control, use a freshly passed stool which is 

immediately processed into a FS inside the anaerobic chamber 
o Alternatively, if you are using an organism specific PCR, spike your stool with 

known quantities of live (from broth culture in exponential phase of growth) 
or dead (EtOH treated) bacteria to serve as your control.  

 

PMA treatment of faecal slurry (FS) inside anaerobic chamber 
 

1. For each FS (including the HK control) to be tested: Pre-label and Pre-fill 3 X 1.5 uL 
Eppendorf tubes with 10uL PMA in the darkened hood and cover tubes with foil, Pre-

fill 3 X1.5 uL Eppendorf tubes with 10uL PBS alone and pre-fill 2 1.5 uL Eppendorf 

tubes with 900uL PBS for serial dilutions 
2. Serial dilute FS in PBS or NS by adding 100 uL of neat FS to 900 uL PBS, vortexing 

to mix afterward.  
3. Serially dilute twice until a 1/100 dilution is achieved. The diluted solution should be 

translucent.  

4. Turn off lights, and work with distant low light, or with a red light (as in a dark 
room).  

5. Briefly vortex 1/100 diluted FS  
6. Aliquot 190uL of 1/100 diluted FS into each of 3 tubes pre-filled with 10uL PMA. 

Pipette mix each sample when adding and into each of 3 tubes pre-filled with PBS.  

7. Repeat above steps (5 &6) for all additional FS samples being tested and the HK 
control specimen.   

8. Vortex each tube briefly, cover with foil and incubate in the anaerobic chamber for a 
total of 30 minutes (vortex every 10 minutes during the incubation period) *Do not 

expose tubes to light during the incubation period* 

9. Place all tubes into a clear plastic container (lid off) and place LED light (blue & 
white setting) ~15 cm above the samples 

10. Agitate the tubes and change their position every 5 minutes during light exposure for 
a total of 20 minutes.  

11. Tubes can now be exposed to general light and ambient air. Keep at -20C until 

extraction using Qiagen PowerLyzer Power Soil kit.  
12. * Note: to interpret success of PMA treatment, using 16S rRNA PCR compare the 

amplification of PMA treated heat-killed FS (HK+PBS) to PMA-untreated heat-killed 
FS samples (you have prepared 3 replicates of each type of sample above). The HK+ 
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PMA sample amplification should be at least 2 log lower than the HK (with no PMA 
treatment). Note that the amplification from HK+PMA is always higher than PBS 

negative controls but is usually within 1 log of this sample. I find that consistently 
fresh stool treated with PMA is within 1-log of the untreated sample translating to 

~50% viability.  

 
1.4 DNA extraction using the Qiagen* PowerLyzer PowerSoil kit 

 
1. Add 750 µl of Bead Solution to the faecal pellet tube. Vortex suspension to mix. 

2. Transfer suspension to the Glass Bead tube. 

3. Check Solution C1 for precipitation. 

4. Add 60 µl of Solution C1 to the mixture and vortex briefly. 

5. Heat the tubes at 65ºC for 10 mins 

6. Bead beat samples at a setting of 6.5 on the FastPrep for two pulses of 60 seconds 

7. Centrifuge the tubes at 10,000 x g for 3 min 

8. Transfer up to 500 µl of supernatant to a clean 2 ml Collection Tube. 

9. Add 250 µl of Solution C2 and vortex briefly 

10. Incubate at 4ºC for 10 mins 

11. Centrifuge the tube at 10,000 x g for 3 min at room temperature 

12. Transfer up to 600 µl of supernatant to a clean 2 ml Collection Tube 

13. Add 200 µl of Solution C3 and vortex briefly. 

14. Incubate at 4ºC for 10 mins 

15. Centrifuge the tubes at room temperature for 3 min at 10,000 x g 

16. Avoid the pellet, transfer up to 750 µl of supernatant into a clean 2 ml flip top tube 

17. Shake to mix Solution C4 before use. 

18. Add 1200 µl of Solution C4 to the supernatant and vortex for 5 seconds. 

a. Safe stopping point: the samples can be stored over night at  4°C 

19. Load approximately 650 µl onto a Spin Filter and centrifuge at 10,000 x g for 1 min at 

room temperature. 

20. Discard the flow through and add additional 650 µl of supernatant to the Spin Filter. 

Repeat centrifugation until all supernatant has been added to the Spin Filter. 

21. Add 500 µl of Solution C5 and centrifuge at room temperature for 1 min at 10,000 x g 

22. Discard the flow through 

23. Centrifuge again at room temperature for 1 min at 10,000 x g 

24. Carefully place Spin Filter in a clean 2 ml Collection Tube. Avoid splashing any of 

Solution C5 onto the Spin Filter 

25. Add 50 µl of UltraPure RNAse DNAse water onto the filter.  

26. Incubate at room temperature for 5 minutes. 

27. Centrifuge at room temperature for 1 min at 10,000 x g 

28. Repeat steps 25-27.  

29. Store DNA at -20ºC 

*previously MOBIO 
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Appendix 2. Primers and Probes used  

Primer /Probe Sequence (5' to 3') Target Annealing 

Temp (ºC) 

Reference  

qB1114F CGGCAACGAGCGCAACCC Bacterial 16S rRNA gene 60  (269) 

qB1275R CCATTGTAGCACGTGTGTAGCC 

Aput_F TTGTACGAGGGTAAACGCAGA Alistipes putredenis 65 (384) 

Aput_R CAGTATTAGAGGCACGTTCAGG   

SSC2F2 CTTTAGTAGCCAGCATATAAGG Anaerostipes hadrus 60 (292) 

SSC2R TTGCTCACTCTCACGAGGCT 

Bac303-F GAAGGTCCCCCACATTG Bacteroides/Prevotella  60 (385) 

Bfr-Fm-R CGCKACTTGGCTGGTTCAG 

Bifspp-F TCGCGTCYGGTGTGAAAG Bifidobacterium spp 58 (386) 

Bifspp-R CCACATCCAGCRTCCAC 

BCoATscrF GCIGAICATTTCACITGGAAYWSITGGCAYATG butyryl-CoA-CoA transferase gene  53 (387) 

BCoATscrF CCTGCCTTTGCAATRTCIACRAANGC 

FPR-2F GGAGGAAGAAGGTCTTCGG Faecalibacterium prausnitzii  60 (385) 

Fprau645R AATTCCGCCTACCTCTGCACT 

EhalF GCGTAGGTGGCAGTGCAA Eubacterium hallii 60 (385) 

EhalR GCACCGRAGCCTATACGG 

E.coli-F CATGCCGCGTGTATGAAGAA Escherichia coli 60 (388) 

E.coli-R CGGGTAACGTCAATGAGCAAA 

E.coli-P TATTAACTTTACTCCCTTCCTCCCCGCTGAA 

oprL-F CGAGTACAACATGGCTCTGG Pseudomonas aeruginosa opr gene 60 (270) 

oprL-R ACCGGACGCTCTTTACCATA 

RrecF GCGGTRCGGCAAGTCTGA Roseburia spp / Eubacterium rectale 63 (385) 

Rrec630mR CCTCCGACACTCTAGTMCGAC 

Nuc-F AAATTACATAAAGAACCTGCGACA S. aureus nuc gene 57 (271) 

Nuc-R GAATGTCATTGGTTGACCTTTGTA 

Nuc-P AATTTAACCGTATCACCATCAATCGCTTT 

SubFcl_2F TGAAGTCCTTCGGGACATCGAG Subdoligranulum variable 58 Appendix 3 

SubFcl_4R TCTCGCCAGAGTCCTCTTGC 
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Appendix 3: Development of a Subdoligranulum variable PCR assay 

A Subdoligranulum variable quantitative PCR using specific primers targeting the 16S rRNA 

gene was developed and validated as part of this study. Assay primer sequences are shown in 

Appendix 2 above. The assay was based on sybr green fluorophore chemistry and utilised 

primers at 500 nM concentration and 1uL of DNA in a total volume of 35 µL. The amplification 

cycling conditions were 1 cycle of 3 min at 95oC followed by 40 cycles of 15sec at 95oC, 15 

sec at 58oC and 1 min at 72oC with data collection at this stage. Melt curve analysis was 

performed at 95oC, 1 min at 60oC and 15 sec at 95oC. The assay was run on the QuantStudio 6 

Real-Time PCR system, as described in Chapter 5 methodology. 

Assay specificity was assessed in silico using NCBI Blast. In vitro it was confirmed that the 

assay did not amplify DNA extracted from the following bacteria: Bacteroides ovatus, 

Bacteroides vulgatus, Bifidobacterium bifidum, Escherichia coli, Pseudomonas aeruginosa, 

Staphylococcus aureus, Streptococcus dysgalacticae or the from the closest phylogenetically 

related bacterium, Faecalibacterium prausnitzii. To further validate the specificity of the assay 

we tested the assay on 8 adult stool where Subdoligranulum was identified as being present 

through 16S rRNA gene amplicon sequencing and 6 infant stools where no Subdoligranulum 

was detected.  

A 10-fold dilution series of DNA extracted from stool from a healthy faecal donor was used to 

generate the standard curve for qPCR. PCR produced product with a predicted size of 130 bp 

and identical peaks were obtained in the on-melt curve analysis from 8 individuals in which 

Subdoligranulum was identified on 16S rRNA gene amplicon sequencing and not in 6 infant 

stool samples in which Subdoligranulum was not identified on 16S rRNA gene amplicon 

sequencing.  
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Appendix 4: Individual donor (D1-D8) PMA-qPCR results  
 

Table 4a: Proportion of bacteria viable on specific qPCR assay after anaerobic processing 
 

          p-value vs. 

 

PCR target  
D1 D2 D3 D4 D5 D6 D7 D8 

Median 

(IQR) 
O2 FT HK 

All Bacteria (16S rRNA 

gene) 
0.47 0.337 0.599 0.517 0.181 1 0.389 0.545 

0.494 (0.350-

0.586) 
0.0068 0.027 0.0025 

Alistipes putredenis 1 0.35 NA NA 0.244 1 1 1 
1.000 (0.324 -

1.00) 
0.1875 0.5625 0.0313 

Bacteroides spp 0.969 0.27 1 0.481 0.677 0.76 0.993 1 
0.865 (0.530-

0.998) 
0.0078 0.8125 0.0078 

Bifidobacterium spp 0.962 0.061 0.407 0.186 0.667 0.287 1 0.609 
0.508 (0.211-

0.888) 
0.0078 0.25 0.0078 

Escherichia coli NA1 NA NA NA 0.304 NA NA NA NA NA NA NA 

Anaerostipes hadrus 0.068 0.048 0.373 0.255 0.044 0.46 0.524 0.922 
0.314 (0.053-

0.508) 
0.0156 0.0781 0.0078 

Eubacterium hallii 0.138 0.009 0.134 0.18 0.944 0.446 0.646 0.274 
0.227 (0.135-

0.596) 
0.0156 0.0156 0.0078 

Roseburia/Eubacterium 
rectale 

0.256 0.025 0.546 0.076 0.098 0.188 0.581 1.274 
0.222 (0.082-

0.572) 
0.1094 0.1484 0.0078 

Faecalibacterium prausnitzii 0.012 0.004 NA 0.064 0.048 0.308 0.467 0.744 
0.056 (0.006 -

0.427) 
0.0469 0.1563 0.0156 

Subdoligranulum variable 0.314 0.014 0.247 0.092 0.319 0.509 0.479 0.792 
0.317 (0.131-

0.502) 
0.0078 0.0781 0.0078 

butyryl-CoA:acetate CoA-

transferase gene  
0.112 0.019 0.165 0.031 0.117 0.213 0.185 0.328 

0.141 (0.051-

0.206) 
0.0078 0.0391 0.0078 

 
          

1NA= no quantifiable amplification, 2 O2=ambient air processing, 3 FT= freeze-thawing, HK= heat-killing.  
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Supplemental Table 4b: Proportion of bacteria viable on specific qPCR assay after ambient air processing 

 

          p-value vs. 

PCR target D1 D2 D 3 D4 D5 D6 D7 D8 Median (IQR) ANO2 FT HK 

All Bacteria (16S rRNA 
gene) 

0.26 0.15 0.187 0.186 0.257 0.236 0.049 0.158 
0.187 (0.152-

0.252) 
0.0068 0.3621 0.0006 

Alistipes putredenis 0.304 0.318 NA NA 0.587 0.695 0.301 1 
0.453 (0.303-

0.772) 
0.1875 0.4375 0.0313 

Bacteroides spp 0.489 0.058 0.048 0.089 0.67 0.612 0.16 0.671 
0.324 (0.066-

0.655) 
0.0078 0.0391 0.0078 

Bifidobacterium spp 0.306 0.044 0.014 0.006 0.126 0.065 0.037 0.069 
0.0541 (0.020-

0.112) 
0.0078 0.0234 0.0078 

Escherichia coli NA NA NA NA 0.403 NA NA NA NA NA NA NA 

Anaerostipes hadrus 0.047 0.016 0.014 0 0.005 0.016 0.006 0.191 
0.022 (0.006-

0.048) 
0.0156 0.0313 0.1094 

Eubacterium hallii 0.13 0.015 0.026 0.021 0.065 0.001 0 0.042 
0.023 (0.005-

0.060) 
0.0156 0.3125 0.0156 

Roseburia/Eubacterium 

rectale 
0.46 0.029 0.17 0.031 0.063 0.036 0.035 0.129 

0.050 (0.0318-

0.160) 
0.1094 0.1484 0.0078 

Faecalibacterium prausnitzii 0.021 0.001 NA 0 0.037 0 0.003 0.014 
0.002 (0.0001-

0.05) 
0.0469 0.0781 0.1563 

Subdoligranulum variable 0.122 0.006 0.008 0.033 0.168 0.01 0.008 0.107 
0.021 (0.008 -

0.118) 
0.0078 0.25 0.0078 

butyryl-CoA:acetate CoA-
transferase gene  

0.019 0.003 0.051 0.018 0.038 0.001 0.003 0.015 
0.017 (0.003-

0.033) 
0.0078 0.1484 0.1484 

 
            

1NA= no quantifiable amplification , 2 O2=ambient air processing, 3 FT= 
freeze-thawing, HK= heat-killing             

     

 

Supplemental Table 4c: Proportion of bacteria viable on specific qPCR assay after freeze-thawing in anaerobic conditions 



 

170 

 

 
          p-value vs.  

PCR target D1 D2 D3 D4 D5 D6 D7 D8 Median (IQR) ANO2 O2 HK 

All Bacteria (16S rRNA 

gene) 
0.355 0.312 0.265 0.231 0.0878 0.088 0.171 0.344 

0.248 (0.109-

0.336) 
0.027 0.3621 0.0031 

Alistipes putredenis 0.891 1 NA NA 0.3679 0.314 0.725 0.631 
0.678 (0.354-

0.918) 
0.5625 0.4375 0.0313 

Bacteroides spp 0.326 0.969 0.648 0.89 1 0.473 1 1 
0.930 (0.517-

1.00) 
0.8125 0.0391 0.0078 

Bifidobacterium spp 1 0.035 0.062 0.07 0.5408 0.073 0.066 1 
0.0714 (0.063-

0.997) 
0.25 0.0234 0.0078 

Escherichia coli NA NA NA NA NA NA NA NA NA NA NA NA 

Anaerostipes hadrus 0.018 0.018 0.14 0.012 0.0687 0.005 0.653 0.421 
0.047 (0.008-

0.351) 
0.0781 0.1094 0.0391 

Eubacterium hallii 0.081 0.016 0.047 0.011 0.1886 0 0.077 0.081 
0.062 (0.013-

0.081) 
0.0156 0.3125 0.0078 

Roseburia/Eubacterium 

rectale 
0.21 0.048 0.416 0.038 0.3645 0.049 0.175 0.318 

0.193 (0.048-

0.352) 
0.1484 0.1484 0.0078 

Faecalibacterium 
prausnitzii 

0.056 0.009 NA 0.022 0.0187 0.014 0.039 0.173 
0.020 (0.01-

0.05) 
0.1563 0.0781 0.0156 

Subdoligranulum variable 0.314 0.026 0.231 0.061 0.117 0.034 0.198 0.047 
0.089 (0.037-

0.223) 
0.0781 0.25 0.0078 

butyryl-CoA:acetate CoA-

transferase gene  
0.029 0.0145 0.04 0.025 0.1884 0.009 0.036 0.014 

0.027 (0.014-

0.390) 
0.0078 0.1484 0.0156 

 
            

1NA= no quantifiable amplification, 2 O2=ambient air processing, 3 FT= freeze-

thawing, HK= heat-killing           
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Appendix 5: FMT donor and recipient screening  
 

5.1: Faecal donor screening questionnaire  

 

Date: 
Name: 

Date of birth: 
 

Have you received antibiotic therapy in the last 6 months?   Y         N 

If so, when? 
 

Have you travelled outside of Australia in the past 6 months?       Y         N 
o If yes, where? 

 

Do you take medication? If so, please elaborate.   Y         N 
 

Are you a smoker?       Y         N 
 

Do you have a history of any of these medical conditions? 

• Inflammatory bowel disease     Y         N 

• Irritable bowel syndrome     Y         N 

• Colonic polyps      Y         N 

• Malignancy or cancer      Y         N 

• Any other gastrointestinal disorder    Y         N 

o If yes please elaborate 

• Obesity       Y         N 

• High blood pressure       Y         N 

• Diabetes       Y         N 

• Heart disease       Y         N 

• Stroke        Y         N 

• Major depression      Y         N 

• Infection with Hepatitis B or C, HIV or syphilis  Y         N 

• Autoimmune disease (ie rheumatoid arthritis, SLE)  Y         N 

• Atopic disease       Y         N 

• Chronic pain syndrome or neurological disorder   Y   N 

 

Do you have any other medical illnesses?    Y         N 
o If yes please elaborate 

Have you had unprotected sexual intercourse in the last 1 month  
 outside of a long term monogamous relationship?   Y         N 

Have you had a tattoo or body piercing within the last 6 months? Y         N 

Do any household members have infective symptoms?  Y         N 
Have you used intravenous illicit drugs?    Y         N 
Have you been incarcerated in prison in the past?   Y         N 

 

Signed:  
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5.2 Medical interview (exclusions)  

• Age: <18 or >65 

• Antimicrobial therapy or probiotics in the past 3 months  

• Active medical illness or symptoms 

• Any medications (other than oral contraceptive pill) 

• International travel in last 6 months to areas at high risk of travellers’ diarrhoea 

• High risk sexual activity (unprotected sex in last 1 month outside of a monogamous 

relationship, men who have sex with men, sex for drugs or money) 

• Illicit drug use 

• Tattoo or body piercing within 6 months 

• Known HIV or viral hepatitis exposure in the last 12 months 

• Incarceration or a history of incarceration. 

• Family history of colorectal carcinoma involving 2 or more first degree relatives 

• Household members with active GI infection 

 

5.3 Medical history and Examination (exclusions) 

• Any gastrointestinal disorder 

• Obesity (BMI>30), hypertension, type 2 diabetes and dyslipidaemia 

• Malnutrition (BMI <18) 

• Autoimmune disease 

• Atopic disease 

• Depression 

• Infection with HIV, Syphilis, Hepatitis B or C 

• Malignancy 

• Chronic pain syndromes, neurologic or neurodevelopmental disorders 

 

5.4 Blood screening 

Blood testing will be performed at SA Pathology using assays validated and accredited for 

use diagnostic use by the National Association of Testing Authorities, Australia (NATA) 

• Full blood count  

• Electrolytes, Urea and Creatinine (renal impairment eGFR<60) 

• Liver function tests (abnormal LFTs are exclusions) 
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• Human T-cell lymphotropic virus 1 and 2 serology (HTLV-1 and HTLV-2) 

• Epstein Barr Virus (EBV) IgM and IgG 

• Cytomegalovirus (CMV) IgM and IgG 

• Syphilis (Treponemal serology)  

• Strongyloides stercoralis serology 

• Helicobacter pylori serology 

• Toxoplasma serology 

• Hepatitis A virus (HAV) IgM 

• Hepatitis B virus (HBV) surface antigen, core antibody 

• Hepatitis C (HCV) PCR 

• Human immunodeficiency virus (HIV) PCR  

• Antinuclear antibody (ANA)  

• Fasting lipids and blood glucose level 

• C-Reactive Protein (CRP) 

 

5.5 Stool screening 

Stool testing will be performed at SA Pathology using assays validated and accredited for use 

diagnostic use by the National Association of Testing Authorities, Australia (NATA). 

• Bacterial pathogen multiplex PCR (including Salmonella, Shigella, Campylobacter 

and Shiga-toxin producing E. coli)  

• Viral pathogen multiplex PCR (Rotavirus, Norovirus and Adenovirus) 

• C. difficile toxin PCR 

• Parasitic pathogens multiplex PCR (including Cryptosporidium spp., Giardia spp., 

and Entamoeba histolytica PCR) 

• Stool culture for Vancomycin-resistant enterococci (VRE), Extended-spectrum beta-

lacatamse (ESBL) and Carbapenem-resistant Enterobacteriaceae (CRE). 

• PCR on rectal swab testing for chlamydia, gonorrhea and herpes simplex virus DNA 

 

5.6 Documentation and tracing of donors 

Each stool donor will be recorded in the study “stool donor register” document. This will 

include the donor’s name, date of birth, address and contact details. It will also record the 

result of screening history, physical examination and blood and stool tests. Each donor will 

be assigned a donor number.  
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After collection each donation will be screened for known bacterial pathogens (and each 

donor will also be screened as outlined in the protocol for other illnesses), then a small 

amount of each individual donation will be set aside, labelled with a name and donor number, 

and frozen individually. This will allow repeat testing for some pathogens and tracing of each 

individual donation in the future in the event of possible transmission of infection. 

Each stool aliquot will then be numbered and recorded in a secure and confidential document 

designated the “faecal transplant aliquot document” (to be viewed only by the study 

investigators). This will list the stool donor number that contributed to each aliquot. In this 

way any possible transmission of infection could be traced.  

 

5.7 FMT recipient work-up 

Detailed past medical history: 

• Number and type of infections due to the RGNB 

• Antibiotic use history (current and prior) 

• Surgical history 

• Hospitalisation 

• Comorbid disease  

 

Stool infection screen for VRE, ESBL, C. difficile toxin, molecular tests for enteric 

pathogens. HIV, HBV, HCV serology test prior to FMT. CMV serostatus is noted in solid 

organ transplant recipients. Participants are excluded from the trial if they have tested 

positive for a diarrheal pathogen until the infection has resolved or been treated. If patients 

have tested positive to VRE or C. difficile (without diarrhea) these results are noted as being 

positive prior to FMT administration. Serology is taken just prior to FMT administration to 

document serostatus prior to FMT and does not change eligibility for the trial. 
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Appendix 6: Study Manual for the MOCI Study 

 

 

 
 

 

  

 

 

Study Manual 

 

Microbiome and Outcomes in Critical Illness (The MOCI Study) 
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1.Study Synopsis  
 

Title  Microbiome and Outcomes in Critical Illness (The MOCI Study) 

Principal investigator Dr Lito Papanicolas  

Protocol registration 
 

Study objectives  Primary aim:  

To determine effect of residency in the ICU on microbial 

communities in the gut and lung. 
 

Secondary (exploratory) outcomes: 

a) To determine the effect of residency in ICU on the 

acquisition of antimicrobial resistance genes in gut 

and respiratory microbiota.  
b) To determine the relationship between the microbial 

communities and antibiotic resistance carriage with 
the following outcomes: 

a. 30-day mortality 

b. Length of hospital stay 
c. Development of sepsis in ICU 

d. Ventilator associated pneumonia 
c) To determine effect of enteral nutrition composition 

on microbiome communities in the gut in critically ill 

adults 
d) To determine the feasibility of longitudinal collection 

of faecal and respiratory samples from patients 
admitted to the RAH intensive care unit (ICU) for 

microbiome analysis in order to establish the sample 

sizes required for conducting larger studies.   
Participant population   Inclusion criteria 

1. Any patients admitted to the Royal Adelaide Hospital or Flinders 

Medical Centre ICU 
2. Age ≥18 

3. Patient is receiving invasive mechanical ventilation (IMV)  

4. Patient is predicted by intensivist to have length of stay (LOS) 
>3 days 

 
Exclusion criteria  

1. Death is deemed to be imminent during this admission and either 

the attending doctor, patient or substitute decision maker is not 
committed to active treatment 

2. Duration of admission is predicted to be less than 72 hrs.  
3. Patient diagnosed with COVID-19 

 

Withdrawal criteria 
1.Unable to obtain specimen within 72hrs of enrolment 

Study design  MOCI is an observational cohort study.  



 

178 

 

Treatment N/A 

Study procedures  Collection of stool samples (if passed), and tracheal aspirates in 
intubated patients will occur three days per week starting as soon as 

possible after admission until the day of discharge from ICU (or until 

day 30 of admission).  If patients are not passing stool regularly, or a 
stool sample cannot be collected due to the time of day that it was 

passed, then a rectal swab will be used as an alternative method of 
collecting stool.  

 

(Refer to the Schedule of Assessments)  
Statistics  To determine if significant shifts in bacterial microbiome composition 

have occurred during ICU residency, analysis will compare the gut 

microbiome composition taken within 48 hrs of admission to ICU 
with the composition of the microbiome taken closest to the time of 

discharge from ICU. This will be determined using permutational 

analysis of variance (PERMANOVA) analysis (alpha =0.05) on 
weighted UniFrac distance of paired samples. Alpha diversity 

measures including taxa richness, Shannon and Simpson’s metrics 
will be calculated using QIIME2 and Primer software with 

significance (p<0.05) determined using the Wilcoxon matched-pairs 

signed rank test. Differences in individual taxa or genes will also be 
determined using the Wilcoxon matched-pairs signed rank test with 

the Benjamini-Hochberg correction applied to correct for false 
discovery. Multivariate linear regression performed against alpha 

diversity metrics and UniFrac distance will be used to determine if 

there are significant differences in microbiome data in different 
clinical groups.    

Recruitment period RAH: 31st August – 9th October 2020 

FMC: 1st of October 2020 - 1st January 2021 

 

Participant recruitment Recruitment for this study will occur over a defined 6-week period. 

The number of patients recruited per investigator per day will be 
limited to 6, to allow at least an hour of time required to collect data 

and specimens for each patient.   

 
 

 

2.Contact Details 
 

Study PI Dr Lito Papanicolas  Lito.Papanicolas@sa.gov.au 
Study Coordinator Erin Flynn Erin.flynn@sahmri.com 

 

RAH PI Dr Lito Papanicolas Lito.Papanicolas@sa.gov.au 

RAH Coordinator Dr Lee-anne Chapple Lee-anne.Chapple@sa.gov.au 
 

FMC PI Dr Shailesh Bihari Shailesh.Bihari@sa.gov.au 
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FMC Coordinator Tapaswi Shrestha Tapaswi.Shrestha@sa.gov.au 
 

 

3.Ethics Approvals 
 

Committee Approval Date Protocol # Reference # 
Human Research 

Ethics Committee 
Central Adelaide 

Local Health 

Network 

30 June 2020 MOCI Protocol V6 

/ 19 May 2020 

HREC reference: 

HREC/19/CALHN/211 
  

CALHN Reference: 

R20190504 
Southern Adelaide 

Clinical Human 
Research Ethics 

Committee  

   

 

4.Participant Recruitment & Consent 
 

Inclusion/exclusion criteria  

Inclusion criteria 
 

1. Any patients admitted to the Royal Adelaide Hospital or 

Flinders Medical Centre ICU 

2. Age ≥18 

3. Patient is receiving invasive mechanical ventilation (IMV)  

4. Patient is predicted by intensivist to have length of stay (LOS) 

>3 days 

 

Exclusion criteria 
 

1. Death is deemed to be imminent during this admission and 

either the attending doctor, patient or substitute decision maker 

is not committed to active treatment 

2. Duration of admission is predicted to be less than 72 hrs.  

3. Patient diagnosed with COVID-19 

 

Withdrawal criteria 

 

1. Unable to obtain specimen within 72hrs of enrolment 

 
 

Recruitment process 

1. Screening: Daily (Monday – Friday) new ICU admissions will be identified by review of 

the ICU patient admission database. These patients will be screened for eligibility for 

inclusion in the study through review of patient case notes.  

2. Enrolment: Eligible patients enrolled, and sample collection commenced  
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3. Withdrawal: At the first appropriate opportunity the legally acceptable representative will 

have the study explained to them and be given an information sheet and consent form 

with the opportunity to opt their relative out of the study.  

 
Template logs available for: 

• MOCI 2020 screening and sample log ‘Screening Log’ tab - Enter all patients who 

meet the inclusion criteria and select any exclusion if applicable. If no exclusions 

apply and patient is eligible, leave the exclusions column blank and allocate a study 

number to enrol the patient. 

• ‘Sample Log’ tab – Use this log to keep track of samples collected, sample type and 

the date and time of collection. For ease of navigation, the sample log has been 

divided so that every tab contains 10 participants only. 

MOCI Enrolment log – Enter enrolled patients. Can use this log to also keep track of when 
the consent brochure was given to next of kin and additional details.  

Schedule of Assessments 

Assessment / Procedure   

Study enrolment/ICU admission day  0 3 6 9 12 15 18 21 24 27 30 

ALL PARTICIPANTS                    

Screening & enrolment  x          
 

Delayed, opt-out consent  x x        
 

REDCap – ICU admission form  x         
 

Tracheal aspirate sample* x x x x x x x x x x x 

Stool sample/rectal swab* x x x x x x x x x x x 

 REDCap – Sample collection form* x x x x x x x x x x x 

REDCap – IMV form           x 

REDCap – LOS form           x 

*Continue only until ICU discharge or day 30 of ICU admission, whichever comes first 

5.Sample Collection 
 

Standard Operating Procedure (SOP) 

MOCI SPECIMEN COLLECTION  

1. Purpose 

1.1. This SOP standardises the procedure for collecting stool samples and tracheal 

aspirates for the MOCI study. 

 

2. Scope 

2.1. This SOP applies to all persons involved in the collection, transport or storage 

of samples for the MOCI study.  
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3. Responsible Individuals 

3.1. Principal Investigator: The Principal Investigator will assure that all staff 

involved with specimen collection are experienced and proficient in the 

collection of study specimens. 

3.2. Research Coordinator: The research coordinator will assure that informed 

consent has been obtained prior to the collection of any specimen. The research 

coordinator will assure that labels and equipment needed for collection are 

available. 

 

4. Materials and equipment 

 
Stool sample 1. 20ml specimen collection container  

2. Sterile dry swab 

3. Specimen bag  
4. 1x label per participant 

 
Tracheal Aspirate 

 

1. Sputum trap with collection pot 

2. 1x label per participant 

3. Specimen bag 

 

5. Sample Labelling 

5.1. For each participant include the following  

5.2. MOCI 

5.3.  R2= RAH, F1=FMC 

5.4. MOCI patient ID= number  in order of recruitment and initials  

• Eg first patient recruited Jane Doe= 001JD  

5.5. Sample type 

• RS= rectal swab 

• ST= stool  

• COL= colostomy specimen 

• TA= Tracheal aspirate 

5.6. Number indicating which sampling time-point you are up to eg: ST-2 (second 

sample collected) 

5.7. Date and time to be added by nurse collecting specimen but to be confirmed by 

study staff (this is important to be correct on the label) 

Example of final label:  
 

 

 

 

6. Sample Collection 

After explaining the study to the nurse, give the ICU nurse attending to patient 

participant an Esky which contains ice, a stool pot, a rectal swab, 2 biohazard bags 

MOCI R2 , 001 JD 

ST-2, 20-Oct-20; 13:30 
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and 2 patient specific labels. Also supply the nurse with a sputum collection set from 

the ward imprest system.  

The ICU nurse should already be familiar with the procedures and safety precautions 

used to collect the specimens, as these types of specimens are routinely collected in 

ICU. If not, the nurse should request assistance from a nurse who is trained in how 

to collect the specimens.  

Generally, stool specimens are collected when it is time to turn the patient as this is 

when routine hygiene is performed.  Tracheal suctioning is also performed at regular 

intervals and this is when the tracheal aspirates should be collected.  

6.1. Stool 

a. If the patient participant has opened bowels, the nurse should collect 

a stool specimen using either the stool pot lid scoop or by dipping the 

swab into the faecal material ( this option is suitable when only a 

small amount of faecal material is visible and is insufficient to be 

collected in the pot) 

b. If the patient has a faecal management system (FMS), a colostomy or 

ileostomy request that the sample is collected from these sites instead 

(again either a pot or swab may be used).  

c. If the patient has not opened bowels at the time of turning, the nurse 

should collect a rectal swab (same method used to collect VRE 

swabs) at that time.  

d. After the specimen has been collected, the nurse should break the 

swab at the marked line and place the swab tip into the stool 

specimen pot and secure the lid 

e. The stool pot (which contains either a stool specimen or the stool 

swab) should be labelled with a MOCI label with the patient’s study 

number and date of collection. The nurse should add the time of 

collection to the label. If a nurse has used a patient label on the 

container this should be removed before processing.  

f. Place container in the biohazard specimen bag and seal  

g. Place bagged container onto ice in the Esky until transfer to SAHMRI 

laboratory for processing. DO NOT send the samples to SA 

Pathology via chute. 

 

6.2. Tracheal Aspirate  

a.  The patient participant’s nurse should collect a tracheal aspirate 

specimen when routine suctioning of the patient occurs.  

b. The sample collection should occur using the same procedures used to 

collect a tracheal aspirate specimen for routine culture testing.  

c. The tracheal aspirate specimen container should be labelled with a 

MOCI label with the patient’s study number and date of collection. 

The nurse should add the time of collection to the label. If a nurse has 

used a patient hospital label on the container this should be removed 

before processing. 

d. Place container in the biohazard specimen bag and seal  
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e. Place bagged container onto ice in the Esky until transfer to SAHMRI 

laboratory for processing. DO NOT send the samples to SA Pathology 

via chute.  

 

 

7. Standard Precautions for handling specimen containers for research staff 

Always wash hands before and after handling specimen containers. Wear gloves if handling 
specimen container (eg to remove or add labels). Take care not to contaminate the outside of 

the containers/tubes  
 

8. Transfer of specimens to SAHMRI 

Samples can remain on ice for up to 24 hrs, however ideally samples will be transferred 

to the laboratory within a few hours of collection. 

 

7.1.1 Contact the SAHMRI research assistant when samples are ready to be handed over. 

7.1.2 RAH only: Hand over Eskys just outside the RAH on level 4 exit facing the SAHMRI 

building.  

9. Specimen processing at SAHMRI laboratory 

 

1. Don laboratory gown and gloves 

2. Clean surface of the Class 2 biosafety cabinet with 70% Ethanol 

3. Remove bagged specimens from Esky and place into biosafety cabinet 

4. Open specimens only inside the biosafety cabinet 

5. Clear scissors with 80% ethanol, and cut tip off stool swab. Place swab tip 

into a 1.5 mL tube pre-filled with 1mL 20% glycerol saline. Ensure labelled 

appropriately.  

6. If stool remains in pot, use clean plastic 10 micron loop to place a loopful 

(~300 µg) stool into another 2 tubes.  

7. Clean scissors using ethanol before and after every use 

8. Use a new swab to swab the tracheal aspirate specimen and cut the tip off 

and place into 1.5 mL tube pre-filled with 1mL 20% glycerol saline. Ensure 

labelled appropriately.  

9. If tracheal aspirate remains in pot, use clean plastic 10 micron loop to place 

a loopful (~300 ug) stool into another 2 tubes. Ensure labelled 

appropriately. 

10. Store tubes in labelled boxes in appropriate -80 C freezer in SAHMRI 

basement freezer room.   

11. Empty Esky of ice, wipe down interior with 70% Ethanol and arrange 

return to RAH 

 

6.Secondary Data Collection 
All data collected will be collected via the REDCap data entry program, the details of the 

data collection is in section 7, but the general principals are covered in this section.  
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The REDCap program can be accessed by approved staff members via the following website: 
https://redcap.sahmri.com/redcap_v9.3.1/index.php?pid=175 

Data is entered into one of 6 domains on REDCap: 

• ICU admission 

• Sample collection 

• IMV history 

• Length of stay 

• Microbiology 

• Radiology 

 

ICU admission form:  

This form collects data related to demographic details of the patient, underlying conditions 
and admission diagnosis. This data is collected only once during the admission and data 

required should be available to investigators at the time of study enrolment.  
Sample collection form:  

This form collects data about the specimen collected and details about the patient’s condition 

at the time of specimen collection. Therefore a new specimen form should be completed each 
day a new specimen is collected. This data is collected prospectively either from the patient’s 

daily ICU chart and bedside case notes or EPAS/EMAR electronic systems. 
As part of this form, patient SOFA scores will be recorded: 

 

https://redcap.sahmri.com/redcap_v9.3.1/index.php?pid=175
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Guidance on SOFA score calculation 

Variables Instructions 

Respiratory 
PaO2/FiO2 (mm Hg) 

Lowest ratio between PaO2 and the corresponding FiO2 
values from the blood gas for the calendar day. Allocate a 

score between 0 – 4 accordingly as per chart. For a patient 

on invasive mechanical or non-invasive ventilation, they 
attain a score 0 – 4. With self-ventilated patients they can 

only score between 0 – 2. For example, if a mechanically 
ventilated patient had PaO2 of 144 and FiO2 of 0.9, then: 

 

PaO2/FiO2 = 144/0.9 = 160  (Allocate a score of 3). 
Coagulation 

Platelets X 109/L 

Lowest platelet count for the calendar day. 

Liver 

Bilirubin, mg/dL 

                µmol/L 

Highest bilirubin levels for the calendar day. 

Cardiovascular 

Hypotension 

Lowest mean arterial pressure (MAP) on the calendar day. 

If patient has received any of the medications mentioned on 
the chart, collect the patient’s weight and the maximum 

dose of the drug received within the calendar day, to 

calculate the Mcg/min/kg.  
Central Nervous System 

Glasgow Coma score 
(GCS) 

Lowest GCS documented prior to administration of 

sedatives and pre-intubation. Once patient has been 
extubated, find the lowest GCS. 

Renal 

Creatinine, mg/dL 
                  µmol/L 

Or urine output,  

Highest creatinine value for the calendar day. 

 
 

If patient is on dialysis, collect total urine output for the 
calendar day instead. 

SOFA Score is equal to the sum of all the scores for each variable. 

IMV History form: 
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This form prospectively collects information about ventilation including intubation, 
extubation and tracheostomy events, these should be updated as required during the study 

period.  
Length of Stay form: 

This form prospectively collects information about ventilation including intubation, 

extubation and tracheostomy events, these should be updated as required during the study 
period.  

Microbiology and Radiology forms:  

These forms will be completed retrospectively and are the responsibility of the chief PI, not 

site investigators. 
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7.REDCap  
 
Codes  

99 - Other 

98 - Unknown 
97 - N/A or Not 

Applicable 
96 - Not sure / Unsure 

95 - None of the above 

 

Definitions  

Current calendar day Time starting at 00:00 (midnight) of the same day as sample collected 
 

Preceding 48 hours Time period 48 preceding sample collection time 

 
Study period Date of MOCI enrolment until day 30 of ICU admission 

 
 

Data type 

Multiple choice – square icons 

 
Single choice – circular icons  

 
Free text 
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Formatted date or date & time 

  or  

Calculated field (no entry required) 
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REDCap Forms
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