
	

1	

	

 

 

Population structure and  
carriage-infection dynamics of  

Klebsiella pneumoniae 
 

 

Claire Louise Gorrie 
Doctor of Philosophy 

March 2018 
 

 

Department of Biochemistry and Molecular Biology  

& Department of Microbiology and Immunology  

The University of Melbourne 

 

 

Submitted in total fulfilment of the requirements  

of the degree of Doctor of Philosophy 

 

 

ORCID: 0000-0002-2637-2529



	

2	

	

Abstract 

 

Klebsiella pneumoniae is an opportunistic pathogen and global cause of hospital-

associated (HA) infections. K. pneumoniae is also part of the healthy human 

microbiome, providing a potential reservoir for infection. However, the frequency of 

colonisation and its contribution to infections are not well characterised.  

A prospective, hospital-wide surveillance of all infections attributed to K. pneumoniae – 

across the Alfred Health network, Melbourne, Australia – was conducted over a one-

year period in 2013. Concurrently, patients in the intensive care unit (Alfred Hospital; 

AH) and geriatric care wards (Caulfield Hospital; CH) were screened for asymptomatic 

colonisation. Isolates were characterised using whole genome sequencing and 

antimicrobial susceptibility profiling.  

This study aimed to address several objectives:  

i) To investigate the frequency of colonisation in intensive care unit (ICU) patients 

and whether colonising strains are a source of infection; 

ii) To investigate the frequency and source of antimicrobial-resistant colonisation 

or infection in geriatric patients;  

iii) To characterise the population structure and genetic diversity of K. pneumoniae 

causing infections in hospital patients.  

This study estimated community-associated (CA) asymptomatic gastrointestinal 

carriage among ICU patients was at 6%, rising significantly to 19% among HA 

individuals, the latter including all identified multi-drug resistant carriage isolates. 

Many patients had their own unique colonising and infecting strains, often matching 

within a patient, though there were instances suggestive of transmission. The 

combination of genomic and epidemiological data supported five clusters of recent 

patient-to-patient transmission, frequently involving carriage. 

Among the CH geriatric patients screened, GI carriage rates were 10.8% and 1.7% of 

patients had extended-spectrum beta-lactamase (ESBL) producing carriage strains. 

There were three variably MDR lineages observed among multiple patients, and though 
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there was no direct transmission within the CH, there was evidence supporting 

transmission at the AH prior to CH admission. The major MDR plasmids were 

identified; all had regions of clustered AMR genes on transposons and/or integrons. 

Two of the lineages shared variants of the same plasmid indicating transmission of 

AMR mobile elements between strains.  

Across all Klebsiella infections extensive diversity was observed including multiple 

species, lineages, capsule types, and O-antigen types. Most patients had their own 

unique carriage and infection strains but there were a small number of transmission 

chains detected. In most transmission cases, the lineages responsible were ESBL, MDR, 

or carbapenemase producers. Therefore, patients with antimicrobial-resistant strains 

pose a greater threat to those around them, as these strains were most strongly 

associated with transmission.  

This study showed that the majority of hospital Klebsiella infections arise from the host 

microbiome, though there is also a smaller burden of infection due to transmission of 

typically antimicrobial-resistant strains. This has important implications for infection 

prevention and control: people who are not colonised with Klebsiella have low risk of 

subsequent infection, except for when infections arise from acquisition of other 

patients’ antimicrobial-resistant strains. This work revealed that screening for 

colonisation can elucidate; i) which patients are at risk from infection through self-

contamination, and ii) the AMR status of patients’ strains and therefore which 

individuals pose a risk to other patients through potential transmission.  
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Preface 

 

In this preface, a summary is provided of the contents of each chapter in this thesis, the 

chapters that are included as publications are listed, and the contribution to the chapters 

from the co-authors and supervisors are listed.  

 

Chapter 1: Introduction  

This is an original overview of the background, key concepts, and motivations for this 

thesis, with the original works cited.  

 

Chapter 2: Carriage and Infection in intensive care patients  

This chapter is an original work that resulted in a publication in Clinical Infectious 

Diseases (DOI: 10.1093/cid/ciy027). The author of this thesis was first author and the 

main contributor of work presented in this publication.  

The nature and extent of my contributions to this chapter are detailed below:  

• I contributed to the design of this published study and interpretation with Adam W. 

J. Jenney and Kathryn E. Holt.  

• I performed all genomic DNA extractions for isolates included in this paper.  

• I conducted all epidemiological, phylogenetic, and genomic analysis with code 

contributions from David J. Edwards and input from Adam W. J. Jenney and 

Kathryn E. Holt.  

• I was responsible for the planning, drafting, editing, and submission of the 

manuscript, though all co-authors also edited the manuscript.  
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Chapter 3: Carriage, infection and antimicrobial resistance in geriatric wards 

This chapter is an original work that resulted in a publication in Clinical Infectious 

Diseases (DOI: 10.1093/cid/cix270). The author of this thesis was first author and the 

main contributor of work presented in this publication.  

The nature and extent of my contributions to this chapter are details below:  

• I contributed to the design of this published study and interpretation with Adam W. 

J. Jenney and Kathryn E. Holt.  

• I performed all genomic DNA extractions for isolates included in this paper.  

• I performed library preparations for Nanopore long-read sequencing under 

supervision and assistance from Louise M. Judd.  

• I conducted all epidemiological, phylogenetic, and genomic analysis with code 

contributions from Ryan R. Wick and input from Kelly L. Wyres, Adam W. J. 

Jenney and Kathryn E. Holt.  

• I was responsible for the planning, drafting, editing, and submission of the 

manuscript, though all co-authors also edited the manuscript.  

 

Chapter 4: A comprehensive overview of Klebsiella infections  

This chapter is an original work resulted in an in-progress manuscript, soon to be 

submitted. The author of this thesis was first author and the main contributor of work 

presented in this manuscript.  

The nature and extent of my contributions to this chapter are details below:  

• I contributed to the design of this published study and interpretation with Adam W. 

J. Jenney and Kathryn E. Holt.  

• I performed all genomic DNA extractions for isolates included in this paper.  
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• I performed library preparations for Nanopore long-read sequencing under 

supervision and assistance from Louise M. Judd.  

• I conducted all epidemiological, phylogenetic, and genomic analysis with code 

contributions from Ryan R. Wick and input from Kelly L. Wyres, Adam W. J. 

Jenney and Kathryn E. Holt.  

• I was responsible for the planning, drafting, editing, and submission of the 

manuscript, though all co-authors also edited the manuscript.  

 

Chapter 5: Conclusions 

This is an original summary of the implication and significance of the work presented in 

this thesis.  
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Chapter 1: Introduction and literature review 

1.1 Klebsiella pneumoniae 

Klebsiella pneumoniae is a Gram-negative bacillus found ubiquitously in a 

preponderance of ecological ‘niches’ (Podschun et al. 2001). These niches include both 

environmental (such as soil, water, and drains) and host-associated niches (such as the 

gastrointestinal and respiratory tracts, and skin) (Podschun et al. 2001; Podschun & 

Ullmann 1998). K. pneumoniae is a member of the Enterobacteriaceae family, from the 

Enterobacteriales order, and is related to the Salmonella, Escherichia and Shigella 

genera, among others (Figure 1.1).  

 

Figure 1.1. Neighbour joining tree inferred from genetic distances between species of the 
Enterobacteriales order (within which the Enterobacteriaceae family falls). Figure and 

analysis by Ryan Wick using Bacsort (https://github.com/rrwick/Bacsort).  

In recent times, K. pneumoniae has been increasingly recognised as an opportunistic 

pathogen (Podschun & Ullmann 1998; Weinstein et al. 2005; Centres for Disease 

Control and Prevention US 2013). Unlike other members of the Enterobacteriaceae 

family, K. pneumoniae is not associated with causing gastro-intestinal disease. Instead 
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K. pneumoniae is increasingly associated with acting opportunistically in host-

associated niches to cause disease; K. pneumoniae can invade a range of host tissues, as 

well as disseminate systemically in the blood, though this is typically seen more in 

immune-compromised individuals, particularly in hospitalised patients, rather than in 

the wider, healthy community (Podschun & Ullmann 1998; Boucher et al. 2009).  

Some strains of K. pneumoniae encode genes that can facilitate survival inside a host; 

and as such can be considered ‘virulence factors’ due to the role they play in infection 

(V. L. Yu et al. 2007; W.-L. Yu et al. 2008). Virulence factors of particular interest in 

K. pneumoniae include the siderophores (enterobactin, yersiniabactin, aerobactin, 

salmochelin), a genotoxin (colibactin) and the presence of a hypermucoviscous 

polysaccharide capsule (Lawlor 2007; Schembri et al. 2005; Bachman et al. 2012; Lam 

et al. 2017; Kawai 2006). Sometimes, too, the capsule itself is deemed a virulence factor 

regardless of hypermucoidy, as it protects against components of the immune system 

during infection, though the degree to which this occurs appears to differ by capsule 

type (Ciurana & Tomás 1987). Strains encoding one or more of these factors are often 

considered virulent (or hypervirulent, although this term is most commonly used to 

describe hypermucoid isolates) – and are more commonly isolated from community-

associated (CA) infections (Holt et al. 2015). Although these virulence factors play an 

important role in intra-host survival and pathogenesis, they also contribute to survival in 

the environment (Podschun et al. 2001).  

Intrinsically resistant to ampicillin, K. pneumoniae has proven adept at rapidly 

obtaining additional resistance to a variety of classes of antimicrobials. Though 

currently rare, K. pneumoniae strains now exist that exhibit resistance to all 

antimicrobial treatment options (L. Chen et al. 2017; Elemam et al. 2009; Sanchez et al. 

2013; Sonnevend et al. 2017). Less rare, but with the potential to quickly become pan-

resistant, are those which are multiply- or extensively-resistant (Sanchez et al. 2013; 

Souli et al. 2008; Boucher et al. 2009). This includes strains resistant to all 

antimicrobials commonly or occasionally used in treatment: beta-lactam penicillins 

other than ampicillin (often in combination with beta-lactamase inhibitors), 

nitrofurantoin, dihydrofolate reductase inhibitors (with or without sulphonamides), 

aminoglycosides, fluoroquinolones, cephalosporins of all generations, carbapenems, and 

polymyxins. Summarily, the propensity to rapidly acquire widespread antimicrobial 
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resistance undoubtedly makes K. pneumoniae a serious public health threat. This is 

especially the case when K. pneumoniae is causing infections in immunocompromised 

hosts, who are therefore heavily reliant on antimicrobial treatment for clearance of these 

infections. 

1.1.1 Taxonomy and classification 

The nomenclature of the Klebsiella genus has changed significantly since 

K. pneumoniae was first identified, particularly with the advent of whole-genome 

sequencing (WGS). To date, there have been a number of significant changes to the 

taxonomy of the Klebsiella genus, driven in large part by the advancements in DNA 

sequencing technology.  

The Klebsiella genus was originally divided into three species, based on differences in 

clinical phenotypes; Klebsiella rhinoscleromatis, Klebsiella ozaenae, and Klebsiella 

pneumoniae (Podschun & Ullmann 1998; Brisse et al. 2009). However, following more 

extensive sampling and a the development of a 16S rDNA analysis-based classification 

system, five clusters of Klebsiella species were defined (Podschun & Ullmann 1998; 

Brenner 1977; Jonasson et al. 2002; Mollet et al. 1997). These were: Cluster I, 

Klebsiella oxytoca; Cluster II, Klebsiella terrigena; Cluster III, Klebsiella ornitholytica 

and Klebsiella planticola; Cluster IV, Enterobacter aerogenes; Cluster V: Klebsiella 

pneumoniae spp. pneumoniae, Klebsiella pneumoniae spp. rhinoscleromatis, and 

Klebsiella pneumoniae spp. ozaenae. Additionally, phylogenetic analysis of the 

sequence of the gyrA and parC genes was later used to divide the Cluster V 

K. pneumoniae spp. pneumoniae into three distinct phylogenetic groups; KpI, KpII 

(with subgroups KpII-A and KpII-B), and KpIII (Jonasson et al. 2002; Mollet et al. 

1997; De Melo et al. 2011; Brisse et al. 2004).  

Until recently, most studies on K. pneumoniae focused on human clinical isolates, 

amongst which KpI was most commonly isolated (typically ≥80% of samples), whereas 

both KpII and KpIII were comparatively much rarer (Holt et al. 2015; De Melo et al. 

2011; Brisse et al. 2004). The reason for this is unclear, though KpI also exhibits the 

highest rates of antimicrobial resistance (AMR), a facet that may contribute to – or arise 

from – its persistence and success in human infections (De Melo et al. 2011; Brisse et 

al. 2004). In contrast, KpII and KpIII are less prevalent in human infections and exhibit 
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lower levels of AMR, compared to KpI. KpIII in particular has been associated most 

closely with higher numbers of environmental isolates than human clinical isolates 

(Rosenblueth et al. 2004).  

The advent and application of WGS analysis has resulted in the current classification 

scheme for the Klebsiella genus. At present, eight distinct species of Klebsiella have 

been identified and named. Further, additional diversity does exist – potentially at both 

subspecies and species levels – but remains as yet unclassified at this point in time 

(Figure 1.2) (Brisse et al. 2014; Brisse & Verhoef 2001; Holt et al. 2015; Rosenblueth 

et al. 2004; Passet & Brisse 2018).  

 

Figure 1.2. Phylogeny representative of genetic distances between species of the 
Klebsiella genus, inferred from a comparison of genome-wide kmer profiles using 
mashtree. Figure adapted from https://github.com/katholt/Kleborate/. Species falling within the 

K. pneumoniae complex are highlighted by the yellow box.  

Each reclassification of the Klebsiella genus has seen the refinement of members of the 

genus. For example, what was once referred to collectively as the cluster I K. oxytoca 

now comprises Klebsiella oxytoca, Klebsiella michiganensis, and Klebsiella grimontii, 

with at least one known and closely related phylogenetic group present but un-named 

(shown in Figure 2.1). There are also several distinct phylogenetic groups falling within 

the Klebsiella aerogenes – initially cluster IV Enterobacter aerogenes – species (Figure 

2.1). Further, the aforementioned KpI, KpII and KpIII phylogenetic groups have 
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similarly undergone reclassification and are now known respectively as Klebsiella 

pneumoniae sensu stricto (hereon referred to as K. pneumoniae), Klebsiella 

quasipneumoniae (with subsp. quasipneumoniae and subsp. similipneumoniae) and 

Klebsiella variicola (Figure 2.1) (Brisse et al. 2014; Rosenblueth et al. 2004). These 

three species, along with the newly defined Klebsiella quasivariicola (Long, Linson, 

Ojeda Saavedra, Cantu, J. J. Davis, Brettin & Olsen 2017a) and another unnamed 

phylogenetic group, form a complex within the wider Klebsiella phylogeny, which is 

referred to here are the ‘K. pneumoniae complex’ (Figure 2.1).  

The species within the K. pneumoniae complex are frequently impossible to distinguish 

from one-another by traditional biochemical and molecular diagnostic techniques, such 

as mass spectrometry, and are typically all identified and reported as K. pneumoniae 

(Long, Linson, Ojeda Saavedra, Cantu, J. J. Davis, Brettin & Olsen 2017a). However, 

analysis and comparison of the species’ whole genome sequence data reveals clear 

separation, equivalent to that of separate species, and subspecies (Holt et al. 2015). As 

such, defining the presence and diversity of the species in the K. pneumoniae complex 

is heavily reliant on the use of whole genome sequencing (WGS).  

Despite the high level of species diversity that has been uncovered in the Klebsiella 

genus, each species typically inhabits a plethora of overlapping ecological niches. Many 

of them are predominantly associated with the environment and with plants, but can 

also be found asymptomatically colonising animal hosts, and acting as opportunistic 

pathogens. Some more recent studies have shown associations between Klebsiella 

species and specific phenotypes, including the frequency of acquired antimicrobial 

resistance (Brink et al. 2012; Holt et al. 2015), which indicates it is likely clinically 

important to consider the species separately. Whilst all are capable of both 

asymptomatic colonisation and disease, K. pneumoniae is most frequently observed as a 

cause of disease in humans, followed by K. oxytoca. In studies focusing on human 

clinical isolates, K. pneumoniae comprises approximately 80-85% of isolates identified 

as K. pneumoniae in hospital laboratories, whilst K. variicola and then 

K. quasipneumoniae are comparatively much more rare (Holt et al. 2015; Brisse & 

Verhoef 2001; De Melo et al. 2011). K. pneumoniae isolates generally also demonstrate 

the highest rates of AMR among the lineages, particularly against third generation 

cephalosporins (Brink et al. 2012).  
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1.1.2 Niche range 

Klebsiella can be found living in a wide range of environmental niches including water 

sources, soil, and various plants (Niemelä & Väätänen 1982; Lappin-Scott et al. 1988; 

Podschun et al. 2001; Barati et al. 2016). One study found Klebsiella in approximately 

half of all surface water samples examined, with the majority being K. pneumoniae 

(Podschun et al. 2001). Similarly, K. pneumoniae discharged from a paper mill was 

observed to survive in lake water (Niemelä & Väätänen 1982). K. pneumoniae has also 

been seen to survive not just in water but in oil wells, and can adapt to nutrient 

limitation and resultant starvation by reducing cell size (Lappin-Scott et al. 1988). The 

other species are seen less frequently in clinical infections and more so in environmental 

samples. K. variicola in particular are often plant-associated, including in various crops 

such as wheat and rice, and can contain an operon (the nif operon) that encodes 

nitrogen-fixing capabilities (Fouts et al. 2008; Dixon et al. 1980; Iniguez et al. 2004; 

Holt et al. 2015).  

As in the environment, Klebsiella are equally abundant in many animal hosts – 

including humans – where they can act as both normal, asymptomatic colonisers and as 

opportunistic pathogens (Bagley 1985; Podschun & Ullmann 1998; Brisse & Duijkeren 

2005). The wide range of hosts in which Klebsiella has been shown to reside include 

insects, shellfish, reptiles, birds, and mammals (Bonnedahl et al. 2014; Faghri et al. 

1984; Brisse et al. 2009). More specific examples include the presence of 

K. pneumoniae as a cause of mastitis in cows, and as a sexually transmitted disease 

among horses (Platt et al. 1976; Zadoks et al. 2011). K. pneumoniae can reside 

harmlessly in the human gastrointestinal tract, as well as in the naso- and oropharyngeal 

tracts (see Section 1.2.4) (Dao et al. 2014; Farida et al. 2013; Gorrie et al. 2017; R. M. 

Martin et al. 2016; Holt et al. 2015), but has also been associated as the causative agent 

of many different infections or diseases (Gorrie et al. 2017; R. M. Martin et al. 2016; 

Selden et al. 1971) (see Sections 1.2, 1.2.1 and 1.2.2).  In humans, Klebsiella cause 

infections mainly in hospitalised patients who are frequently immunocompromised and 

therefore at risk of such infections (Podschun & Ullmann 1998). 
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1.1.3 Properties of the K. pneumoniae genome 

The first complete K. pneumoniae genome sequences (K. pneumoniae strain 342, 

K. pneumoniae strain MGH 78578, and K. pneumoniae strain NTUH-K2044) were 

published in the early 21st century, and revealed a single, circular chromosome of 5.2 to 

5.6 Mbp, encoding between approximately 4800 and 5600 genes (McClelland et al. 

2001; Fouts et al. 2008; Wu et al. 2009).  

Despite the similarity in chromosome length and gene number, the gene content differed 

markedly between these early sequences. This suggested that K. pneumoniae had a 

small core genome (conserved because these genes encode essential cell functions) and 

a large accessory genome (encoding a range of non-essential functions that vary 

between strains). The combination of a relatively small set of core genes (the core 

genome) plus the set of all known accessory genes is known as the pan-genome; the 

total genetic content of a species (Tettelin et al. 2008; Medini et al. 2005). The size of 

the core, accessory and pan-genome depends on the range of strains being assessed. 

However, one study based on a diverse collection of 328 sequenced isolates (including 

K. pneumoniae, K. variicola and K. quasipneumoniae) estimated 1,743 core genes (1.48 

Mbp of sequence) and 28,143 accessory genes/protein coding sequences, and thus a 

combined total pan genome of 29,886 genes/protein coding sequences (Holt et al. 

2015). This shows that K. pneumoniae is likely able to sample genes from a broad 

accessory genome, providing a means for rapid and varied adaptation for survival in 

diverse ecological niches.  

1.1.4 Population structure 

Within the K. pneumoniae complex (comprised of K. pneumoniae, K. variicola, 

K. quasipneumoniae, and K. quasivariicola), additional genetic diversity has been 

revealed by WGS (Holt et al. 2015; Villa et al. 2017; Long, Olsen, et al. 2017; Long, 

Linson, Ojeda Saavedra, Cantu, J. J. Davis, Brettin & Olsen 2017b). Each of the species 

typically contain numerous distinct lineages, as evidenced by multiple typing methods 

including multi-locus sequence typing (MLST), core genome MLST (cgMLST) and 

whole genome phylogenetics.  
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1.1.4.1 Multi-locus sequence typing (MLST) 

MLST attempts to divide isolates within each of the species of the K. pneumoniae 

complex into subgroups based on the analysis of 500 bp sequences drawn from each of 

seven house-keeping genes; gapA, infB, mdh, pgi, phoE, rpoB, and tonB (Diancourt et 

al. 2005). Every unique sequence variant (allele) is assigned a new number, and each 

combination of seven alleles is assigned a sequence type (ST). A single nucleotide 

change in any gene results in the designation of a new allele for that gene, which in turn 

results in a new combination of alleles and therefore a new ST.  

Although MLST is useful for stratifying the K. pneumoniae population into clades, high 

rates of mutation and recombination within and between clades can mean that MLST 

does not always readily reflect the genetic relatedness of isolates (Wyres et al. 2015; 

Croucher et al. 2014; Bowers et al. 2015; Brisse et al. 2009). Specifically, isolates with 

the same ST may have very few or many single nucleotides polymorphisms present in 

the remainder of the genome, outside the seven MLST loci; conversely, isolates with 

different STs may be closely related, with variation due to a single SNP or 

recombination event, or may differ at all MLST loci and throughout the genome. 

Essentially, MLST is most useful in providing a broad classification of isolates into 

clonal groups (CGs) that share the majority of their alleles. It could therefore be used 

for identifying strains that may be closely related, but does not offer high enough 

resolution for investigating transmission and outbreaks with accuracy.  

1.1.4.2 Core genome MLST (cgMLST) 

An alternative to traditional MLST is that of core genome MLST (cgMLST). Whereas 

MLST focuses on only seven housekeeping genes, cgMLST uses a similar allelic 

combination approach but with a much larger set of genes. The current schemes use a 

total of 694 or 1,143 core genes, depending on the dataset used and whether this 

includes the K. pneumoniae complex species or just K. pneumoniae (Bialek-Davenet et 

al. 2014; Zhou et al. 2017). Given the larger number of genes assessed in this approach, 

cgMLST is more discriminatory than traditional MLST as more genetic variation is 

taken into account when grouping isolates. However, the K. pneumoniae genome 

typically has over 5,000 genes, and therefore much potential variation is still not 

included in cgMLST.  
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1.1.4.3 Whole genome phylogenetics 

Whist both MLST and cgMLST give some information about the genetic similarities 

and differences of strains examined, both assess only a limited number of genes, and 

fail to take into account genetic variation in less conserved genes that are not part of the 

species-wide core and not included in these schemes (Tsang et al. 2017). These two 

MLST approaches provide insufficient detail for inferring micro-evolutionary events 

within lineages of K. pneumoniae, necessary when assessing potential transmission 

chains, and so dynamic phylogenetic approaches are required. A whole genome 

phylogenetic analysis opens possibilities to analysing much more of the genome and 

understanding the true genetic variation present (Fricke & Rasko 2014; Koser et al. 

2012; Tsang et al. 2017).  

Whole genome phylogenetic analysis typically involves a reference-based approach, 

where genome sequences of novel isolates are compared to that of a reference genome 

and single nucleotide variants or polymorphisms (SNVs/SNPs) are called relative to the 

reference genome. An alignment of these SNPs can then be used to infer a phylogenetic 

tree that captures genome-wide patterns of relatedness between the input strains. Given 

the fact that calling variants in this way relies on alignment and comparison with a 

reference, only those regions in common with the reference can be assessed for 

variation. The closer the reference to the sequence of interest, the more of the genome in 

common and assessable for variation, hence reference choice can affect how much of 

the genome, and which regions, are included. New K. pneumoniae reference genomes 

are constantly being sequenced, allowing greater chance of a closely related reference 

genome to be used in phylogenetic comparisons. Although for species-level 

comparisons, this still does not extend to the full genome of each isolate, it is 

considerably more than is included in MLST or cgMLST. Notably, despite the lower 

resolution achieved with MLST or cgMLST, in many cases sequence types assigned 

generally correlate with the deep branching phylogenetic lineages in a species tree. As 

such, whilst not applicable to fine-scale analysis, MLST schemes provide a useful way 

to identify and name lineages observed from the WGS analyses and are already widely 

recognised across both research and public health domains (Larsen et al. 2012).   
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1.2 Clinical importance and epidemiology 

Whilst Klebsiella species live frequently as commensal organisms in the 

gastrointestinal, naso-, and oropharyngeal tracts of a proportion of the human 

population, they also pose a definite threat to human health, causing a variety of 

opportunistic infections and significant morbidity and mortality worldwide (Centres for 

Disease Control and Prevention US 2013; Podschun & Ullmann 1998; Papadimitriou-

Olivgeris et al. 2012; Legakis 1995; Hobson et al. 1996). In Europe and in the USA, 

Klebsiella species cause about 8% of all hospital infections, and there is little 

geographical variation in Klebsiella infection rates (Weinstein et al. 2005; Jarvis et al. 

1985; Mathai et al. 2001; Sligl et al. 2006; Centres for Disease Control and Prevention 

US 2013). Susceptible hosts include the elderly, the very young, and other 

immunocompromised individuals (Podschun & Ullmann 1998). In the hospital setting, 

it is often useful to divide K. pneumoniae infections into nosocomial or healthcare-

associated (HA) infections vs community-associated (CA) infections; this is typically 

done on the basis of the timing of disease onset relative to hospital admission, with 

infections diagnosed within 48 hours considered CA and those after considered HA. A 

small number of clonal lineages (as defined by MLST or phylogenetics) are recognised 

as hypervirulent clones associated with invasive CA infections, mainly liver abscess 

(section 1.2.1), and a number of other clonal lineages are recognised as globally 

distributed and associated with HA infection and antimicrobial resistance (AMR) 

(section 1.2.2).  

1.2.1 Community-associated infections 

As a typically opportunistic pathogen, taking advantage of immunocompromised hosts, 

K. pneumoniae CA infections are generally less common and less studied as compared 

to HA infection. However, CA infections do occur and have distinctly different 

epidemiology and even underlying genetics than do HA infections.  

CA infections are often invasive, including bloodstream infections that are most often 

caused by dissemination from underlying and pre-existing urinary tract infections (Ko et 

al. 2002; Tsay et al. 2002; Yinnon et al. 1996). K. pneumoniae is also a significant 

cause of CA liver abscess infections, as well as burn, skin and soft tissue infections 

(Cryz, F. Fürer & Germanier 1984; Cryz, E. Fürer & Germanier 1984a; Cryz, E. Fürer 
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& Germanier 1984b; Kawai 2006). CA infections can also include UTIs, though the 

rates of these are low, especially compared to those of HA UTIs.  

The most serious CA problem is that of pyogenic liver abscess (PLA), an example of an 

invasive and hypervirulent K. pneumoniae causing serious disease in otherwise healthy 

community individuals (Fung et al. 2012; Shon et al. 2013). These PLA infections were 

initially concentrated among the Asia-pacific region but more recently are reported 

worldwide, though still concentrated in those of Asian descent or with contact with 

individuals from Asian regions (Shon et al. 2013; R. M. Martin & Bachman 2018). 

Notably, PLA are caused by a limited number of hypervirulent clones, typically 

featuring serum-resistant capsules and carrying a virulence plasmid, these are; the ST23 

clone with a K1 capsule, and the ST86 clone with a K2 capsule (J.-C. Lin et al. 2014; 

Lee et al. 2016; Decré et al. 2011; Shon et al. 2013).  

Other CA infection types include pneumonia, bloodstream infections or septicaemia 

(often as a result of dissemination from other infection types), endopthalmitis, 

meningitis (Ko et al. 2002; Wolf et al. 2001; Wu et al. 2009; Fang et al. 2007). 

Additionally, there are two lineages of K. pneumoniae that are commonly recognised in 

the public health field as K. pneumoniae subsp. rhinoscleromatis and K. pneumoniae 

subsp. ozaenae (Chand & MacArthur 1997; Shehata 1996; Brisse et al. 2009; Hart & 

Rao 2000). These two are respectively the causative agents of chronic disease 

phenotypes, rhinoscleroma and atrophic rhinitis or ozaena (Chand & MacArthur 1997; 

Shehata 1996; Hart & Rao 2000).  

CA infection strains are less likely to be resistant to antimicrobials than HA, though 

they have been shown to be enriched for certain virulence factors (Yinnon et al. 1996; 

Holt et al. 2015). When considering only the more antimicrobial-resistant infections, 

CA infections are less frequently represented among the data. In a study examining 

intra-abdominal infections with extended-spectrum beta-lactamase (ESBL) producing 

K. pneumoniae, CA infections comprised only 5.3% (Hawser et al. 2010). Although 

more invasive and therefore potentially more dangerous, CA infections are often 

relatively easy to treat as they tend to have lower levels of AMR (Fang et al. 2007; Holt 

et al. 2015). As such, there are currently sufficient treatment options available, and an 

otherwise healthy host immune system can aid rapid clearance and recovery, though 
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reports of antimicrobial-resistant, hypervirulent strains are not unheard of (Gu et al. 

2018).  

1.2.2 Healthcare-associated infections 

Common worldwide, hospital- and healthcare-associated infections outweigh those 

caused by all other communicable diseases in industrialised countries (Cassini et al. 

2016). Globally, HA infections can be caused by a range of bacterial species (Horan et 

al. 1988), but the most problematic are those that have some level of intrinsic resistance 

to antimicrobials. The majority of HA infections that are difficult to treat with 

antimicrobial therapy are known as the ESKAPE pathogens, which represents 

Enterococcus faecium, Staphylococcus aureus, K. pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Enterobacter species (Boucher et al. 2009). 

These species are often commensal organisms, but are adept at causing opportunistic 

infections, particularly in hospitalised and immunocompromised human hosts (Jarvis et 

al. 1985; Horan et al. 1988; Magill et al. 2014; Peleg & Hooper 2010; Selden et al. 

1971). The ESKAPE pathogens are well known for their increasing levels of resistance 

to multiple classes of antimicrobials, and have been recognised are serious public health 

threats by numerous infectious disease and public health groups (Boucher et al. 2009; 

Centres for Disease Control and Prevention US 2013).  

Among bacterial HA infections, K. pneumoniae has been seen to be responsible for 5-

17% of urinary tract infections (UTI) (Iwahi et al. 1983; Weinstein et al. 2005), 7-14% 

of pneumonia cases (Horan et al. 1988; Weinstein et al. 2005), 4-15% of septicaemia or 

disseminated infections (Bryan et al. 1986; Garcia de la Torre et al. 1985); (Weinstein et 

al. 2005) and 2-4% of wound or soft tissue infections (Horan et al. 1988; Weinstein et 

al. 2005). Among infections specifically caused by K. pneumoniae, similar trends are 

evident, with UTIs the most common, followed by pneumonia and disseminated 

infections.  

HA infections are often associated with resistance to antimicrobial therapy, but also 

with exposure to other medical interventions that can directly introduce to the bacteria 

to susceptible hosts (Weinstein et al. 2005; Centres for Disease Control and Prevention 

US 2013). These include surgeries, catheterization, intra-venous devices and insertion 

of prostheses, as well as carriage on hospital workers’ hands (Lautenbach et al. 2001; 
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Galdiero et al. 1987; Jenney et al. 2006; Knittle et al. 1975; Snitkin et al. 2012). One 

prospective study in the intensive care unit (ICU) of the University Hospital of Patras 

(Greece), over a period of 25 months found that 72.6% of patients were colonised with 

K. pneumoniae carbapenemase (KPC)-producing K. pneumoniae, and that major risk 

factors for colonisation included male gender, tracheotomy, use of invasive catheters 

and antimicrobial treatment (Papadimitriou-Olivgeris et al. 2012). It should be noted 

that this particular Greek hospital has a history of KPC outbreaks, likely contributing 

this this high level of colonisation. As such it is not broadly representative of hospital 

carriage rates, however is indicative of the risk factors associated with acquiring 

colonisation whilst in hospital.  

1.2.3 Antimicrobial therapy and resistance 

K. pneumoniae are intrinsically resistant to ampicillin, through the presence of 

chromosomally-encoded SHV beta-lactamases (Heritage et al. 1999), but have the 

capacity to acquire resistance to many additional antimicrobials via horizontal gene 

transfer and/or mutation (Barlow 2009). As resistance to antimicrobials increases, 

effective and appropriate treatment of K. pneumoniae infections becomes more difficult 

due to a concurrent rise in rates of infection and AMR (Centres for Disease Control and 

Prevention US 2013; Stewart & William Costerton 2001; Tullus et al. 1991; Wiener-

Well et al. 2010). This has led to K. pneumoniae being classified as amongst the 

foremost bacterial threats to public health (Centres for Disease Control and Prevention 

US 2013).  

Many K. pneumoniae clinical isolates are multiply resistant to antimicrobials, with 

some isolates showing resistance to most, or all, available treatments (Ramos et al. 

2014; Oliveira et al. 2014; Hobson et al. 1996). Isolates demonstrating resistance to 

multiple antimicrobial drugs are referred to as multi-drug resistant (MDR); in the 

research presented in the following chapters, MDR will refer specifically to isolates 

showing resistance to three or more classes of drugs, not including intrinsic ampicillin 

resistance. ESBL-producing K. pneumoniae are resistant to the later generation 

cephalosporins such as ceftriaxone, and carbapenems are recommended for treatment of 

infections with such strains (Paterson et al. 2004).  
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Many ESBL or carbapenemase-producing isolates belong to clonal lineages of 

K. pneumoniae that have arisen in a particular locale and then disseminated globally 

(Legakis 1995; Tóth 2010; Nordmann et al. 2012; Lautenbach et al. 2001). Clonal 

isolates that simultaneously display a wide range of different AMR mechanisms are 

emerging and causing severe problems, limiting effective treatments available for 

infections (Brisse et al. 2009; Tóth 2010; Elemam et al. 2009; Souli et al. 2008). Certain 

clones are associated with carbapenemase carriage and, worryingly, many of these also 

encode resistance determinants for a wide of other antimicrobials including co-

trimoxazole, chloramphenicol, tetracyclines, fluoroquinolones, aminoglycosides, third 

generation cephalosporins and more (Elemam et al. 2009; Boucher et al. 2009; Souli et 

al. 2008; Sonnevend et al. 2017). The most widely recognised example of this is the 

K. pneumoniae ST258 KPC-associated clone (Munoz-Price et al. 2013). Although not 

all KPC-producing K. pneumoniae are ST258, since the earliest reports of the KPC 

enzyme in North Carolina, USA in 1996, the vast majority have been in ST258 

K. pneumoniae (Yigit et al. 2001; Munoz-Price et al. 2013). Since then, reports of the 

ST258 KPC clone have come from North and South America, Europe, Asia, and 

Oceania, though rates vary across these continents and the countries they encompass 

(Munoz-Price et al. 2013). Notably, Australia has some of the lowest rates of KPC 

K. pneumoniae, including ST258, seen globally, though cases have been reported and 

are likely to follow the increasing trends seen elsewhere (Munoz-Price et al. 2013; 

Kwong et al. 2017). Some of these clonal isolates also appear to exhibit enhanced 

virulence and/or propensity for transmission in the human population, as well as being 

multi- or even pan-resistant, and are starting to spread from their point of origin to other 

regions and countries, including ST258 previously mentioned, ST11, and ST307, 

among others (Andrade et al. 2014; Villa et al. 2017; Bialek-Davenet et al. 2014; Diago-

Navarro et al. 2014; Li et al. 2014). 

Few treatment options remains for extensively antimicrobial-resistant carbapenemase-

producing K. pneumoniae, with tigecycline and polymyxins being the drugs of last 

resort (Daly et al. 2007; Pournaras et al. 2011; Petrosillo et al. 2013). However, 

resistance to these too have been seen in K. pneumoniae. Tigecycline resistance can 

arise through various mutations in chromosomal genes (Villa et al. 2014). Resistance to 

polymyxin B and colistin are most commonly mediated by the inactivation of 

chromosomal genes mgrB or pmrB (Cannatelli et al. 2014; Cannatelli et al. 2015), 
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however horizontally transferred ‘mobile colistin resistance’ mcr genes have recently 

been reported (Liu et al. 2016; Du et al. 2016).  

Many K. pneumoniae isolated from patients and from hospital reservoirs carry genes 

encoding AMR, particularly genes encoding ESBLs and KPCs (Jacoby & Han 1996; 

Kang et al. 2004; Lautenbach et al. 2001; Shanthi 2010; Brink et al. 2012; Oliveira et al. 

2014; Ramos et al. 2014; Tóth 2010; Centres for Disease Control and Prevention US 

2013). High-level antimicrobial usage, especially as prophylaxis and in transplant and 

ICU patients, is likely responsible for the increasing levels of AMR seen in many 

bacterial species including K. pneumoniae, in addition to long term misuse and overuse 

of antimicrobials inside and outside the hospital setting (Paterson et al. 2004; Centres 

for Disease Control and Prevention US 2013; Levin & Andreasen 1999; Wolff 1993). 

For example, antimicrobials are widely used in the community setting, as well as in 

agriculture (Pechère 2001; Wolff 1993; Khachatourians 1998). Rates of use, misuse, 

and overuse vary between countries, likely due to different attitudes and understanding 

surrounding antimicrobials (Pechère 2001). Worryingly, even in countries where a 

prescription is required by law to obtain antimicrobials, it is sometimes possible to 

obtain them without prescription (Pechère 2001). These varying attitudes to 

antimicrobial usage are not limited to human use, but also extend to misuse of 

antibiotics in agriculture, both as prophylactic treatment and in growth enhancement 

(Khachatourians 1998). Widespread use in humans and animals has led to the 

distribution of antimicrobials in the environment, which can subsequently act as a 

reservoir for many different antimicrobials as well as resistance genes and thus 

contribute to the rise of resistant bacteria (Wellington et al. 2013; Centres for Disease 

Control and Prevention US 2013).  

1.2.4 Reservoirs of K. pneumoniae in the hospital setting 

While K. pneumoniae is well known as a common cause of infections in hospitalised 

patients, the sources of these infections are not well understood. Many possibilities exist 

for reservoirs from which infection may arise: people working at, visiting, or admitted 

to the hospital; equipment used in procedures that may inadvertently introduce infection 

from an external source or facilitate self-contamination; and the hospital environment 

itself. A 1981 study in the hospital environment found that 30% of hospital workers 

carried Gram-negative bacteria on their hands, including 9% of nurses and 42% of 
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physicians (Larson 1982). Klebsiella and Enterobacter comprised 39% of the bacterial 

species isolated (Larson 1982). As such, individuals’ hands could easily act as a source 

of transmission of K. pneumoniae within the hospital setting and presumably also in the 

community. This mode of transmission seems likely as 113 of 541 infections (21%), 

sampled over the seven-month study, matched samples that were isolated from hospital 

workers’ hands(Larson 1982). In another study, more specific than individuals’ hands 

was the role of artificial fingernails in transmission of ESBL K. pneumoniae in a 

neonatal ICU (A. Gupta et al. 2004).  

The potential for asymptomatic carriage by patients and healthcare workers to act as 

reservoirs for infection is of great concern in the hospital setting. In 2010, a study of 

hospital patients in Israel reported 5.4% of patients sampled carried carbapenem-

resistant K. pneumoniae even though only 18% of these carriers (3/16 patients) had 

been previously treated with carbapenems (Wiener-Well et al. 2010). In Semarang, 

Indonesia, in 2010, nasopharyngeal carriage of K. pneumoniae was found at 7% in 

healthy children and 15% in healthy adults (Farida et al. 2013). In Vietnam, a similar 

study of healthy adults found 2.7% nasopharyngeal carriage and 14% throat or 

oropharyngeal carriage (Dao et al. 2014). K. pneumoniae was also found in 

approximately 10% of Human Microbiome Project samples from various body sites 

(mouth, nares, skin) and in 3.8% of stool samples (Conlan et al. 2012). Colonisation has 

been found to vary depending on site of colonisation in the host, host age, and exposure 

to the healthcare environment and antimicrobial treatment (T. J. Davis & Matsen 1974; 

Farida et al. 2013; Wolf et al. 2001; Dao et al. 2014; Podschun & Ullmann 1998; Rose 

& Schreier 1968). Asymptomatic colonisation or carriage could provide reservoirs for 

infection through self-contamination or through transmission to others, and therefore 

different rates of colonisation could present different levels of risk.   

Human carriage of K. pneumoniae is not the only reservoir of the bacteria in hospital or 

healthcare environments. A number of studies have identified persistent reservoirs of 

frequently-resistant K. pneumoniae in air-conditioning units, sinks, drains, and wards, 

as well as on an assortment of general and surgical equipment. The hospital 

environment itself and items and equipment within it can also act as reservoirs or 

fomites facilitating transmission and infection. In an outbreak study from December 

2008 to August 2009, 16 patients who had undergone the same surgical procedure 
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contracted K. pneumoniae infections that were later linked to the endoscope used in the 

procedure (Aumeran et al. 2010). Another outbreak of multiple strains of antimicrobial-

resistant K. pneumoniae in a neonatal unit was initially linked to a patient who had 

already left, but the strains apparently persisted in the ward after their discharge, 

necessitating a ward closure and extensive clean to end the outbreak (Macrae et al. 

2001).  

1.3 Genomics of K. pneumoniae 

In the past decade, high throughput WGS has been applied to investigate bacterial 

pathogen populations. This has included tracking strain transmission and broadening 

understanding of the population structure. WGS has helped define multiple species that 

were previously indistinguishable by molecular and biochemical approaches (described 

above in Section 1.1.1). It has also helped elucidate finer intra-species diversity, 

revealing that the K. pneumoniae population contains hundreds of distinct lineages, and 

each of these draws from a broad and variable gene pool to supplement their accessory 

genome. This complex combination of evolution through accumulation of mutations in 

the DNA of the core genome, and gain and loss of genes in the accessory genome, can 

best be captured through the implementation of WGS.   

1.3.1 Genomics to understand transmission 

Historically, K. pneumoniae have been grouped by ST and while this correlates 

reasonably well with phylogenetic lineages, the amount of genetic variation between 

isolates of the same ST or lineage can range from just a few to many hundreds or 

thousands of SNPs. As such, a much greater resolution is needed to investigate and 

define transmission. WGS provides an opportunity to investigate the relatedness of 

isolates on a much finer scale. This level of detail can help shed light on the evolution 

and putative transmission of lineages or clones of interest.  

A number of studies have recently been published using WGS to investigate 

K. pneumoniae. These are often focused on the difficult-to-treat antimicrobial-resistant 

clones (particularly those which are EBSL and CP) or hyper-virulent clones causing 

invasive disease (Stoesser et al. 2014; Mathers, Stoesser, et al. 2015; Espedido et al. 

2013). A 2011 outbreak of carbapenem-resistant K. pneumoniae, which resulted in the 

deaths of 11/18 affected patients, in the US National Institutes of Health was 
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investigated using WGS (Snitkin et al. 2012). Specifically, WGS was implemented to 

attempt to identify why the outbreak was persisting despite infection control action 

taken; unexpected transmission routes were uncovered allowing eventual outbreak 

control. In Sydney, Australia, in 2010 a carbapenem-resistant K. pneumoniae from 

patient returning from Egypt spread to three other patients within an ICU (Espedido et 

al. 2013). In this instance, WGS was employed to identify how closely related isolates 

were, to establish probable transmission or lack therefore, as well as the underlying 

genetic mechanisms responsible for the highly resistant phenotype. A longer-term study 

used WGS to investigate the relatedness, and plasmid content and diversity, of KPC-

producing K. pneumoniae over a 5 year period at a single US health care institution 

(Mathers, Stoesser, et al. 2015). Though the majority focus on these antimicrobial-

resistant clones and infection cases, some studies have examined K. pneumoniae more 

broadly, encompassing both sensitive and resistant strains isolated from infection and 

colonisation. One example is by Holt et al, which looked at K. pneumoniae isolates 

from various hosts and sites across the world, to investigate the genetic and AMR 

diversity of strains causing infection and genes associated with aspects such as 

resistance, virulence, CA or HA, rather than limiting scope to resistant clones as these 

are not the only strains responsible for infection (Holt et al. 2015).  

1.3.2 Genomics to identify features of clinical and epidemiological importance 

Other than investigating transmission, WGS and genomic analysis can be used to 

identify genetic mechanisms underlying particular phenotypic traits of interest or 

concern. In public health, these phenotypic traits primarily include AMR and virulence, 

as each poses a unique and dangerous public health threat. Identification of the presence 

of genetic mechanisms encoding these traits is important, and so too is the ability to 

identify how they came to be present within a cell or genome. Knowledge of the 

presence of certain AMR or virulence genes, encoding the corresponding phenotypes, 

and the way in which they do or can move in a bacterial population may help to inform 

appropriate treatment and control of these threats.  
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1.3.2.1 Mechanisms of gene content variation 

Although some of the diversity in gene content involves chromosomally encoded genes, 

much of it is due to the acquisition of one or more plasmids, ranging in size from just a 

few thousand base pairs in length, to hundreds of thousands of base pairs (Wu et al. 

2009; Fouts et al. 2008). Plasmid copy number can range from single copy – typically 

more common among the larger conjugative plasmids – to ten or more copies among 

the smaller plasmids (Becker & Meyer 1997; Del Solar Gloria & Espinosa 2002). 

Plasmids of all sizes have been known to carry a large array of genes of clinical 

relevance including those encoding toxins, virulence-associated factors, and AMR 

mechanisms (Y.-T. Chen et al. 2004; Struve et al. 2015; Nassif et al. 1989; Liu et al. 

2016; Mathers, Peirano, et al. 2015; Ramirez et al. 2014). Although the possibility of 

isolates carrying both AMR- and virulence-encoding plasmids is a serious concern, the 

occurrence is relatively rare, with isolates often having either AMR or virulence 

plasmids but not both (Ramirez et al. 2014). 

Plasmids can readily be transferred between strains via conjugation (Figure 1.3), 

allowing the rapid acquisition of sets of genes and their encoded functions by the 

recipient bacterial cell (Grohmann et al. 2003; Ochman et al. 2000). They are of 

particular concern in the public health sector, as they often carry multiple different 

AMR genes, and so can facilitate rapid and mass introduction of a broad range of AMR 

phenotypes via cellular uptake of only a single plasmid (Grohmann et al. 2003; Thomas 

& Nielsen 2005; Barlow 2009). Some plasmids with identical origins of replication are 

incompatible, meaning that they cannot be maintained in the same cell for any extended 

period of time (Novick 1987; Datta & Hughes 1983). Such plasmids are identified as 

different Inc or ‘incompatibility’ types, which can be used for tracking similar plasmid 

backbones in a population (Becker & Meyer 1997; Hancock et al. 2017; Thomas & 

Nielsen 2005). Individual K. pneumoniae strains can carry multiple large plasmids of 

different incompatibility types, with clinical isolates often harbouring four or more 

plasmids (Mathers et al. 2011; Mathers, Peirano, et al. 2015). Hence the possibility of 

strains arising with multiple AMR or virulence plasmids is of concern; as is the 

accumulation of large numbers of AMR genes in individual plasmids (Conlan et al. 

2016; Ramirez et al. 2014).   
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Figure 1.3. The transfer of genetic material among bacterial cells can be facilitated in 
many ways. (A) Transformation involves the uptake of naked of free DNA from the external 

environment. (B) Transduction is the introduction of DNA to the cell via phage. (C) Conjugation 

is the exchange or transfer of DNA from one bacterial cell to another via the formation of a 
conjugative pilus.  

Plasmids present many challenges to the containment of AMR and virulence, however 

they are not the only method of introducing novel genetic material to a bacterial genome 

(Ochman et al. 2000; Thomas & Nielsen 2005).  Novel genetic material may also be 

introduced to a bacterial cell via transformation or transduction. Bacteria such as 

K. pneumoniae are capable of taking up free genetic material from their surrounding 

environment in a process known as transformation (Figure 1.3b) (Ochman et al. 2000; 

Thomas & Nielsen 2005; Wei et al. 2018; Ofek et al. 1993; Wirth et al. 1989). Whilst 

this can include whole plasmids, it can also include exogenous DNA that has been lost 

or released by other bacterial cells. New genetic material can also be introduced through 

transduction, where bacteriophages – viruses that target bacteria – inject DNA into the 

bacterial cell (Ochman et al. 2000). This is often the phages’ own DNA, though can also 

include bacterial DNA that has been inadvertently packaged and carried by the phage 

from its previous host cell (Figure 1.3c).  
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Conjugation, transduction and transformation are collectively described as mechanisms 

of horizontal gene transfer (HGT) (Thomas & Nielsen 2005; Ochman et al. 2000; la 

Cruz & Davies 2000). Once novel DNA is inside a bacterial cell it may integrate into 

the chromosome (so it is replicated along with the rest of the chromosome and passed 

on to daughter cells), or exist as a separate replicon in the form of a plasmid (which 

must rely on other mechanisms to ensure it replicated and passed onto daughter cells at 

each cell division, in order to persist in the population). A number of mechanisms can 

enable the integration of DNA into the chromosome or resident plasmids, which can be 

broadly classed as either recombination, or through the action of mobile genetic 

elements (MGEs) such as insertion sequences (IS), transposons, or integrons (Figure 

1.4) (Thomas & Nielsen 2005; Ochman et al. 2000; la Cruz & Davies 2000). During 

recombination, homologous sequences can cause segments of DNA to be exchanged, 

whether the whole sequence is homologous or only the flanking regions (Figure 1.4a) 

(Thomas & Nielsen 2005; Ochman et al. 2000). This can result in novel variants of 

existing genes (allelic exchange), or in the introduction of entirely new genes flanked by 

homologous sequences that mediate the recombination. IS are small MGEs containing 

genes for their own transposition between two genetic backgrounds, including 

duplication or excision from their current location in a DNA molecule and integration at 

a new site (Figure 1.4b) (Kleckner 1981; Mahillon & Chandler 1998). In addition to 

moving themselves, sometimes it is possible for one or more IS to form a transposon, 

which acts to transport both the IS/s and the intervening or neighbouring gene(s) with 

them to a new location (Figure 1.4c) (Lupski 1987; Kleckner 1990; Nagy & Chandler 

2004). Integrons themselves are not mobile, but can capture incoming gene sequences 

and store them in a cassette region (Figure 1.4d) (Kleckner 1990; Kleckner 1981; 

Mahillon & Chandler 1998). However, integrons are often situated within a transposon, 

which moves the integron, its gene cassette and any other genes located within the 

transposon boundaries, between DNA molecules (Figure 1.4d). 
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Figure 1.4. Additional DNA/genetic material including genes can be introduced into the 
bacterial chromosome (or into plasmid backbones) in many ways. Recombination is the 

exchange of DNA through recognition of homologous sequences at the flanking edges or 

throughout the sequence. Insertion sequences (IS) are small mobile elements that can insert 

single or multiple copies of themselves into other DNA. Transposons form when two IS flank 

one or more genes, which are excised and carried by the IS when they move elsewhere. 

Integrons can combine with gene cassettes, and can aid insertion of that gene cassette into a 

novel genetic background when the integron moves, usually with the assistance of a 

transposon.    

All of these mechanisms for the introduction of novel genetic material into the cell 

and/or its inclusion in the existing genome of the cell have the ability to transfer in 

genes. This includes AMR determinants, which are of great concern when considering 

transmission and potential treatment of K. pneumoniae (Barlow 2009; Roy Chowdhury 

et al. 2011; Conlan et al. 2016; Moland et al. 2003; Liu et al. 2016).   

In addition, certain types of bacteriophage have the natural ability to integrate their own 

DNA into that of the host bacterial cell in the form of prophage, thus introducing novel 
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DNA to the chromosome and/or plasmids already present (Canchaya et al. 2003). 

However these and other integrative elements are not known to be associated with AMR 

in K. pneumoniae and so are not discussed further. 

1.3.2.2 Antimicrobial resistance (AMR) determinants 

When confronted with a patient suffering from a bacterial infection, the first port of call 

is often the administration of antimicrobials to limit bacterial growth and thus help 

eliminate the infection. Doctors are reliant on antimicrobial therapy, yet increasing rates 

of AMR make treatment increasingly difficult and, in some cases, impossible. 

Specifically, if the bacterial strain is resistant to a particular antimicrobial, then the 

antimicrobial is less effective – or ineffective – in clearing the infection. If resistance is 

more common or a bacterial strain demonstrates resistance to many classes of 

antimicrobials, it makes it hard to choose an antimicrobial that is likely to be effective. 

Understanding the spectrum of AMR and the underlying mechanisms for this is integral 

in making informed decisions about treatment. Knowing what resistances are encoded, 

how they are encoded, and how they might be spread or exacerbated may help 

determine which antimicrobials would be appropriate and most effective in treatment.  

Broadly, there are two types of genetic variation that can confer AMR. The first is the 

introduction of “acquired genes” that bring a completely novel function to the cell, such 

as enzymes capable of breaking down antimicrobial compounds (such as with ESBLs 

and carbapenemases) (J. Lin et al. 2015; Blair et al. 2015). The second is the 

accumulation of mutations in existing core or common genes, which cause a change in 

their functionality in such a way that they confer resistance (such as with mutations in 

specific gyrA codons and subsequent changes in the protein encoded, leading to 

quinolone resistance as the antimicrobial can no longer bind the altered protein properly 

(J. Lin et al. 2015; Blair et al. 2015).  

Whilst there are two broad types of genetic variation leading to AMR, there is more 

diversity in the mechanisms encoded by this genetic variation (Figure 1.5). AMR can 

arise when the intended target protein of the antimicrobial is altered in some way, either 

by mutations in the sequence encoding that target protein, or through the action of an 

enzyme altering the target protein (Figure 1.5a). When the target protein is sufficiently 

altered the ability of the antimicrobial to bind is impaired or even lost completely 
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(Figure 1.5a). This same loss of binding ability can occur when other proteins or 

enzymes present affect the antimicrobial itself, either through the degradation or 

alteration of the antimicrobial (Figures 1.5b and 1.5c). Finally, in some cases neither 

the antimicrobial nor the target protein is affected, and the antimicrobial is instead 

wholly removed from the cell via the action of efflux pumps (Figure 1.5d).  

 

Figure 1.5. AMR can arise through a variety of mechanisms. These mechanisms can 
include: (A) modification of the antimicrobials’ targets, so that the antimicrobial can no longer 

bind; (B) degradation of the antimicrobial so it can no longer function or bind its target; (C) 
alteration of the antimicrobial, so it can no longer bind its target; (D) removal of the antimicrobial 

from the bacterial cell via an efflux pump.  

These resistance determinants can be passed on through generations of bacterial 

replication but can also be shared through HGT (Barlow 2009). Insertion sequences, 

transposons, integrons and gene cassettes, plasmids, and phage can all transfer genes 
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encoding resistance between bacterial cells (Roy Chowdhury et al. 2011; Tsafnat et al. 

2011; Andrade et al. 2011; Conlan et al. 2016; Liu et al. 2016).  

Large databases that contain records of known acquired AMR genes and AMR-

associated mutations already exist, and are constantly being extended, as new 

information is uncovered. The ARG-ANNOT, ResFinder and Comprehensive 

Antibiotic Resistance Database (CARD) databases are some of the most common such 

databases (S. K. Gupta et al. 2014; Zankari et al. 2012; Jia et al. 2017). ARG-ANNOT 

in particular is useful as it contains DNA sequences, so provides higher resolution in 

terms of allelic variants of genes, which is useful as an epidemiological marker of gene 

spread in addition to being a marker or predictor of AMR phenotype. A modified and 

carefully quality controlled version of the ARG-ANNOT database is available with the 

SRST2 package, which can also be used for AMR gene screening of raw sequence data 

(https://github.com/katholt/srst2) (Inouye et al. 2014). This version of ARG-ANNOT is 

also maintained regularly and includes novel gene variants from the other two databases 

(ResFinder and CARD), as well as excluding homologues of intrinsic genes that might 

cause false positive results.  

Certain classes of AMR are of particular concern in the public health sector with regard 

to K. pneumoniae. Classes of resistance in K. pneumoniae, and known genetic 

determinants conferring resistance, are outlined in Table 1.1. As the frequency and 

extent of AMR mounts, and concerns of pan-resistance become widespread, 

understanding the genetic mechanisms behind resistance and using these to predict 

AMR phenotypes is of paramount importance.   

Although many genetic determinants of AMR in K. pneumoniae and other Gram-

negative bacteria have been identified, more work needs to be conducted to determine 

whether AMR phenotypes can be accurately predicted from genotypes (Stoesser et al. 

2013). Errors in predictive accuracy result in either minor or major errors. A minor error 

occurs when treating a patient with a stronger antimicrobial than is necessary, if there is 

a detected resistance genotype but no phenotype expressed. Alternatively, and arguably 

of greater concern to the clinician and patient, is a major error; the failure to detect a 

resistant genotype, when there is phenotypic expression of resistance, resulting in failed 

treatment.  



	

45	

	

Table 1.1. Genetic determinants of antimicrobial resistance (AMR) in Klebsiella 
pneumoniae genomes, from Wyres and Holt, 2016 (Wyres & Holt 2016).  

Beta-lactamases  bla Genes conferring 
resistance (*intrinsic) 

Class A  CARB-3, PSE-1, SCO-1, 
SHV-1*, TEM-1 

- ESBL  CTX-M, SHV-5, TEM-10, 
VEB 

- Carbapenemase  KPC, GES-5 
Class B (Metallo-beta-
lactamase)  

 CphA, IMP, NDM, SIM, VIM 

Class C 
(Cephalosporinase) 

 AmpC, CMY, DHA, FOX, 
MIR 

Class D  OXA-1, OXA-2, OXA-7, 
OXA-9, OXA-10, OXA-12 

- ESBL  OXA-11, OXA-15 
- Carbapenemase  OXA-48, OXA-51, OXA-181, 

OXA-237 
Other AMR Genes conferring resistance 

(*intrinsic) 
Mutations 

Aminoglycosides aac, aadA, aadB, aph, armA, rmt, 
strA, strB 

- 

Carbapenems (see carbapenemase bla genes, 
class A and D above) 

Mutations in ompK35, 
ompK36 

Colistin mcr-1, mcr1.2 Inactivation of pmrB, mgrB; 
mutations in crrB 

Fluoroquinolones qepA, qnrA, qnrB, qnrD, qnrS  SNPs in gyrA, parC; 
upregulation of acrAB or 
oqxAB efflux 

Macrolides ereA, ereB, ermB, mef, mph, 
msrE 

- 

Phenicols catA, catB, cml, floR - 
Rifampin arr - 
Sulfonamides folP, sul1, sul2, sul3 - 
Tetracycline tet genes - 
Tigecycline -  Upregulation of acrAB or 

oqxAB efflux; mutation in 
rpsJ 

Trimethoprim dfr genes - 

1.3.2.3 Virulence determinants 

Several virulence factors, factors that increase the propensity of the bacteria to cause 

disease in animal hosts, have been identified in K. pneumoniae (Schembri et al. 2005; 

R. M. Martin & Bachman 2018). The presence of some virulence factors is conserved 

among most K. pneumoniae, for example; the mrk operon encoding type 3 fimbriae, the 

polysaccharide capsule, and lipopolysaccharide (LPS) (Schembri et al. 2005; R. M. 

Martin & Bachman 2018). However, variation in the expression or structure of these 

factors can influence virulence, for example; the rmpA and rmpA2 genes are capable of 

up-regulating capsule expression, resulting in a hypermucoviscous capsule phenotype 
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that is associated with enhanced virulence (V. L. Yu et al. 2007; W.-L. Yu et al. 2006). 

Some virulence factors form part of the accessory genome of K. pneumoniae, and their 

presence in any given lineage background can enhance virulence of the host strain (R. 

M. Martin & Bachman 2018; Holt et al. 2015). Virulence factors important in 

K. pneumoniae, though can be variant and variably conserved within and between 

strains, include type 1 and type 3 fimbriae, lipopolysaccharide (LPS), a polysaccharide 

capsule, and siderophores (R. M. Martin & Bachman 2018; Holt et al. 2015; Wyres et 

al. 2016; Wyres et al. 2015; Tarkkanen 1992).   

Fimbriae 

Across the Enterobacteriaceae, many species express one or more fimbriae that aid in 

adherence to biotic or abiotic surfaces, and Klebsiella are no exception. Almost all 

Klebsiella have at least one of – though more often both of – the type 1 and type 3 

fimbriae, which have both been implicated in facilitating disease and infection within 

human hosts (Podschun & Ullmann 1998).  

Type 1 fimbriae are encoded by a range of fim genes and are variably expressed through 

a switch regulator (Tarkkanen 1992; Gally 1996). They are thin, rigid organelles, found 

covering the surface of the bacteria, where they play a role in adhesion to cellular or 

biological surfaces, facilitated by the FimH protein at the tip of the fimbriae (Klemm 

2000; Ofek 1988; Choudhury 1999; Connell 1996). Binding to biological surfaces aids 

in host infection, particularly in mammals where type 1 fimbriae often mediate 

adherence to the uroepithelium, assisting in colonisation and infection (Connell 1996; 

Maayan et al. 1985).   

Encoded by the mrk operon, type 3 fimbriae also aid in adhering to various surfaces and 

play an important role in biofilm production (Di Martino & Di 2003). Biofilms can help 

protect against external environmental pressures including desiccation, and the presence 

of toxins such as antimicrobials (Stewart & William Costerton 2001; Donlan 2002). 

They can also provide a close-knit and protected environment in which many cells can 

easily exchange genetic material such as resistance and virulence genes on mobile 

genetic elements (Donlan 2002). This, and the ability to promote adherence to biotic 

and abiotic surfaces is suspected to contribute to persistence and transmission of 
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K. pneumoniae, particularly in the hospital environment (Galdiero et al. 1987; Hornick 

et al. 1995; Hornick et al. 1992).  

Lipopolysaccharide (LPS) and capsular polysaccharide 

Often considered a key virulence factor, the LPS molecule comprises several 

components; a lipid A, a core polysaccharide, and a repeating polysaccharide known as 

the O-antigen (Peterson & Quie 1981; Shankar-Sinha et al. 2004). In the mammalian 

host, LPS helps prevent complement-mediated killing of K. pneumoniae, and high 

levels of LPS has been implicated in triggering an overreaction by the immune system 

(endotoxic shock), resulting in severe damage to the host itself (Strieter et al. 1990; 

Ciurana & Tomás 1987; Merino et al. 1992). The O-antigen itself has 10 serologically 

distinct forms in K. pneumoniae, and these are encoded by at least as many distinct O 

loci (Pennini et al. 2017; Trautmann et al. 1997; Follador et al. 2016; Fang et al. 2016). 

O-antigen serotyping is not common in clinical or public health labs, but with the 

advent and uptake of WGS, the O locus can be readily extracted from genome data and 

used to predict serotype (Hansen et al. 1999; Wick et al. 2018).  

Nearly all Klebsiella are encapsulated and the polysaccharide capsule is essential for 

survival in human hosts, with the loss of it has been associated with a complete loss of 

virulence. Encoded by the capsular polysaccharide synthesis (cps or K) locus, with 77 

serologically distinct capsule types defined in the 1970s (K types) (Orskov & Fife-

Asbury 1977). Many strains are ‘un-typeable’ by serology, either due to a lack of 

capsule expression, lack of any antibody binding during the serotyping process, or the 

binding of multiple different antibodies (Orskov & Fife-Asbury 1977). Similar to the O-

antigen, though with much greater diversity, a sequence based typing scheme has been 

developed, and research indicates there are over 130 different capsule locus types (KL 

types) (Wyres et al. 2016). Genomic analysis has shown that the serologically distinct 

capsule types are each encoded by distinct cps loci, which vary in their complement of 

sugar synthesis genes or by allelic variation within key genes (Wyres et al. 2016; 

Follador et al. 2016). Therefore, while capsular serotyping is only available in a limited 

number of labs, the capsule serotype can be predicted from WGS data by examining the 

K locus (Wyres et al. 2016).  
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Capsular polysaccharide, and to a lesser degree the LPS O-antigen, can be exchanged 

and altered through recombination centred around their respective biosynthesis loci 

(Wyres et al. 2015). This process can facilitate rapid diversification of capsule and O-

antigen types within a bacterial population, and even within a phylogenetic lineage, 

which may be driven by immune selection from mammalian hosts or from predation by 

bacteriophages. Whatever the drivers, capsular and O antigen diversification has 

potentially important ramifications for disease propensity (Wyres et al. 2015; Bowers et 

al. 2015). Firstly, the capsule and O-antigen are targets for the mammalian immune 

system, so switching can lead to immune evasion (Merino et al. 1992). Secondly, as 

certain types are associated with particularly virulent and invasive disease, switches to 

or from these types can dramatically impact pathogenicity (W.-L. Yu et al. 2008; Nassif 

& Sansonetti 1986). Finally, various interventions that have been proposed for 

controlling Klebsiella, such as vaccination or phage therapy, target these 

exopolysaccharide antigens; hence the diversity and distribution of K and O serotypes 

in the Klebsiella population is of relevance to the design and implementation of novel 

disease prevention or therapeutic strategies (Fung et al. 2000; Cryz, E. Fürer, et al. 

1986; Cryz, Mortimer, et al. 1986; Follador et al. 2016; Jenney et al. 2006; Pennini et al. 

2017). 

In addition to varying the type of capsule expressed, K. pneumoniae can also contain the 

rmpA and rmpA2 genes in their genome can result in upregulation and overexpression 

of the capsule, resulting in a hypermucoid phenotype (Wacharotayankun et al. 1993; 

Arakawa et al. 1991; W.-L. Yu et al. 2008). Though initially associated with a few 

specific capsule types, evidence now indicates that the hypermucoid phenotype, 

conveyed by these genes, can arise in any capsular background (Hsu et al. 2011).  

Siderophores 

The other group of virulence factors of interest, especially with relevance to this project, 

are acquired siderophore systems. Siderophores are iron-scavenging molecules, which 

are secreted from the bacterial cell and bind iron with high affinity (Wooldridge & 

Williams 1993). Iron-loaded siderophore molecules are then bound by surface-

expressed siderophore receptors, delivering iron to the bacterial cell. As iron is essential 

to bacterial growth, survival of Klebsiella in environments with minimal free or 

unbound iron is dependent on siderophores (Wooldridge & Williams 1993). 
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Enterobactin is common to all Klebsiella, in which the enterobactin synthesis locus ent 

is a core genome component. Several other acquired siderophore synthesis loci are 

recognised as common accessory genes in K. pneumoniae, and can be introduced 

through HGT; aerobactin, salmochelin, and yersiniabactin.  

Yersiniabactin is the most commonly found acquired siderophore; it is encoded by the 

ybt locus and is present in an estimated 30% of K. pneumoniae infection isolates and is 

located on, and mobilised by, an integrative conjugative element (T.-L. Lin et al. 2008; 

Koczura & Kaznowski 2003; V. I. Holden & Bachman 2015; Holt et al. 2015; Bach 

2000; Lai et al. 2014; Lery et al. 2014; Lam et al. 2017). Conversely, aerobactin and 

salmochelin are much rarer (<5% in infection isolates) and respectively encoded by the 

iuc and iro loci and are typically carried on a virulence plasmid (Holt et al. 2015; Y.-T. 

Chen et al. 2004). This plasmid also carries the genes necessary to encode the 

hypermucoviscous phenotype (rmpA/A2) (Y.-T. Chen et al. 2004). Sometimes, though, 

salmochelin can be found encoded on the same integrative conjugative element as 

yersiniabactin, along with the colibactin genotoxin (Lai et al. 2014; T.-L. Lin et al. 

2008; Putze et al. 2009; Lam et al. 2017). All of these acquired siderophores have been 

associated with virulence and invasive disease in mammalian hosts (V. I. Holden & 

Bachman 2015; Lee et al. 2016; R. M. Martin & Bachman 2018; Feldmann et al. 2007; 

Holt et al. 2015).  

Colibactin 

Mentioned briefly previously, an additional component of the accessory genome, 

colibactin, is a genotoxin encoded by the clb locus on a genomic island, and is found in 

almost 20% of K. pneumoniae (Lam et al. 2017; Holt et al. 2015; Putze et al. 2009). 

This genotoxin can kill eukaryotic cells and has also been associated with promoting 

colorectal cancer in human hosts (Vizcaino & Crawford n.d.). Although it is encoded in 

its own clb locus, in some cases it can be found in tandem with a particular variant of 

yersiniabactin, on the same mobile genetic element (Lam et al. 2017; T.-L. Lin et al. 

2008; Lai et al. 2014).   

1.4 Research objectives 

Although K. pneumoniae are widely recognised as a serious threat, relatively little is 

understood about the underlying genetic factors and epidemiology driving this 
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threat. That which is known is predominantly focused on infections and heavily 

weighted towards antimicrobial-resistant strains. While antimicrobial-resistant 

infections are of most immediate concern in healthcare, they are by no means the only 

cause on infection. The underlying reservoirs for infection are often unknown, and the 

level of discrimination not detailed enough to identify nor disqualify probable 

transmission events. In the hospital setting, current diagnostic methods using 

biochemical or molecular profiling, struggle to differentiate between the species of the 

K. pneumoniae complex, let alone the distinct STs or lineages within these species. 

However, the advent of WGS sequencing allows clearer definition between species as 

well as helping uncover the true extent of diversity that exists within those species. The 

specific objectives of this study, through the application of WGS sequencing and 

analysis in combination with epidemiological data, were to:  

i) To investigate the frequency of colonisation in intensive care unit (ICU) patients 

and whether colonising strains are a source of infection; 

ii) To investigate the frequency and source of antimicrobial resistant colonisation or 

infection in geriatric patients;  

iii) To characterise the population structure and genetic diversity of K. pneumoniae 

causing infections in hospital patients.  

Summarily, this study aimed to better elucidate the diversity and epidemiology of 

K. pneumoniae. Understanding what drives infection and transmission, and from 

whence these arise, is integral to infection control and prevention, in a world where 

treatment following infections is increasingly difficult. 
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Chapter 2: Carriage, infection, and transmission in intensive 

care patients 

2.1 Introduction 

In this chapter I present a detailed genomics-informed study of K. pneumoniae isolated 

from patients admitted to the intensive care unit (ICU) of the Alfred Hospital during the 

Klebsiella Acquisition Surveillance Project at Alfred Health (KASPAH) study. ICU 

patients are considered particularly vulnerable to opportunistic infection due to 

compromised immune systems, antimicrobial treatment, surgeries, catheterisation, and 

insertion of intra-venous devices and prostheses (Weinstein et al. 2005; Centres for 

Disease Control and Prevention US 2013; Lautenbach et al. 2001; Galdiero et al. 1987; 

Jenney et al. 2006; Knittle et al. 1975; Snitkin et al. 2012). 

In order to minimise the risk, it is important to understand the sources of infection. Here 

we aimed to distinguish two potential sources – the patients’ own microbiota, and intra-

hospital transmission of bacteria. Though they were not investigated here, 

environmental reservoirs within the hospital have been shown to play a role in 

persistence and transmission of antimicrobial-resistant K. pneumoniae in hospitals 

(Runcharoen et al. 2017; Starlander Å 2012; Sohn et al. 2001; Snitkin et al. 2012). 

Relatively little attention has been paid to the patient GI microbiome as a source of 

K. pneumoniae infections in hospitalised patients; a small number of studies focused on 

KPC- or ESBL-producing strains have found evidence for high rates of colonisation, 

attributed to intra-hospital transmission and linked to increased risk of subsequent 

infection (Aumeran et al. 2010; Conlan et al. 2016; Bar-Yoseph et al. 2016). However, 

the frequency of K. pneumoniae colonisation in hospitals not plagued by KPC 

outbreaks, and the contribution of K. pneumoniae GI colonisation to the general burden 

of HA infection in ICU patients has not been addressed in detail. Despite studies and 

evidence in other species, at the commencement of this project, only one study had been 

published that provided evidence for a link between K. pneumoniae carriage and 

infection strains, with carriage acting as a reservoir for subsequent infection (Selden et 

al. 1971). In this 1971 study 14/31 patients (45%) who had intestinal carriage of 

K. pneumoniae subsequently became infected with the same serotype. Contrastingly, of 
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101 patient with no detectable intestinal carriage, only 11 (10.9%) went on to suffer 

K. pneumoniae infections (Selden et al. 1971). This early, and only, study also 

suggested that antimicrobial treatment selected for both intestinal carriage and for MDR 

K. pneumoniae (Selden et al. 1971).  

2.2 Research objectives 

The objectives of the research in this chapter were to: 

i) assess the prevalence of K. pneumoniae gastrointestinal colonisation in ICU patients  

ii) investigate whether colonisation on admission is associated with increased risk of 

subsequent infection  

iii) examine the relative contribution of patients’ own microbiota vs intra-hospital 

transmission to carriage and infection of K. pneumoniae in ICU  

These objectives were all addressed in an article that was published in Clinical 

Infectious Diseases (Gorrie et al. 2017) (DOI: 10.1093/cid/ciy027) and is enclosed in 

Section 2.3. 
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2.3 Results and discussion 
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Gastrointestinal Carriage Is a Major Reservoir of  
Klebsiella pneumoniae Infection in Intensive Care Patients
Claire L. Gorrie,1,2 Mirjana Mirčeta,3 Ryan R. Wick,1 David J. Edwards,1 Nicholas R. Thomson,4 Richard A. Strugnell,2 Nigel F. Pratt,5 Jill S. Garlick,5  
Kerri M. Watson,5 David V. Pilcher,6,7 Steve A. McGloughlin,6,7 Denis W. Spelman,8 Adam W. J. Jenney,8 and Kathryn E. Holt1
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Background. Klebsiella pneumoniae is an opportunistic pathogen and leading cause of hospital-associated infections. Intensive 
care unit (ICU) patients are particularly at risk. Klebsiella pneumoniae is part of the healthy human microbiome, providing a poten-
tial reservoir for infection. However, the frequency of gut colonization and its contribution to infections are not well characterized.

Methods. We conducted a 1-year prospective cohort study in which 498 ICU patients were screened for rectal and throat car-
riage of K. pneumoniae shortly after admission. Klebsiella pneumoniae isolated from screening swabs and clinical diagnostic samples 
were characterized using whole genome sequencing and combined with epidemiological data to identify likely transmission events.

Results. Klebsiella pneumoniae carriage frequencies were estimated at 6% (95% confidence interval [CI], 3%–8%) among ICU 
patients admitted direct from the community, and 19% (95% CI, 14%–51%) among those with recent healthcare contact. Gut col-
onization on admission was significantly associated with subsequent infection (infection risk 16% vs 3%, odds ratio [OR] = 6.9, P 
< .001), and genome data indicated matching carriage and infection isolates in 80% of isolate pairs. Five likely transmission chains 
were identified, responsible for 12% of K. pneumoniae infections in ICU. In sum, 49% of K. pneumoniae infections were caused by 
the patients’ own unique strain, and 48% of screened patients with infections were positive for prior colonization.

Conclusions. These data confirm K. pneumoniae colonization is a significant risk factor for infection in ICU, and indicate ~50% 
of K. pneumoniae infections result from patients’ own microbiota. Screening for colonization on admission could limit risk of infec-
tion in the colonized patient and others.

Keywords. Klebsiella pneumoniae; gastrointestinal colonization; genomic epidemiology; intensive care; hospital acquired 
infection.
 

The emergence of multidrug-resistant (MDR) Klebsiella pneumo-
niae has resulted in a dramatic increase in research into reservoirs 
and risk factors for healthcare-associated (HA) K.  pneumoniae 
infections, largely focused on extended spectrum beta-lactamase 
(ESBL) or carbapenemase-producing (CP) bacteria isolated from 
infections and intrahospital outbreaks [1–3]. These studies have 
demonstrated transmission of ESBL or CP K. pneumoniae between 
patients and show that gastrointestinal (GI) tract colonization with 
ESBL or CP K. pneumoniae can be a risk factor for infection [3, 4]. 
Yet although the majority of K. pneumoniae HA infections are not 
ESBL or CP [5, 6], there are little data on the frequency and clinical 
relevance of colonization with K. pneumoniae more generally.

Klebsiella pneumoniae is known to asymptomatically colonize 
the skin, mouth, respiratory and GI tracts, although few studies 
address this specifically. Using culture-free methods, K. pneumo-
niae was detected in approximately 10% of Human Microbiome 
Project samples from the mouth, nares, and skin, and 3.8% of 
stool samples [7]. Using bacteriological culture, a 2010 study 
detected nasopharyngeal carriage in 15% of Indonesian adults 
and 7% of children [8], whereas a 2014 study detected naso-
pharyngeal carriage in 2.7% of Vietnamese adults and throat 
carriage in 14% [9].

Patients suffering from CP K. pneumoniae infections (typically 
ST258), or from pyogenic liver abscess caused by hypervirulent 
K. pneumoniae (ST23), have been shown to carry their infecting 
strain in their GI tract for between 30 days (≤74%) and 6 months 
(<30%) following discharge from hospital [10]. However, the 
question of whether K. pneumoniae colonization on admission 
to hospital poses a risk for subsequent infection is much less 
clear. A 1971 study found 18.5% of patients admitted to various 
wards in the Denver Veterans Administration Hospital were cul-
ture-positive for rectal carriage of K. pneumoniae, and carriage 
was significantly associated with risk of subsequent HA infection 
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(45% vs 11%) [11]. A 2016 study at the University of Michigan 
Health System tertiary care hospital reported similar coloniza-
tion rates (23%) and increased risk of infection following coloni-
zation (5.2% in colonized vs 1.3% in noncolonized) [12].

Here, we assessed the prevalence of K.  pneumoniae colo-
nization in an at-risk cohort in an intensive care unit (ICU) 
within a modern, well-equipped, and well-managed tertiary 
teaching hospital in Australia. Additionally, we investigated 
whether colonization on admission enhances risk of subsequent 
K. pneumoniae infection among ICU patients and the relative 
contribution of patients’ own gut microbiota and intra-hospital  
transmission to the burden of K.  pneumoniae carriage and 
infection in the ICU.

METHODS

Ethics

Ethical approvals for these studies were granted by the Alfred 
Hospital Ethics Committee (project numbers 550/12 and 
526/13).

Recruitment and Specimen and Data Collection

The Klebsiella Acquisition Surveillance Project at Alfred Health 
(KASPAH) was conducted from April 1, 2013, to March 31, 
2014. Eligible patients (adults aged ≥18 years and expected to 
spend ≥3 days in ICU) were recruited as soon as possible after 
admission, and baseline rectal and throat screening swabs were 
collected. For the first 9  months verbal consent was required 
to participate. For the last 3  months a universal surveillance 
study for multidrug resistant organisms was conducted for 
which consent was waived; samples and data from this period 
were also included in KASPAH (see Supplementary Methods 
and Supplementary Figure 1). Follow-up swabs were repeated 
each 5–7 days after baseline for the duration of ICU stay and 
up to 4  days following transfer to another ward. Information 
on age, sex, dates of hospital and ICU admission/s, surgery 
in the last 30 days, and antibiotic treatment in the last 7 days 
were extracted from hospital records at the time each swab was 
taken. Dates of discharge and/or death were extracted from 
hospital records at the conclusion of the study. All clinical iso-
lates recovered from ICU patients and identified as K. pneumo-
niae infections by the hospital diagnostic laboratory as part of 
routine care were included in the study. Full details are given in 
Supplementary Methods.

Community Associated vs Healthcare Associated Carriage

Individuals in the community-associated (CA) screening group 
include patients who were both (i) admitted to the Alfred 
Hospital ICU either directly (day 0) or via another ward on day 
0, 1, or 2 of the original hospital admission; and (ii) first swabbed 
on day 0, 1, or 2 of that admission. Patients first swabbed on day 
3 or later of their hospital admission are included in the HA/Day 
3+ screening group. Individuals referred to the Alfred Hospital 

ICU by the trauma ward of another hospital were assumed to be 
emergency admissions from the community and were assigned 
to the CA/Day 0–2 or HA/Day 3+ screening groups according 
to the day of first swab relative to their Alfred Hospital admis-
sion. All other patients transferred from another hospital were 
included in the HA/D3+ screening group. As such, the CA/Day 
0–2 screening groups represent individuals admitted directly to 
the hospital from the community, whereas the HA/D3+ group 
includes individuals with recent hospital exposure.

DNA Extraction and Sequencing

DNA was extracted from overnight cultures using a phe-
nol:chloroform protocol and phase lock gel tubes and 
sequenced via Illumina HiSeq to generate 125  bp paired-end 
reads (see Supplementary Methods). Following quality control 
checks of the sequence data, 148 isolates from 106 patients were 
subjected to comparative genomic analysis (see Supplementary 
Table  1 for genome sequence accessions). A  maximum likeli-
hood phylogenetic tree was inferred from an alignment of all 
single-nucleotide polymorphisms (SNPs) identified within core 
K.  pneumoniae genes using FastTree v2.1.8 [13, 14]. Lineages 
were defined based on this tree using RAMI [15] and multilocus 
sequence types were assigned using SRST2 [16]. Isolates falling 
within the same lineage were further investigated to identify 
pairwise SNPs via assembly and read mapping; full details of 
genomic analyses are given in Supplementary Methods.

Statistical Analysis

All statistical analyses were conducted using R (v3.3.1) (details 
in Supplementary Methods).

RESULTS

Klebsiella pneumoniae Carriage

A total of 498 patients expected to spend ≥3  days in ICU 
were recruited and screened for K. pneumoniae carriage. This 
represents 33% of eligible patients during the consent-based 
recruitment period and 75% in the universal surveillance 
period (18% of all ICU admissions in the study period). Fifty-
four patients (10.8%) tested positive at baseline screening (50 
GI carriage only, 2 throat carriage only, 2 both). Carriage was 
detected at the same frequency in males and females (11.0% 
vs 10.4%; P  =  .9), and the median age of carriers was mod-
erately higher than that of carriage-negative participants 
(67 vs 58  years, Supplementary Figure  2; P  =  .06, Wilcoxon 
rank-sum test).

We estimated the rate of CA K.  pneumoniae GI carriage, 
among patients recruited and swabbed in the ICU within 
2  days of their first recorded admission to the Hospital (CA/
D0-2 group), to be 5.9% (95% confidence interval [CI], 3% – 
8%, Table 1, Supplementary Table 2). The HA GI carriage rate, 
among patients who were first swabbed in the ICU on or after 
the third day of admission to the Alfred hospital or following 
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referral from another hospital (HA/D3+ group, Supplementary 
Figure  3), was significantly higher at 19% (95% CI, 13.6% – 
25.7%, odds ratio [OR] = 3.75, P = .00001).

One third of the participants in the ICU screening study 
(n  =  170) contributed 1 or more follow-up screening swabs 
(Table 1). The overall GI carriage rate at follow-up was 15.3% 
(n = 26/170), similar to the HA GI carriage rate of 19% (OR = 1.3; 
95% CI, 0.71–2.38). Participants testing positive on follow-up 
rectal swabs included 19 who tested negative for K. pneumoniae 
on their baseline rectal swab, yielding a conversion rate of 12%.

None of the 19 CA baseline carriage isolates were MDR 
(Table 1). GI carriage of MDR strains was detected at similar 
rates among HA baseline isolates (18%, including 4 ESBL and 
2 CP isolates, all in patients who had received antibiotics in the 
last 7 days) and follow-up screening isolates (16% of patients, 
including 4 with ESBL and 1 with CP isolates). A total of seven 
patients contributed both baseline and follow-up GI carriage 
isolates (Table 1). For 5/7 patients the resistance profiles for the 
follow-up isolate remained the same as the baseline isolate, and 
for 2/7 patients the follow-up isolate was more resistant (see 
Supplementary Tables 1 and 3).

GI Colonization Is a Source of Klebsiella Infection

A total of 49 patients (1.8% of all adult ICU admissions) who 
spent time in the ICU during their hospital stay were identified 
as having K. pneumoniae infections (11 ESBL, of which 3 were 
also CP). Most (n = 38) were in the ICU when the K. pneumo-
niae–positive diagnostic specimen was taken, and 10 were in 
another ward shortly after transfer from ICU. Pneumonia was 
the most frequent form of K.  pneumoniae infection in ICU 
patients (60%), followed by wound infections (15%), nondis-
seminated urinary tract infection (UTI) (10%), and bacteremia 
with sepsis (8%). MDR was most common among wound and 
blood isolates (≥50%) (Table 2).

To assess whether K. pneumoniae GI carriage on admission 
to ICU was a risk factor for subsequent K. pneumoniae infec-
tion during hospital stay, we examined the subset of 491 indi-
viduals whose baseline screening swab was obtained at least 
2 days prior to collection of any clinical specimen from which 
K. pneumoniae was isolated (Figure 1). The rate of K. pneumo-
niae infection was significantly higher among patients who 
were culture-positive for GI carriage at baseline compared to 
those who were culture-negative (16% vs 3%; OR  =  6.9, 95% 

Table 1. Klebsiella pneumoniae GI Carriage Detected at Baseline and Followup Screening of Alfred Hospital Patients

Baseline Carriage Status Number of Patients (%) MDR Isolates (%) Follow-up +ve (%) Follow-up MDR (%)

CA/Day 0–2 324
 Baseline Kp +ve 19 (5.9%) 0 (0%) 2/4 (50%) 0 (0%)
 Baseline Kp −ve 305 (94.1%) … 14*/96 (14.6%) 0 (0%)
HA/Day 3+ 174
 Baseline Kp +ve 33 (19%) 6 (17.6%) 5/13* (38.5%) 2 (40%)
 Baseline Kp −ve 141 (81%) … 5/57 (8.8%) 2 (40%)
Total baseline Kp +ve 52 (10.4%) 6 (11.3%) 7/17 (41.2%) 2 (28.6%)
Total baseline Kp −ve 446 (89.6%) … 19/153 (12.4%) 2 (10.5%)
Total 498 6 (1.2%) 26/170 (15.3%) 4 (15.4%)

Patient groups: ICU CA/Day 0–2, rectal screening swab obtained on day 0, 1, or 2 of admission to Alfred Hospital and not referred from another hospital (except from trauma unit); ICU HA/
Day 3+, rectal screening swab obtained on day 3 or later of admission to Alfred Hospital or referred from another hospital. *These indicate 2 patients from whom swabs yielded isolates that 
were identified in the hospital laboratory as K. pneumoniae, but sequencing of subcultures identified substantial E. coli, indicating likely presence of both species.

Abbreviations: GI, gastrointestinal; ICU, intensive care unit; MDR, multidrug-resistant.

Table 2. Patients With Infection(s) and Time in the ICU

Pneumonia UTI (Non-invasive) Wound Other Bacteremia With Sepsis Total

Recipient in transmission chain 2 1 2 0 1 6
Donor in transmission chain 3 0 1 0 0 4
Prior GI colonization 6 1 1 0 0 8
Prior throat colonization 1 0 0 0 0 1
Unknown source (unique lineage) 16 (12) 3 (3) 4 (1) 3 (2) 3 (1) 29
Total 28  (5 MDR) 5 8  (4 MDR) 3 4 (2 MDR) 48

Type of infection and source of infection outlined (position/presence in transmission chain, prior colonization, unknown). Note that 3 patients had UTI and bacteremia with sepsis; they are 
represented here in the bacteremia with sepsis column. “Unknown source” includes those infections for which there is no genetic or epidemiological evidence to indicate whether the 
infection has arisen from a patient’s own carriage strains or through transmission from another source; numbers in brackets indicate the number of such infections associated with a lineage 
that was unique to that patient. Note that “unknown source” also includes one patient who had a wound infection diagnosed as K. pneumoniae but genome sequencing found the subcul-
tured isolate to be dominated by A. baumannii DNA; this is consistent with mixed infection or contamination, and prevents reliable comparative analysis with other K. pneumoniae strains.

Abbreviations: GI, gastrointestinal; ICU, intensive care unit; MDR, multidrug-resistant; UTI, urinary tract infection.
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Screened for baseline 
carriage
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Infection Infection

MDR infection MDR infection
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Figure  1. Flowchart outlining number of patients included in each part of carriage rates analyses.
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CI, 2.3 – 19.7, P < .001, see Figure 1). Of all ICU patients who 
developed K. pneumoniae infections and contributed baseline 
screening swabs, 48% (n = 13/27) tested positive for K. pneu-
moniae GI carriage at baseline (including 8 who were screened 
>2 days prior to developing the infection).

To determine whether infections were caused by patients’ 
own colonizing bacteria and to identify transmission between 
ICU patients, we sequenced the genomes of all K.  pneumo-
niae isolated from patients who had spent any time in the ICU 
during their hospital stay(s). A total of 143 high-quality whole 
genome sequences were obtained from 106 patients, including 
56 clinical, 80 GI carriage, and 7 throat carriage isolates. Core 
genome phylogenetic analysis (Figure 2) revealed the presence 
of 61 lineages of K. pneumoniae sensu stricto (n = 111 isolates) 
and 24 lineages of 2 closely related species: 20 K. variicola line-
ages (n = 28 isolates) and 4 K. quasipneumoniae lineages (n = 4 
isolates). The average distance between lineages within each 

species was 0.5% nucleotide divergence, representing thousands 
of years of evolutionary separation based on molecular clock 
estimates for K. pneumoniae [17].

Most Klebsiella lineages (n = 69/85, 81%) were identified in just 
1 patient, and 60% of patients (n = 64) had their own unique lin-
eage not observed in any other patients (Figure 2, Supplementary 
Table 3). Half the infections (n = 24/48) were caused by a lineage 
unique to the patient. Fifteen patients had both GI carriage and 
infection isolates available for genome comparison; 12 of these 
pairs matched at the lineage level (including 6 patients whose car-
riage isolate was collected >2 days prior to the infection).

Klebsiella Transmission in the ICU

Sixteen Klebsiella lineages were detected in more than 1 patient 
(dark shading, Figure 2). Lineage sharing between patients could 
result from recent transmission of bacteria within the hospital 
(strain sharing) or by independent acquisition of a lineage that has 
been circulating in the community (lineage sharing). To distin-
guish these possibilities we compared intra-patient and inter-pa-
tient pairwise SNP distances (Figure 3). Intra-patient genetic 
distances were nearly all (97%) less than 25 SNPs per 5 Mbp, 
and most (82%) were less than 10 SNPs, whereas inter-patient  
genetic distances ranged from 0 to >5000 SNPs (Figure 3). Using 
25 and 10 SNPs per 5 Mbp as cut-offs to indicate likely and very 
likely strain sharing between patients, we identified 5 groups of 
ICU patients that likely shared Klebsiella strains. Strikingly, each 
of these groups comprised patients with overlapping admissions, 
making them epidemiologically plausible intra-hospital trans-
mission chains (Figure 4). For the other 11 lineages that were 
detected in more than 1 ICU patient, between-patient SNP dis-
tances exceeded 80 SNPs per 5 Mbp and ICU admissions were 
generally nonoverlapping (Supplementary Figure 4). Six infec-
tion episodes (n = 6/49, 12%) were attributable to these intra-hos-
pital transmission chains (n = 4 ST681 [K. variicola], n = 1 ST323, 
n = 1 ST231; Figure 4). These included 2 episodes of pneumonia, 
2 wound infections, and 2 UTIs, one of which disseminated to 
cause bacteremia with sepsis (Table 2, Supplementary Table 3). 
Of the 4 donors in the transmission chains, 3 had pneumonia 
and 1 had a wound infection. Most of the infections associated 
with transmission were MDR (3/4 donors and 3/6 recipients), 
yielding a strong association between MDR infections and trans-
mission in the ICU (OR = 13.6, P = .002). In addition, we iden-
tified 4 patients whose K. pneumoniae carriage was attributable 
to intra-hospital transmission chains but did not result in any 
recorded K. pneumoniae infection during hospital stay (n = 1 
ST323 [MDR], n = 2 ST215 [non-MDR], n = 1 ST15 [MDR]), 
representing 5% of all carriage-positive patients.

DISCUSSION

We estimated a 5.9% CA rate for culture-positive GI carriage 
of K. pneumoniae, similar to the 3.9% estimated among healthy 
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Figure 3. Pairwise genetic distances between isolates belonging to the same lin-
eage, expressed as SNPs per 5 Mbp of genome in order to normalise for differences 
in shared gene content between strain pairs. Violin plots showing distribution of 
pairwise genetic distances intra- and inter-patient; black bars indicate the median 
value. Note the log10 scale which excludes display of 1 strain pair that was sepa-
rated by 0 SNPs. Abbreviation: SNP, single-nucleotide polymorphism.
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individuals in the Human Microbiome Project based on 16S 
rRNA amplicon sequencing of stool samples [7]. HA carriage 
among ICU patients was estimated to be much higher at 19%, 
with 12% of patients converting from culture-negative at base-
line to culture-positive on follow-up. This likely reflects acqui-
sition of bacteria in the hospital (transmission of strains was 
directly observed in 5% of cases) and/or selection for growth of 
pre-existing K. pneumoniae in the GI microbiome during hos-
pitalization (MDR rate was 18% in HA baseline carriage and 
15% at follow-up, but MDR was not detected in CA baseline 
carriage). The HA rate estimated here is similar to the cul-
ture-positive GI carriage rates estimated in other hospital stud-
ies [11, 12].

Our data demonstrate that K. pneumoniae is a fairly common 
component of the human GI microbiome (5.9%) and of clinical 
significance in the ICU setting, as: (i) K. pneumoniae carriage on 
admission to ICU was significantly associated with subsequent K. 
pneumoniae infection (OR = 6.9, P = .0003), consistent with the 
results reported from the 1970s Denver study (OR = 4.0, P = .0009 

[11]) and the 2016 Michigan study (OR = 4.1, P = .00002 [12]); 
and (ii) the WGS data confirmed a direct link between coloniz-
ing and infecting strains in 13 patients (80% of those with paired 
isolates available for testing), also consistent with the Michigan 
study [12]. We found strong evidence that a large proportion of 
ICU K. pneumoniae infections are attributable to patients’ own 
GI microbiota: (i) of all 49 K. pneumoniae infections diagnosed in 
ICU patients during the study period, 49% were associated with 
K. pneumoniae lineages unique to the patient; and (ii) of the 27 
K. pneumoniae infections diagnosed in ICU patients from whom 
screening swabs were obtained, 48% occurred in patients who 
tested positive for prior GI colonization with K. pneumoniae. In 
contrast, only 12% of infections showed evidence of resulting 
from intra-hospital transmission in this setting. This suggests 
that although measures to reduce cross-contamination between 
patients are necessary, they are not sufficient to eliminate K. 
pneumoniae infections in hospitalized patients, and measures to 
minimize the risk of infection with the patients’ own microbiome 
deserves significant attention [21–23].

Figure  4. Timelines for all lineages detected in multiple patients that show any inter-patient pairwise genetic distance between isolates of ≤25 SNPs per 5 Mbp. Lineages 
are boxed and labeled with their multi-locus sequence type (ST). Each horizontal dashed line indicates the time line for a patient, labelled to the left (crosses indicate date of 
death where applicable). Periods of Alfred Hospital admission are indicated as white boxes, periods in ICU as pink shading. Circles indicate K. pneumoniae infection isolates 
(red, belonging to the lineage; black, other lineage); triangles indicate rectal screening swabs (red, K. pneumoniae belonging to the lineage; black, K. pneumoniae of another 
lineage; unfilled, negative for K. pneumoniae). Orange boxes indicate groups of isolates for which all patients have at least one pairwise genetic distance of ≤10 SNPs per 
5 Mbp with another in the group; similarly for yellow (≤25 SNPs) and blue (≤100 SNPs) boxes. Abbreviations: ICU, intensive care unit; SNP, single-nucleotide polymorphism.
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Key strengths of this study are the prospective cohort design 
and the use of WGS to confirm species identification and strain 
relatedness for all K.  pneumoniae isolated from ICU patients, 
regardless of antimicrobial susceptibility. Most previous stud-
ies of K.  pneumoniae colonization in hospitals have focused 
on ESBL and/or CP isolates only, which do not represent the 
major burden of K. pneumoniae infections. WGS demonstrated 
that some isolates identified as K. pneumoniae by MALDI-TOF 
actually belonged to closely related groups that have recently 
been described as separate species [24], K.  quasipneumoniae 
and K.  variicola (Figure  2). Because these species are very 
closely related to K. pneumoniae sensu stricto (~4% nucleotide 
divergence), are clinically indistinguishable, and are typically 
identified as K. pneumoniae in diagnostic laboratories, compa-
rable studies reporting K. pneumoniae carriage encompass the 
entire K. pneumoniae complex. WGS also demonstrated that a 
small number of isolates identified as K. pneumoniae were con-
taminated to varying degrees with non-Klebsiella DNA (n = 6) 
or multiple Klebsiella strains (n = 8) (Supplementary Methods). 
These may reflect coinfection followed by selection for dif-
ferent subpopulations in the laboratory used for the different 
tests. These samples were therefore excluded from high-res-
olution genomic analysis for attribution purposes (Figure  1, 
Supplementary Table  1) but were included in calculation of 
overall rates of infection and carriage, which reflect solely the 
routine laboratory identification and are directly comparable 
with other reported results.

The main limitations of the study arise from the swabbing 
procedure to identify K.  pneumoniae colonization on admis-
sion. Efforts were made to collect swabs as soon as possible 
following admission; however, delays due to obtaining consent 
and avoiding patient care disruption meant that it was often 
not possible to obtain screening swabs on the day of admis-
sion. Notably, similar culture-positive rates were observed for 
swabs collected on day 0, 1, or 2 of admission (Supplementary 
Table 2), so it is unlikely that this had a significant impact on 
CA colonization results. Although the recruitment rate was 
low (33%) during the consent-based recruitment period, the 
demographic features and K. pneumoniae colonization rate in 
this group were not significantly different from those recruited 
under the universal surveillance protocol (75% recruitment; 
Supplementary Figure 1); hence, there is no evidence of signif-
icant selection bias. We used rectal swab culture to determine 
K. pneumoniae GI colonization status; however, although this 
approach is standard for pathogen carriage screening [25–27], 
its sensitivity to detect K. pneumoniae is not well characterized 
and likely depends on the K. pneumoniae strain, GI microbi-
ome composition, and recent antimicrobial exposures. There 
is likely a significant false negative rate. Hence our study 
probably underestimates the rate of colonization in the com-
munity and the contribution of colonisation to subsequent 
infection. Additionally, as only 1 isolate was stored from each 

K.  pneumoniae positive infection or carriage specimen, it is 
possible that the proportion of matching infection/carriage 
pairs underestimates the contribution of carriage to infection 
and misses some instances of transmission.

Our conclusion that the GI microbiome is a source of K. 
pneumoniae infections in ICU patients echoes similar findings 
that colonizing strains of S. aureus, A. baumannii, Enterococcus, 
and Enterobacteriaceae are a common source of HA infections 
[12, 23–25]. Routine screening for nasal carriage of methicil-
lin-resistant S. aureus or gut carriage of vancomycin-resistant 
Enterococcus or ESBL/CP Enterobacteriaceae has been intro-
duced in various hospital settings [25–28]. A recent study of 
CP K. pneumoniae in Israel suggested screening and isolation 
of carriers could help end current outbreaks and prevent future 
ones [3]. A similar study introduced screening for ESBL K. 
pneumoniae in order to limit and prevent current and future 
outbreaks [29]. Although those studies focus on screening for 
CP or ESBL K. pneumoniae, our results indicate that routine 
screening for general K. pneumoniae carriage in the ICU could 
also be a valuable tool. Foreknowledge of the antimicrobial 
susceptibility profiles of K. pneumoniae, as well as other oppor-
tunistic pathogens resident in the microbiome, could guide the 
choice of prophylactic and therapeutic antimicrobial treatment 
[21, 22, 25].

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online. 
Consisting of data provided by the authors to benefit the reader, the posted 
materials are not copyedited and are the sole responsibility of the authors, 
so questions or comments should be addressed to the corresponding author.
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SUPPLEMENTARY FIGURES AND TABLES 
 
 
Supplementary Table 1. Carriage and infection sample data and accession 
numbers.  
Available at: https://figshare.com/s/18f12e89c9a237a7e589 
DOI: 10.6084/m9.figshare.6014036 
 
 
 
 
 
Supplementary Table 2.  Baseline GI carriage rates, with CA cohort broken 
down into individual days.  
 Total swabbed 

(n) 
Kp positive (%) Kp negative (%) 

CA / Day 0-2 324 19 (5.9%) 305 (94.1%) 
- Day 0 24 1 (4%) 23 (96%) 
- Day 1 206 15 (7%) 191 (93%) 
- Day 2 94 3 (3%) 91 (97%) 
HA / Day 3+ 174 33 (19.0%) 141 (81.0%) 
Total 498 52 (10.4%) 446 (89.6%) 
 
 
 
 
 
Supplementary Table 3. Patients with time in the ICU, with carriage isolates, 
infection isolates, or both carriage and infection isolates.  
Available at: https://figshare.com/s/b7c859271810905c566a 
DOI: 10.6084/m9.figshare.6014039 
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Supplementary Figure 1. Distribution of age and K. pneumoniae culture positive 
rates, by gender, among individuals screened for baseline carriage of K. pneumoniae 
over the first nine months (panels A and B) and the final three months (panels C and 
D) of the study period. Lighter colours, culture negative individuals; darker colours, 
culture positive.  
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Supplementary Figure 2. Violin density plots showing distribution of age within Kp-
culture negative and Kp-culture positive cohorts. Red line, median density; pink lines, 
inter-quartile range.  
 
 

 
Supplementary Figure 3. Time of first swab post admission to hospital, among the 
HA cohort individuals, and carriage state; Kp-culture positive (white boxes) or Kp-
culture negative (black boxes).  
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Supplementary Figure 4. Timelines for all lineages detected in multiple patients 
that did not show any inter-patient pairwise genetic distance between isolates 
of ≤25 SNPs per 5 Mbp. Lineages are boxed and labelled with their multi-locus 
sequence type (ST). Each horizontal dashed line indicates the time line for a patient, 
labelled to the left (crosses indicate date of death where applicable). Periods of 
Alfred Hospital admission are indicated as white boxes, periods in ICU as pink 
shading. Circles indicate K. pneumoniae infection isolates (red, belonging to the 
lineage; black, other lineage); triangles indicate rectal screening swabs (red, 
K. pneumoniae belonging to the lineage; black, K. pneumoniae of another lineage; 
unfilled, negative for K. pneumoniae). Blue boxes indicate groups of isolates for 
which all patients have at least one pairwise genetic distance from another in the 
group that falls below the cut-off indicated in the inset legend. **Clinical isolate from 
sputum (KC0048), may not represent an infection. 
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SUPPLEMENTARY,METHODS,
#
&
Setting,
The&current&study,&Klebsiella#Acquisition&Surveillance&Project&at&Alfred&Health&
(KASPAH)&was&conducted&over&a&one>year&period&from&April&1,&2013&–&March&31,&
2014.&The&study&includes&monitoring&for&all&K.#pneumoniae&clinical&isolates&collected&
from&patients&in&the&Alfred&Hospital,&and&recruitment&of&Alfred&Hospital&ICU&patients&
for&K.#pneumoniae&carriage&screening,&as&detailed&below.&The&Alfred&Hospital&is&a&350>
bed&tertiary&referral&hospital&that&includes&a&45>bed&intensive&care&unit&(ICU)&with&
specialist&cardiac&and&trauma&services&in&addition&to&caring&for&general&medical&and&
surgical&patients.&All&patients&in&the&ICU&are&managed&in&single&cubicles&in&3&sub>
specialised&‘pods’.&Each&cubicle&has&three&permanent&walls&with&a&fourth&wall&that&
may&be&i)&open&to&the&central&area&of&the&pod,&or&ii)&closed&by&means&of&sliding&glass&
doors.&&
&
Clinical,isolates,
Clinical&isolates&of&K.#pneumoniae#were&included&when&the&treating&physician&
referred&a&specimen&to&the&diagnostic&service&of&the&Alfred&Microbiology&laboratory&
for&analysis&based&on&clinical&suspicion&of&infection,&and&K.#pnemoniae&was&
subsequently&identified&and&reported&as&a&pathogen&according&to&the&in>house&
standard&operating&procedures.&All&K.#pneumoniae#identified&from&sterile&sites&(blood&
cultures,&cerebrospinal&fluid,&deep&tissue&biopsies,&pleural&fluid)&and&from&cultured&
prosthetic&material&(eg.&central&venous&catheters)&were&reported&as&pathogens,&as&
long&as&other&enteric&or&skin&flora&were&not&detected.&For&other&specimen&types,&
infection&was&deemed&present&if&sufficient&concentrations&of&neutrophils&were&seen&
on&microscopy&or&Gram&stain&and&K.#pneumoniae#was&found&to&be&the&sole&organism&
present,&or&the&predominant&organism&if&the&sample&was&expected&to&contain&normal&
flora.&K.#pneumoniae#would&be&reported&as&an&infection&in&the&absence&of&neutrophils&
if&the&patient&was&neutropaenic.&The&vast&majority&of&isolates&resulted&from&wound&
swabs,&sputum&samples&and&urine&samples.&Where&K.#pneumoniae&is&identified&in&
urine&samples&or&wound&swabs&along&with&other&enteric&bacteria&(e.g.&E.#coli),&the&lab&
reports&this&as&mixed&enteric&flora&and&K.#pneumoniae&isolated&from&such&specimens&
were&excluded&from&the&study.&Wound&swabs&were&collected&when&signs&of&infection&
were&present,&i.e.&purulent&discharge);&and&reported&as&K.#pneumoniae&only&when&
other&enteric&or&skin&bacteria&were&not&also&identified.&Sputum&samples&were&only&
sent&for&testing&when&sputum&was&produced&by&the&patient&(the&lab&rejects&saliva&
samples&received&as&sputum);&and&reported&as&K.#pneumoniae&when&this&was&present&
in&large&amounts&with&no&other&pathogens&detected.&Case&notes&were&reviewed&to&
confirm&that&all&K.#pneumoniae&positive&sputum&samples&were&accompanied&by&chest&
X>rays&(23/29)&and/or&other&clinical&signs&(5/29)&indicative&of&pneumonia;&1&sputum&
culture>positive&trauma&patient&(KC0048)&was&not&subjected&to&X>rays&or&other&
investigations&as&they&died&shortly&after&due&to&catastrophic&injuries,&this&ST133&Kp&
isolate&may&not&represent&a&genuine&infection&and&is&indicated&(**)&in&Figure&2&and&
Supplementary&Figure&4.,While&the&microbiological&diagnostic&laboratory&at&the&
Alfred&Hospital&serves&the&wider&Alfred&Health&network,&only&clinical&isolates&
obtained&from&patients&at&the&Alfred&Hospital&are&reported&in&the&present&study.&
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Recruitment,into,carriage,study,
Trained&clinical&research&nurses&directly&approached&patients&that&met&the&criteria&for&
enrolment&into&the&study.&For&the&first&nine&months&of&the&study&(consent>based&
collection)&verbal&consent&was&requested&from&ICU&patients&aged&18&years&and&older&
who&were&thought&likely&to&stay&in&ICU&for&≥3&days.&The&eligible&study&population&
were&patients&spending&3&or&more&days&in&ICU,&as&we&considered&this&group&most&at&
risk&of&developing&Klebsiella&colonisation&and/or&infection&during&their&stay&in&
hospital.&Half&of&all&Alfred&Hospital&ICU&patients&are&admitted&following&scheduled&
heart&surgery&or&other&procedures&and&spend&only&1>2&days&there;&these&patients&
were&not&considered&at&significant&risk&of&acquiring&Klebsiella&colonisation&or&
infection&and&were&not&included&in&the&study.&If&the&patients&themselves&were&unable&
to&give&consent&then&adults&responsible&for&them&were&approached&on&their&behalf.&
Permission&was&sought&for&a&rectal&and&a&throat&swab&to&be&taken&each&5&to&7&days&
during&the&admission&in&ICU,&and&for&medical&information&to&be&collected&from&
hospital&records.&During&this&period,&33%&of&ICU&patients&spending&≥3&days&in&ICU&
were&enrolled&and&screened&for&Kp&carriage&(n=174);&this&low&recruitment&rate&was&
due&to&the&requirement&to&avoid&disruption&to&patient&care,&and&practical&issues&in&
identifying&and&approaching&appropriate&family&members&or&persons&responsible&to&
give&informed&consent&to&participate&in&the&study.&For&the&final&3&months&of&
recruitment&(universal&collection),&a&multidrug>resistance&surveillance&study&
(#526/13)&was&concurrently&conducted&by&our&group&in&the&ICU.&For&this&surveillance&
study,&ethical&approval&was&granted&to&collect&rectal&swabs&and&patient&data&without&
the&requirement&for&verbal&consent,&although&patients&who&were&conscious&had&the&
option&to&refuse.&Throat&swabs&were&not&obtained&during&this&period.&Ethical&
approval&was&also&obtained&to&include&screening&swabs&and&patient&data&collected&
during&the&surveillance&study&in&the&K.#pneumoniae&study.&During&this&period,&75%&of&
ICU&patients&spending&≥3&days&in&ICU&were&enrolled&and&screened&for&Kp&carriage&
(n=324).&Supplementary,Figure,1&shows&the&distribution&of&age,&sex&and&Kp&carriage&
amongst&the&patients&recruited&during&the&two&study&periods,&which&shows&no&
significant&differences&between&the&two&groups;&therefore&results&were&combined&for&
all&subsequent&analyses.&&
&
&
&
Sample,and,patient,data,collection,
,
Baseline#
Baseline&carriage&swabs&and&accompanying&patient&data&was&collected&for&all&study&
participants&as&soon&as&possible&after&recruitment.&Each&participant’s&medical&
reference&number&(MRN)&was&recorded&and&a&study&number&assigned.&A&clinical&
questionnaire&was&then&completed&by&nurses,&based&on&current&hospital&records&and&
charts.&This&questionnaire&included&information&on&age,&gender,&date&of&hospital&and&
ICU&admission,&any&surgery&(including&type)&in&the&last&30&days,&and&any&antibiotic&
treatment&(including&type&given)&in&the&last&7&days.&A&rectal&swab&(and&in&the&first&9&
months&a&throat&swab)&was&then&taken&and&the&date&recorded.&&
&
&
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Follow.up#
If&patients&were&in&the&ICU&for&an&extended&period&following&their&baseline&screening&
swab(s),&a&follow>up&swab&was&taken,&typically&5>7&days&after&baseline.&Some&patients&
also&had&follow>up&swabs&after&discharge&from&the&ICU&to&another&ward&in&the&same&
hospital,&which&occurred&within&5&days&after&the&ICU&discharge.&A&clinical&
questionnaire&was&again&completed&by&nurses&based&on&current&hospital&records&and&
included&all&the&same&information&as&the&baseline&questionnaire.&&In&addition&to&the&
information&collected&at&baseline&and&follow>up,&ICU&and&hospital&discharge&dates&
and,&where&applicable,&death&dates&and&ward&transfer&records&were&also&extracted&
from&participants’&hospital&records,&where&applicable,&for&all&patients&involved&in&
possible&transmission&chains.&&
&
Screening,swabs,
Throat&swabs&were&obtained&using&a&sterile&cotton&swab,&moistened&with&sterile&
normal&saline,&which&was&gently&rolled&across&both&palatal&fauces&with&a&mucosal&
contact&time&of&3>5&seconds.&To&obtain&rectal&swabs,&a&similar&sterile&cotton&swab&was&
moistened&with&sterile&normal&saline&and&then&inserted&into&the&distal&rectum&and&
gently&rotated&for&3&seconds.&Swabs&were&sent&to&the&microbiological&diagnostic&
laboratory&at&the&Alfred&Hospital&for&analysis.&
&
Each&swab&was&plated&onto&MacConkey&agar&and&incubated&in&air&at&36o&for&24&hours.&
The&swab&tip&was&then&placed&into&heart&infusion&broth&and&also&incubated&for&24&
hours.&The&heart&infusion&broth&was&subcultured&onto&a&MacConkey&plate&and&
incubated&in&air&at&36o&for&24&hours.&If&there&was&no&significant&growth&at&24&hours,&
plates&were&re>incubated&until&48&hours&had&elapsed.&Any&colony&with&the&
appearance&of&Klebsiella#species&(convex,&mucoid,&lactose>fermenting&(i.e.&pink&on&
MacConkey&agar))&was&investigated.&Species&identification&was&made&using&matrix>
assisted&laser&desorption&ionization>time&of&flight&(MALDI>TOF)&analysis&with&a&Vitek&
MS&(bioMerieux,&Marcy&L’Etoile,&France).&&If&the&colony&chosen&was&not&
K.#pneumoniae,#two&further&colonies&were&sampled&for&MALDI>TOF&testing.&If&a&
colony&resembling&K.#pneumoniae&had&an&unconfirmed&identification&reported&by&the&
MALDI>TOF,&further&identification&analysis&was&performed&using&other&methods&as&
appropriate;&these&included&motility&testing&and&the&Vitek2&GNI&card&(bioMerieux,&
Marcy&L’Etoile,&France).&&
&
Antimicrobial,susceptibility,testing,
Antimicrobial&susceptibility&testing&was&performed&using&the&Vitek2&GNS&card&using&
breakpoints&determined&by&EUCAST&and&CLSI.&Antimicrobials&tested&were:&amikacin,&
amoxicillin/clavulanic&acid,&ampicillin,&cefazolin,&cefepime,&cefoxitin,&ceftazidime,&
ceftriaxone,&ciprofloxacin,&gentamicin,&meropenem,&nitrofurantoin,&norfloxacin.&
piperacillin/tazobactam,&ticarcilin/clavulanic&acid,&tobramycin,&trimethoprim,&and&
trimethoprim/sulfamethoxazole.&If&the&susceptibility&pattern&suggested&an&extended>
spectrum&beta>lactamase&this&was&confirmed&using&the&method&of&Jarlier[1].&
Resistance&phenotypes&are&reported&in&Supplementary,Table,1&according&to&CLSI&
guidelines.&Isolates&were&classified&as&multidrug&resistant&(MDR)&if&they&were&
insusceptible&or&resistant&to&more&than&two&classes&of&antibiotics,&not&including&
ampicillin&and&nitrofurantoin,&according&to&CLSI&guidelines.&&



	

68	

	

 Gorrie&et&al,&Supplementary&Methods& 8&

Community,associated,vs,healthcare,associated,K.#pneumoniae#carriage,
Individuals&swabbed&for&K.#pneumoniae#carriage&were&separated&into&groups&in&order&
to&obtain&a&clear&assessment&of&carriage&rates&among&individuals&admitted&from&the&

general&community&with&no&recent&hospital&exposure.&Individuals&in&the&community&

associated&(CA)&screening&group&include&patients&who&(a)&were&admitted&to&the&

Alfred&ICU&either&directly&(day&0),&or&via&another&ward&of&the&Alfred&Hospital&on&day&0,&

1&or&2&of&the&original&Alfred&Hospital&admission;&and&(b)&were&first&swabbed&for&

K.#pneumoniae#carriage&on&day&0,&1&or&2&of&that&admission.&Individuals&in&the&CA&

screening&group&are&further&stratified&into&Day&0,&Day&1&or&Day&2&according&to&the&day&

on&which&they&were&first&swabbed,&with&day&0&being&the&day&of&admission&to&the&

Alfred&Hospital.&All&patients&who&were&first&swabbed&on&day&3&or&later&of&their&Alfred&

Hospital&admission&are&included&in&the&HA&/&Day&3+&screening&group.&Individuals&

referred&to&the&Alfred&ICU&by&the&trauma&ward&of&another&hospital&are&assumed&to&be&

emergency&admissions&from&the&community,&and&are&assigned&to&the&CA&/&Day&0>2&or&

HA&/&Day&3+&screening&groups&according&to&the&day&of&first&swab&relative&to&their&

Alfred&Hospital&admission.&All&other&patients&transferred&from&another&hospital&are&

included&in&the&HA&/&D3+&screening&group,&as&it&is&assumed&that&they&have&been&

exposed&to&a&hospital&setting&for&an&undetermined&period.&As&such,&the&CA&/&Day&0>2&

screening&groups&represent&individuals&admitted&directly&to&the&hospital&from&the&

community,&whereas&the&HA&/&D3+&group&includes&individuals&with&recent&hospital&

exposure.&These&groups&were&further&separated&into&those&with&and&without&a&

recorded&surgery&in&the&30&days&prior&to&screening.&The&median&number&of&days&

lapsed&between&hospital&admission&and&screening&for&the&CA&group&is&1&day&(range:&0&

to&2&days),&and&the&median&for&the&HA&group&is&3&days&(range:&0&to&49&days),&see&

Supplementary,Figure,2.&,
,
DNA,extraction,and,sequencing,
Samples&were&plated&onto&LB&agar&plates&and&incubated&overnight&at&37

o
C&with&air.&

Following&this,&single&colonies&were&picked&and&subcultured&into&LB&broths&and&again&

incubated&overnight&at&37
o
C&with&air&and&with&agitation.&Samples&which&had&mucoid&

colonies&–&or&which&did&not&spin&down&during&the&first&step&of&the&extraction&–&were&

incubated&in&10&mL&Luria&broths&with&32>35ul&of&10&mg/mL&sodium&salicylate&(stock&

concentration&of&~6.2nM)&added&to&each&broth,&in&order&to&inhibit&capsule&formation.&&

Cells&were&harvested&from&a&5&mL&overnight&culture&by&centrifugation,&then&

resuspended&in&in&2&mL&PBS&(pH&7.4).&250&µL&of&20%&SDS&and&25&µL&of&20&mg/mL&

proteinase&K&were&added&and&then&suspension&was&briefly&vortexed.&Following&this,&

the&tube&was&incubated&at&37
o
C&for&45&to&60&minutes,&or&until&lysate&cleared.&Lysate&

was&extracted&once&with&2&mL&phenol:chloroform:isoamyl&alcohol&in&pre>spun&15&mL&

light&phase&lock&gel&tube&(5PRIME);&samples&were&mixed&by&manual&shaking&until&a&

milky&emulsion&formed&then&centrifuged&for&five&minutes&at&3750&rpm&and&the&

aqueous&phase&recovered&into&a&new&15&mL&light&phase&lock&gel&tube.&2&mL&of&

chloroform:isoamyl&alcohol&was&added&then&again&mixed&manually&and&centrifuged.&&

The&aqueous&phase&was&recovered&into&a&10&mL&tube,&with&5&mL&100%&ethanol&and&

200&µL&of&2M&sodium&acetate&(pH5.2),&then&gently&inverted&until&DNA&precipitated.&

DNA&was&then&transferred&to&a&1.5&mL&Eppendorf&tube&with&1&mL&of&70%&ethanol,&for&

5&minutes,&then&again&transferred&to&a&new&1.5&mL&tube&to&air&dry.&The&DNA&was&then&

be&resuspended&in&0.5&mL&dH2O&or&TE&buffer.&&
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Following&extraction,&DNA&libraries&were&prepared&using&the&Nextera®&XT&96&barcode&

DNA&kit,&or&according&to&the&library&preparation&step&in&the&Illumina&sequencing&

protocol&with&some&amendments[2],&and&sequenced&on&the&HiSeq&2500&platform&

(Illumina),&generating&paired>end&reads&of&125&bp&each.&&&

&

Sequence,analysis,
A&total&of&94&carriage&isolates&and&57&infection&isolates&obtained&from&109&patients&

were&eligible&for&inclusion&as&the&patients&had&spent&time&in&the&ICU.&Three&of&these&

sequence&data&sets&were&excluded&from&further&analysis,&as&preliminary&screening&

showed&that&the&sequenced&colonies&were&dominated&by&non2K.#pneumoniae&DNA&
(two&follow>up&carriage&isolates&from&two&different&patients&were&dominated&by&

Escherichia#coli#DNA&with&17>19x&depth&of&Klebsiella&reads,&and&one&infection&isolate&
was&dominated&by&Acinetobacter#baumannii&DNA&with&5x&depth&of&Klebsiella&reads).&
Note&this&does&not&mean&that&the&original&identification&of&K.#pneumoniae&from&these&

samples&was&incorrect,&but&could&also&be&explained&by&either&a&mixture&of&bacteria&in&

the&culture&with&the&colony&picked&for&subculture&and&DNA&extraction&happening&to&

be&dominated&by&non>Klebsiella&cells;&or&a&Klebsiella&specimen&becoming&

contaminated&with&non>Klebsiella&cells&or&non>Klebsiella&DNA&originating&from&other&

samples.&Due&to&the&original&lab&identification&as&Kp,&and&the&confirmed&presence&of&

Kp&DNA,&we&therefore&count&these&three&specimens&as&positive&detection&of&Kp;&but&
exclude&the&genome&data&for&further&detailed&analysis.&The&remaining&148&WGS>

confirmed&Kp&isolates&(92&carriage&isolates&and&56&infection)&from&106&patients&

underwent&further&comparative&Kp&genomic&analysis.&&

&

Multi>locus&sequence&typing&(MLST)&was&performed&by&comparing&all&read&sets&to&

K.#pneumoniae&7>locus&MLST&scheme[3]&using&SRST2&v0.2.0[4].&For&core&gene&

phylogenetic&analysis,&single&nucleotide&polymorphisms&(SNPs)&were&identified&by&

mapping&Illumina&reads&against&the&K.#pneumoniae#strain&NTUH>K2044&(ST23)&
reference&genome,&using&the&mapping&pipeline&RedDog&v1b10.2&

(https://github.com/katholt/reddog).&RedDog&uses&Bowtie2&v2.2.5[5]&to&map&reads&

and&SamTools&v1.2[6]&to&call&SNPs&with&phred&quality&score&30,&as&described&

previously[7].&The&SNP&data&identified&five&isolates&with&significant&heterozygosity&

(ratio&of&≥0.1&heterozygous&SNP&to&every&homozygous&SNP&(het/hom&ratio)),&

originating&from&mixed&isolates&that&each&comprised&a&mixture&of&dominant&and&

secondary&K.#pneumoniae&clones&or&of&a&mixture&of&K.#pneumoniae#and&non>
Klebsiella.&As&their&phylogenetic&placement&and&high>resolution&pairwise&SNP&

distances&could&not&be&accurately&determined,&these&were&excluded&from&further&

analysis,&leaving&a&total&of&n=143&genomes.&Core&genes&were&defined&as&those&that&

were&annotated&in&the&reference&genome&and&present&(coverage&≥&95%&and&depth&≥&

5x)&in&all&of&the&sequenced&isolates&based&on&mapping&analysis.&A&phylogenetic&tree&

was&inferred&from&an&alignment&of&all&homozygous&SNPs&identified&within&core&genes&

(n=3,419)&in&the&143&genomes,&using&FastTree&v2.1.8[8,&9]&(Figure,2;&six&isolates&with&
het/hom&ratio&in&the&range&0.02>0.1,&which&could&indicate&low>level&mixed&culture,&

are&indicated&with&a&*).&Phylogenetic&clusters&were&identified&by&analysing&this&tree&

using&RAMI[10],&with&a&patristic&distance&threshold&of&0.02&(~11,800&SNPs).&&

&

&
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Genetic,distances,
Isolates&falling&within&the&same&phylogenetic&lineage&were&further&investigated&to&
identify&pairwise&SNPs.&The&six&isolates&with&het/hom&ratio&in&the&range&0.02>0.1&were&
excluded&from&this&analysis,&leaving&137&genomes.&As&the&gene&content&of&
K.#pneumoniae&isolates&can&vary&substantially[11],&the&amount&of&sequence&that&is&
alignable&between&pairs&of&K.#pneumoniae&genomes&varies&substantially.&We&
therefore&used&a&pairwise&cross>mapping&approach&to&estimate&the&number&of&SNPs&
between&pairs&of&isolates,&rather&than&using&the&mapping&to&a&common&reference&as&
we&had&done&for&phylogenetic&analysis.&Each&read&set&was&assembled&using&SPAdes&
v3.6.2[12]&with&kmer&lengths&of&31,&41,&51,&and&61&and&the&‘before&repeat&resolution’&
contig&sequences&were&used&for&subsequent&comparative&analysis&in&order&to&
maximize&the&amount&of&alignable&sequence.&For&each&pair&of&isolates,&a&pairwise&
nucleotide&BLAST&of&contig&sequences&was&used&to&identify&and&extract&the&full&
complement&of&homologous&sequences&between&the&two&genome&assemblies&
(interquartile&range,&81>90%&of&the&total&assembled&bases&in&each&assembly)&(code&
available&at&https://github.com/rrwick/Catpac).&Isolates&were&further&excluded&at&
this&if&point&if&median&read&depth&was&<20&reads.&For&each&pair&of&isolates,&SNPs&
within&the&homologous&regions&were&then&identified&by&mapping&both&sets&of&read&
sets&to&both&sets&of&homologous&sequences&using&Bowtie2&v2.2.9[5]&and&calling&SNPs&
with&SamTools&v1.3.1[6].&Unreliable&SNP&calls&(defined&as&a&mapping&quality&score&
<50,&<80%&of&reads&supporting&a&variant&call,&<5&good&quality&forward&and&reverse&
reads&supporting&the&variant&(as&extracted&from&DP4&values&in&the&VCF&file),&or&those&
also&called&from&self>mapping&of&reads)&were&filtered&out.&This&resulted&in&two&
estimates&of&SNP&counts&for&each&pair&of&strains,&A&and&B:&those&called&from&mapping&
isolate&A&reads&to&isolate&B&assembly,&and&those&called&by&mapping&isolate&B&reads&to&
isolate&A&assembly.&These&counts&were&on&average&within&1.5%&of&one&another,&and&
the&greatest&of&the&two&values&was&taken&as&a&conservative&estimate&of&pairwise&SNP&
distance&between&isolates&A&and&B.&As&the&alignable&portion&of&any&two&
K.#pneumoniae&genomes&varies&substantially&according&to&their&relatedness,&these&
SNP&counts&were&normalised&to&the&length&of&each&pairwise&alignment,&yielding&
comparable&estimates&of&pairwise&genetic&distances&in&terms&of&SNPs&per&base.&For&
ease&of&interpretation,&these&pairwise&distances&are&expressed&in&units&of&SNPs&per&5&
Mbp&as&an&approximation&to&the&total&number&of&SNPs&per&genome.&
&
Identification,of,transmission,chains,
Genetic&distance&cut>offs&for&likely&and&very&likely&strain&sharing&were&determined&by&
inspecting&the&distribution&of&pairwise&SNP&distances&between&isolates&from&the&same&
patient&with&those&from&different&patients&(Figure,3).&Comparison&to&dates&of&ICU&
admission&and&specimen&isolation&showed&that,&in&all&cases&where&between>patient&
genetic&distances&fell&below&these&cut>offs,&the&patients&in&question&had&overlapping&
stays&or&were&part&of&chains&of&patients&with&overlapping&stays&(Figure,4)&and&were&
deemed&to&represent&epidemiologically&plausible&intra>hospital&transmission&chains.&
This&accounted&for&5/16&lineages&that&were&detected&in&more&than&one&ICU&patient.&
The&other&11/16&lineages&had&pairwise&between>patient&SNP&distances&exceeding&the&
cut>offs&for&strain&sharing&and&inspection&of&the&temporal&data&showed&they&also&
lacked&overlapping&ICU&admissions&(Supplementary,Figure,4).&Such&lineage&sharing&
could&result&from&independent&acquisition&in&the&community&prior&to&hospital&
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admission,&but&could&also&potentially&be&explained&by&reservoirs&of&bacteria&that&
persist&within&the&hospital&between&admissions&(for&example,&in&reservoirs&such&as&
sinks&or&drains,&or&colonisation&of&healthcare&workers&[13>15]).&
&
Statistical,analysis,
All&statistical&analyses&were&conducted&using&R&(v3.3.1).&Fisher’s&exact&test&(function&
fisher.test)&was&used&to&investigate&associations&expressed&in&2x2&contingency&tables&
and&to&calculate&the&corresponding&odds&ratios,&confidence&intervals&and&p>values&
(two>sided&tests&in&all&cases).&The&Wilcoxon&rank>sum&test&was&used&to&compare&the&
distribution&of&ages&between&Kp2carriage&positive&and&Kp2carriage&negative&
participants.&&
&
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2.4 Summary 

In this chapter, I used WGS to explore the population of K. pneumoniae associated with 

asymptomatic carriage and infection in the ICU. Consistent with expectation (section 

1.1.1), this confirmed that isolates identified as K. pneumoniae in the hospital laboratory 

using MALDI-TOF also included the related species K. variicola (19.6%) and 

K. quasipneumoniae (2.8%). The two key novel contributions made in this study were: 

(i) it provided the first reported estimates of the frequency of GI colonisation with 

K. pneumoniae complex in an Australian hospital population; and (ii) it used whole 

genome sequencing to provide the strongest evidence to date that strains colonising the 

GI tract at the early stages of hospital admission are causative agents of subsequent HA 

infections. In the final stages of preparing this work for publication, a study was 

published that used a similar approach to investigate the frequency of asymptomatic 

K. pneumoniae colonisation in at-risk patient groups (those in ICU and often 

immunocompromised, or undergoing procedures and treatment that place them at risk) 

and the role of such strains in infection (R. M. Martin et al. 2016). That study drew 

similar conclusions, demonstrating that this phenomenon is not specific to just this local 

study and therefore carriage is likely to have a globally significant role in HA 

infections. Correspondingly, the knowledge gained from this local study and the 2016 

study by Martin et al could have wide-ranging, even global, public health benefits. This 

link between carriage and infection will be important for infection control and 

prevention of an increasingly antimicrobial-resistant pathogen, as routine screening for 

potential carriage could highlight at-risk patients and help tailor treatment options and 

possible quarantine when necessary.
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Chapter 3: Carriage, infection, and antimicrobial resistance 

among geriatric patients 

3.1 Introduction 

In Chapter 2, the role of carriage as a reservoir for subsequent infections in ICU patients 

was elucidated. In the present Chapter, I used a similar approach to study a different at-

risk cohort – geriatric patients – in order to further explore the population of 

K. pneumoniae associated with HA infections and the relationship between carriage and 

infection. The risks associated with this group are different from ICU patients in that the 

patient cohort is older and thus more likely to be affected by immune senescence and 

comorbidities, and is more likely to have had recent healthcare contact and thus 

exposure to antimicrobials and antimicrobial resistance organisms. However, while 

multiple studies have examined carriage of antimicrobial-resistant Gram-negative 

organisms by residents of long-term aged care facilities, little is known about 

colonisation of acute/sub-acute care geriatric patient populations. The research in this 

Chapter focused on isolates cultured from patients while admitted to one of two 

geriatric wards at the Caulfield Hospital (CH) during the KASPAH study, either as a 

result of weekly carriage screening or routine clinical investigations. However because 

this work was nested within the wider KASPAH study that also captured all clinical 

isolates at the Alfred Hospital, the main referral centre for CH, it also provided an 

opportunity to explore transmission within the hospital network. In addition, because 

transmission of AMR was of particular interest in this patient population, I also 

performed more detailed analysis of AMR plasmids and their mobile genetic elements 

using novel long-read sequencing technologies to obtain completely finished sequences 

for selected genomes. 

3.2 Research objectives 

The objectives of the research presented in this chapter were to: 

i) assess the prevalence of K. pneumoniae colonisation  

ii) identify putative transmission events both within the Caulfield Hospital geriatric 

study wards, and between the Alfred Hospital and the Caulfield Hospital  
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iii) investigate the underlying genetic mechanisms resulting in multidrug resistance 

phenotypes 

iv) reveal the presence of known or novel plasmids and mobile genetic elements 

allowing transfer of AMR phenotypes and genotypes 

These objectives were all addressed in an article that was published in Clinical 

Infectious Diseases (Gorrie et al. 2018) (DOI: 10.1093/cid/cix270) and is enclosed in 

Section 3.3.  
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3.3 Results and discussion 
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Antimicrobial-Resistant Klebsiella pneumoniae Carriage 
and Infection in Specialized Geriatric Care Wards Linked 
to Acquisition in the Referring Hospital
Claire L. Gorrie,1,2 Mirjana Mirceta,3 Ryan R. Wick,1 Louise M. Judd,1 Kelly L. Wyres,1 Nicholas R. Thomson,4 Richard A. Strugnell,2 Nigel F. Pratt,5  
Jill S. Garlick,5 Kerrie M. Watson,5 Peter C. Hunter,6 Steve A. McGloughlin,7 Denis W. Spelman,8 Adam W. J. Jenney8, and Kathryn E. Holt1
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Background. Klebsiella pneumoniae is a leading cause of extended-spectrum β-lactamase (ESBL)–producing hospital-associ-
ated infections, for which elderly patients are at increased risk.

Methods. We conducted a 1-year prospective cohort study, in which a third of patients admitted to 2 geriatric wards in a specialized 
hospital were recruited and screened for carriage of K. pneumoniae by microbiological culture. Clinical isolates were monitored via the 
hospital laboratory. Colonizing and clinical isolates were subjected to whole-genome sequencing and antimicrobial susceptibility testing.

Results. K. pneumoniae throat carriage prevalence was 4.1%, rectal carriage 10.8%, and ESBL carriage 1.7%, and the incidence 
of K. pneumoniae infection was 1.2%. The isolates were diverse, and most patients were colonized or infected with a unique phylo-
genetic lineage, with no evidence of transmission in the wards. ESBL strains carried blaCTX-M-15 and belonged to clones associated 
with hospital-acquired ESBL infections in other countries (sequence type [ST] 29, ST323, and ST340). One also carried the carbap-
enemase blaIMP-26. Genomic and epidemiological data provided evidence that ESBL strains were acquired in the referring hospital. 
Nanopore sequencing also identified strain-to-strain transmission of a blaCTX-M-15 FIBK/FIIK plasmid in the referring hospital.

Conclusions. The data suggest the major source of K. pneumoniae was the patient’s own gut microbiome, but ESBL strains were 
acquired in the referring hospital. This highlights the importance of the wider hospital network to understanding K. pneumoniae risk 
and infection prevention. Rectal screening for ESBL organisms on admission to geriatric wards could help inform patient manage-
ment and infection control in such facilities.

Keywords. Klebsiella pneumoniae; genomic epidemiology; geriatric care; multidrug resistance; asymptomatic carriage.

Klebsiella pneumoniae is an opportunistic bacterial pathogen 
associated with urinary tract infections (UTIs), pneumonia, 
septicemia, and wound and soft-tissue infections in healthcare 
settings [1]. One of the ESKAPE pathogens, which are collect-
ively responsible for the majority of hard-to-treat infections in 
hospitalized patients [2], K. pneumoniae is frequently multidrug 
resistant (MDR; defined as resistant to ≥3 classes of antibiotics). 
Of particular concern are isolates that produce extended-spec-
trum β-lactamases (ESBLs) or carbapenemases, which confer 
resistance to third-generation cephalosporins and carbapen-
ems, respectively [2]. Among those at risk are infants (who have 

immature immune systems) and the elderly (who have waning 
immune defenses); both are subject to heightened incidence and 
severity of infections [3]. K. pneumoniae, carried asymptomati-
cally in the gastrointestinal (GI) tract, can disseminate to cause 
healthcare-associated infections in at-risk individuals [4, 5]. 

We recently reported a positive association between K. pneu-
moniae GI carriage and age among patients in an intensive care 
unit (ICU) [4]. Older age and hospital stays in geriatric and 
long-term care facilities have previously been linked with MDR 
bacterial colonization and infection [6–8]; hence, geriatric hos-
pital patients can be considered an at-risk group for carriage 
and/or infection with K. pneumoniae. In the current study, we 
aimed to investigate the prevalence, diversity and antimicrobial 
resistance (AMR) of K. pneumoniae carried in the GI and re-
spiratory tracts of patients admitted to 2 geriatric care units.

METHODS

Ethics

Ethical approval for this study was granted by the Alfred 
Hospital (AH) Ethics Committee (project No. 550/12).
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Recruitment and Specimen and Data Collection

Adult patients aged ≥50 years were recruited from 2 geriatric 
medicine wards at the Caulfield Hospital (CH). Verbal consent 
to participate was required from the patient or an adult respon-
sible for them. Rectal and screening swab samples were taken at 
recruitment, usually within the first week of admission to the 
ward. Information on age, sex, dates of hospital and ICU admis-
sion/s, surgery in the last 30 days, and antibiotic treatment in the 
last 7 days were extracted from hospital records and recorded in 
a questionnaire. All clinical isolates recovered from patients at 
CH or the referring hospital (AH) and identified as K.  pneu-
moniae infections by the AH diagnostic laboratory as part of 
routine care were included in the study. See Supplementary 
Methods for further details.

Whole-Genome Sequence Analysis

DNA was extracted and sequenced via Illumina HiSeq. Multilocus 
sequence typing (MLST) was conducted using SRST2 software 
(version 0.2.0) [9]. Single-nucleotide variants (SNVs) were called 
by aligning reads to a reference genome (K. pneumoniae strain 
NTUH-K2044), and used to infer maximum likelihood phylo-
genetic trees. Phylogenetic lineages were defined at a threshold 
of >0.1% divergence. Draft genome assemblies were constructed 
using SPAdes software (version 3.6.1) and used to identify cap-
sule loci with Kaptive software (version 0.4) [10]. Isolates selected 
for finishing (n  =  17) were subjected to long-read sequencing 
with Oxford Nanopore MinION and hybrid assembly of long 
and short reads using Unicycler software (version 0.4.0) [11], as 
described elsewhere [12]. All read sets and finished assemblies 
were deposited in NCBI (accession Nos. in Supplementary Table 
S1). See Supplementary Methods for full details.

AMR and Plasmid Analysis

All clinical and carriage isolates were subjected to antimicro-
bial susceptibility testing using the Vitek2 GNS card and 
Clinical and Laboratory Standards Institute break points. AMR 
genes were identified from Illumina reads using SRST2 (ver-
sion 0.2.0) [9] to screen against the ARG-Annot database [13] 

(Supplementary Table S1). The locations of AMR genes were 
confirmed by BLAST (Basic Local Alignment Search Tool) 
analysis of finished genome sequences, and the Repository of 
Antibiotic Resistance Cassettes database and annotation service 
[14]. Plasmid incompatibility types and subtypes were iden-
tified using PlasmidFinder [15] and established methods for 
IncC subtyping [16, 17].

Statistical Analysis

All statistical analyses were conducted using R software (ver-
sion 3.3.1).

RESULTS

During the 1-year study, 296 adults aged ≥50 years and admit-
ted to 2 geriatric wards of CH (30.5% of 973 patients admitted 
to these wards) were screened for K. pneumoniae carriage via 
rectal and throat swab samples. Participant characteristics are 
given in Table 1. Approximately half (n = 144; 49%) were male, 
and age distributions were similar for both sexes, with a me-
dian age of 84  years (range, 55–102  years). The median time 
of recruitment was day 8 of the current hospital admission 
(range, days 1–83). Of the 296 patients screened, 124 (42%) 
had received antimicrobial therapy in the last 7  days, and 34 
(11%) had undergone ≥1 surgical procedure in the last 30 days 
(Table 1).

Klebsiella Carriage

Isolates identified as K. pneumoniae were cultured from 13.5% 
of participants (Table 1). We estimate the point prevalence of GI 
carriage at 10.8% (95% confidence interval [CI], 7.6%–15.1%) 
and throat carriage at 4.1% (2.2%–7.2%). The carriage rates 
were similar among male and female participants (16% and 
11%, respectively; P =  .30 using χ2 test). Carriage was not sig-
nificantly associated with age, sex, or day of admission in lo-
gistic regression models (Supplementary Table S2), although 
the study was underpowered to investigate this conclusively. GI 
carriage of ESBL K. pneumoniae was detected in 5 participants 
(1.7%); 4 of these isolates were also MDR (Table 2).

Table 1. Characteristics of Participants Screened for Klebsiella pneumoniae Carriage

Characteristic Total (n = 296) Male (n = 144) Female (n = 152)

Age, median (range), y 86 (55–102) 85 (55–97) 86 (58–102)
Timing of baseline swab sample, median (range), d of current hospital admissiona 8 (1–83) 7 (1–69) 9 (1–83)
Recent antibiotics, No. (%)b 123 (42) 59 (41) 64 (42)
Recent surgery, No. (%)c 34 (11) 15 (10.4) 19 (12.5)
K. pneumoniae–positive culture, No. (%)
 Rectal swab sample 32 (10.8) 19 (6.3) 13 (8.6)
 Throat swab sample 12 (4.1) 7 (4.9) 5 (3.3)
 Both 4 (1.4) 3 (2.1) 1 (0.7)

aThe day of admission was considered day 1. 
b“Recent antibiotics” was defined as antimicrobial therapy in the last 7 days before screening. 
c“Recent surgery” was defined a surgical procedures of any kind in the last 30 days before screening.
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K. pneumoniae Infections

Twelve (1.2%) of the CH study ward patients (7 female, 5 male) 
had K.  pneumoniae infections diagnosed (all UTIs). Patient 
characteristics are shown in Table 3. The K. pneumoniae UTI 
rate was very low in noncarriers (0.76%; 2 of 264), however, 
the numbers are too small for meaningful comparisons with 
the rate in carriers (1 of 32; 3%; note that 9 UTIs occurred in 
patients not screened). Four of the 14 UTI isolates (from 12 
patients) were MDR, and 3 produced ESBLs (Table 3).

Genomic Diversity of Klebsiella

We sequenced the genomes of all 59 isolates identified as 
K.  pneumoniae from patients in the study wards: 12 throat 
swab sample, 33 rectal swab sample, and 14 UTI isolates, orig-
inating from 53 patients. Five carriage isolate genomes were 
excluded from detailed phylogenetic analysis owing to sequence 
failure (n = 1) or mixed culture (n = 4). Genome data from the 

remaining 54 isolates confirmed they were members of the 
K. pneumoniae complex, which are typically indistinguishable 
biochemically [18]: 37 K. pneumoniae, 2 Klebsiella quasipneu-
moniae, 15 Klebsiella variicola (Figure 1). UTI isolates were pre-
dominantly K. pneumoniae (n = 12/14, 86%). Carriage isolates 
were more diverse, with only 63% K. pneumoniae, but the dif-
ference was not statistically significant (P = .20 using χ2 test).

A core genome tree of the 54 Klebsiella isolates (Figure  1) 
showed they represent a diverse population comprising 45 
phylogenetically distinct lineages. These included some com-
mon MLST sequence types (STs) previously associated with 
AMR infections in hospitals (ST17, ST20, and ST340) [19] or 
severe community-acquired infections (ST23 and ST45) [18, 
20], as well as 13 novel STs that were submitted to the MLST 
database for ST assignment (5 K. pneumoniae and 8 K. varii-
cola). Thirty-seven distinct capsule locus types were also 
detected [10] (Figure 1 and Supplementary Table S1).

Table 2. Details of Participants With Rectal Screening Swab Samples Positive for Extended-Spectrum β-Lactamase Klebsiella pneumoniae 

Patient Age, y Sex Recent Surgerya Recent Antibioticsb Isolatec Antimicrobials to Which Resistance Was Detectedd

CH0031 96 M No Cro KSB1_1B Kz, Cro
CH0138 91 F Yes Tmp KSB1_9D Amc, Tim, Tzp, Kz, Caz, Cro, Gen, Tob, Cip, Nor, Tmp, Sxt
CH0142 72 M No … KSB1_4E Tim, Tzp, Kz, Fox, Caz, Cro, Tob, Cip, Tmp, Sxt
CH0260 72 F No Amc KSB1_10J Kz, Cro, Tmp, Sxt
CH0274 73 F No Van, Cip, Cfx KSB2_1B Kz, Cro, Tmp, Sxt

Abbreviations: Amc, amoxicillin–clavulanic acid; Caz, ceftazidime; Cfx, cefuroxime; Cip, ciprofloxacin; Cro, ceftriaxone; F, female; Fox, cefoxitin; Gen, gentamicin; Kz, cefazolin; M, male; Nor, 
norfloxacin; Sxt, trimethoprim-sulfamethoxazole; Tim, ticarcillin–clavulanic acid; Tmp, trimethoprim; Tob, tobramycin; Tzp, tazobactam-piperacillin; Van, vancomycin. 
a“Recent surgery” indicates surgery of any kind in the last 30 days before screening. 
b“Recent antibiotics” were defined as antibiotic treatment in the last 7 days before screening. 
cCH0031 isolate KSB1_1B carried blaCTX-M-55; the others carried blaCTX-M-15. 
dAntimicrobial resistance phenotyping was conducted using Vitek2 software and interpreted using Clinical and Laboratory Standards Institute thresholds. All isolates were confirmed re-
sistant to ampicillin. Additional drugs to which acquired resistance was detected are listed. All 5 isolates were susceptible to cefepime, meropenem, and amikacin.

Table 3. Details of Klebsiella pneumoniae Urinary Tract Infectionsa 

Patient Age, y Sex Carriage Positive Antimicrobials to Which Clinical Isolate Displayed Resistanceb

CH0110 92 F No Isolate 1: …
Isolate 2: Tmp and Sxt

CH0138 91 F Yes Isolate 1: Amc, Tim, Tzp, Kz, Caz, Cro,c Gen, Tob, Cip, Nor, Tmp, Sxt
Isolate 2: Amc, Tim, Tzp, Kz, Caz, Cro,c Gen, Tob, Cip, Nor, Tmp, Sxt, Fox, Fep, Mer

CH0258 91 F No Amc, Tim, Kz, Caz, Cro,c Tob, Tmp, Sxt
KC0049 78 F NP …
KC0061 90 F NP …
KC0109 69 M NP …
KC0191 91 M NP Amc, Tim, Tzp, Kz, Cro,c Fep, Tob, Tmp, Sxt
KC0216 86 M NP Nor
KC0302 81 M NP …
KC0303 71 M NP …

Where two clinical isolates were cultured, these are labelled 1 and 2, and antimicrobial resistance phenotypes are given for both.

Abbreviations: Amc, amoxicillin–clavulanic acid; Ami, amikacin; Caz, ceftazidime; Cip, ciprofloxacin; Cro, ceftriaxone; F, female; Fep, cefepime; Fox, cefoxitin; Gen, gentamicin; Kz, 
cefazolin; M, male; Mer, meropenem; Nor, norfloxacin; NP, not participating; Sxt, trimethoprim-sulfamethoxazole; Tim, ticarcillin–clavulanic acid; Tmp, trimethoprim; Tob, tobramycin; Tzp, 
tazobactam-piperacillin.
aCharacteristics of patients and corresponding urine isolates are provided. Carriage screening swab sample results are given for patients who were also recruited as participants in the 
carriage study. 
bAntimicrobial resistance phenotyping was conducted using Vitek2 software and interpreted using Clinical and Laboratory Standards Institute thresholds. All isolates were confirmed re-
sistant to ampicillin. Additional drugs displaying acquired resistance are listed. 
cIsolate identified as extended-spectrum β-lactamase producer.
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Of the 4 individuals with both rectal and throat isolates, 3 were 
colonized with different strains at each site (Figure 1). All K. qua-
sipneumoniae and K. variicola isolates were singleton strains; that 

is, each represented a unique lineage detected in a single patient. In 
contrast, 3 K. pneumoniae lineages were identified in ≥2 patients 
and thus could potentially indicate transmission in CH (ST323, 
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Figure  1. Core genome phylogeny for Klebsiella isolated from patients in the study wards, indicating multi-locus sequence typing (MLST) and capsule locus (KL) genotypes, 
and antimicrobial resistance (AMR) phenotypes. The tree is a maximum-likelihood phylogeny inferred from 489 069 single-nucleotide variants in 3769 core genes; all branches 
defining species or lineages (ie, clades of isolates sharing sequence types from MLST) have >90% bootstrap support. Scale bar indicates nucleotide divergence. Clusters of 
genomes with patristic distance ≤0.1% nucleotide divergence are highlighted. Curved lines indicate isolates from the same patient (green, carriage isolates; purple, infection 
isolates; black, carriage and infection isolates). K loci were identified using Kaptive software. AMR phenotypes, determined using Vitek2 and interpreted according to Clinical 
and Laboratory Standards Institute guidelines, are indicated in the heat map and colored by drug class according to the inset legend; Asterisks denote multidrug resistance 
(resistant to ≥3 drug classes). Amc, amoxicillin–clavulanic acid; Ami, amikacin; Amp, ampicillin; Caz, ceftazidime; Cip, ciprofloxacin; Cro, ceftriaxone; Fep, cefepime; Fox, 
cefoxitin; Gen, gentamicin; Kz, cefazolin; Mer, meropenem; Nor, norfloxacin; Sxt, trimethoprim-sulfamethoxazole; Tim, ticarcillin–clavulanic acid; Tmp, trimethoprim; Tob, 
tobramycin; Tzp, tazobactam-piperacillin.
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ST29, and ST37; dark shading in Figure 1). To investigate further, 
we used long-read sequencing to generate high-quality, com-
pletely resolved genome sequences for these isolates (Methods 
and Supplementary Table S3), and we calculated SNV distances 
between isolates within each cluster (Table 4). The ST37 isolates 
were separated by 1816 SNVs (433 mutations plus 1383 SNVs 
introduced by recombination; Supplementary Figure S1) and 
thus represent independent strains not linked by recent trans-
mission. The ST323 and ST29 isolates were much more closely 
related (4–40 SNVs), consistent with recent transmission. These 
isolates were ESBL and are investigated in detail below.

MDR Mechanisms and Transmission

Seven of the 54 isolates were MDR (Figure 1). These belonged to 
the 2 potential transmission clusters (ST29 and ST323) and UTI 
and colonizing isolates from patient CH0138 (ST340). To inves-
tigate the genetic mechanisms for resistance, we used long-read 
sequencing to completely resolve these genomes (Methods). 
The ST29 and ST323 MDR isolates each harbored 4–6 plasmids 
(Supplementary Table S3). Notably, all the acquired AMR genes in 
these genomes were localized to the same >200–kilobase pair FIBK/
FIIK plasmid backbone encoded conjugative transfer functions. 
This shared close similarity (>90% coverage and 99% identity) with 
plasmid pKPN3-307_type A from an Italian K. pneumoniae [21]. 
However there were some differences in the MDR regions, result-
ing in different susceptibility profiles (Supplementary Figure S2).

Both CH ST29 UTI isolates displayed similar AMR profiles 
and harbored the same set of 12 AMR genes, including the ESBL 
gene blaCTX-M-15 (Supplementary Figure S2). In 1 of the ST29 iso-
lates, INF322, the AMR genes were located on a 243 634–base 
pair circular plasmid (pINF322), carrying the FIBK and FIIK 
replicons. This entire plasmid sequence was integrated into 
the chromosome of INF249, within a 23S ribosomal RNA gene 

(Supplementary Figure S2A), flanked by copies of IS26 and an 
8–base pair target site duplication (GGCTTTTC). The pINF322 
plasmid carried 8 copies of IS26, and the integration event in 
INF249 seems to have been mediated by the copy situated 
next to the aac6-Ib gene (Supplementary Figure S2A). The first 
ST323 carriage isolates, KSB1_4E, carried a plasmid sequence 
(pKSB1_4E) that differed from pINF322 by just 1 SNV. Two of 
the other 3 ST323 isolates carried the identical plasmid back-
bone to pKSB1_4E (no SNVs). All 3 harbored blaCTX-M-15 within 
a variable MDR region (Supplementary Figure S2B).

We investigated transmission of ST29 and ST323 strains and 
plasmids based on SNV counts, phylogenetic relationships, and 
hospital admission data (including time in CH and the referring 
hospital AH). In both the ST29 and ST323 clusters, the data did 
not support direct transmission between the patients in CH, be-
cause in many cases they lacked overlapping time in the wards 
(Figure 2A). Given the close genetic distances between isolates 
(4–40 SNVs, Table 4), we hypothesized that they may be linked 
by transmission in the referring hospital rather than CH. To in-
vestigate this we analyzed all ST29 and ST323 clinical isolates 
identified at AH and CH during the study period, and we con-
structed core genome phylogenies (Figure  2B). The CH ST29 
isolates belonged to a group of 12 closely related strains (iso-
lated in the last 4 months of the study) that shared a common 
ancestor with AH isolates, from which each differed by 1–4 
SNVs (Figure 2B). Similarly, the CH ST323 isolates belonged to 
a group of 27 strains (isolated throughout the study) that shared 
a common ancestor with AH isolates, from which each differed 
by between 3 (early isolates) and 34 SNVs (late isolates).

All ST29 isolates and n = 26/27 ST323 isolates shared the same 
FIBK/FIIK plasmid sequence, separated by ≤1 SNV in the back-
bone sequence (note it is possible the remaining ST323 isolate 
also had the plasmid but lost it in culture). There was variation 

Table 4. Pairwise Genetic Differences Between Isolates in Multipatient Lineagesa 

Patient ID by ST Age, y Sex Sample ID Specimen Sample Date (dd/mm/yyyy)

SNVs, No.

Chromosome FIBK/FIIK Plasmid

ST29
 KC0191 91 M INF249 UTI 01/12/2013 … …
 CH0258 91 F INF322 UTI 17/02/2014 4 39b

ST323
 CH0142 72 M KSB1_4E Rectal 10/09/2013 … …
 CH0150 85 M KSB1_7E Rectal 17/09/2013 4 NA
 CH0260 72 F KSB1_10J Rectal 11/02/2014 19 0
 CH0274 73 F KSB2_1B Rectal 25/02/2014 40 5
ST37 (KL14)
 CH0110 92 F INF042 UTI 08/05/2013 … …
 CH0110 92 F INF059 UTI 16/05/2013 4 NA
 CH0252 85 M KSB1_7J Rectal 04/02/2014 1786 NA

Abbreviations: F, female; ID, identifier, M, male; NA, not available (no FIBK/FIIK sequence detected); SNVs, single-nucleotide variants; ST, sequence type; UTI, urinary tract infection.
aEach isolate within a lineage is listed with accompanying patient and sample data, as well as the number of chromosomal and plasmid SNVs detected between the isolate and the first 
collected isolate from the same lineage. 
bIn INF249, the FIBK/FIIK plasmid sequence is integrated into the chromosome.
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Collection
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Figure  2. Multidrug-resistant extended-spectrum β-lactamase producing lineages associated with multiple patients in the study wards. A, Timelines for Caulfield Hospital 
(CH) and Alfred Hospital (AH) stays for patients in the CH study wards who were infected with sequence type (ST) 29 or colonized with ST323 Klebsiella pneumoniae. Details 
of all admissions to CH (study site) or AH (referring hospital) during the 1-year study period (1 April 2013 to 31 March 2014) were extracted from the hospital records of 
these patients. (Note that CH0274 and CH0142 short-term stays are all AH, not intensive care unit [ICU] or CH.) ID, identifier. B, Midpoint-rooted core genome phylogenetic 
trees for all ST29 and ST323 K. pneumoniae isolated at CH or AH during the study period. Tips are colored by hospital of corresponding specimen collection, according to 
inset legend. Isolates from the CH study wards are highlighted in gray. Branches are labeled with the number of chromosomal single-nucleotide variants (SNVs) defining the 
branch (black numbers, above branch) and the number of SNVs in the corresponding FIBK/FIIK plasmid sequence, relative to the major genotype (red numbers, below branch; 
see Supplementary Figure S2 for plasmid tree; ∆, plasmid lost; chr, plasmid integrated into chromosome). Dates of isolation are given in dd/mm/yyyy format. Antimicrobial 
resistance (AMR) phenotypes, determined using Vitek2 and interpreted according to Clinical and Laboratory Standards Institute guidelines, are indicated in the heat map 
and colored by drug class according to inset legend. Amc, amoxicillin–clavulanic acid; Ami, amikacin; Amp, ampicillin; Caz, ceftazidime; Cip, ciprofloxacin; Cro, ceftriaxone; 
Fep, cefepime; Fox, cefoxitin; Gen, gentamicin; Kz, cefazolin; Mer, meropenem; Nor, norfloxacin; Sxt, trimethoprim-sulfamethoxazole; Tim, ticarcillin–clavulanic acid; Tmp, 
trimethoprim; Tob, tobramycin; Tzp, tazobactam-piperacillin. 
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in the MDR regions, resulting in variable AMR phenotypes 
(Figure 2B and Supplementary Figure S2C), but blaCTX-M-15 was 
retained in all but 2 isolates.

Carbapenem Resistance

Meropenem-resistant K.  pneumoniae was detected in 1 CH 
patient (CH0138). Their rectal carriage isolate and 2 clinical 

urine isolates, collected on the same day, shared near-identical 
chromosomal sequences separated by a single SNV (Figure 3). 
Patient CH0138 was discharged after 2 months and readmitted 
to AH nearly 2 months later. K. pneumoniae was isolated from 
clinical urine samples on days 4 and 10 of the second admission. 
These were also ST340, separated from the earlier isolates by 
3–5 SNVs (Figure 3).

AH
CH (study ward)
CH (other ward)

Colletion
date

AH ward ICU
CH (study ward)
CH (other ward)

AH

External nursing home
Positive swab sample 

β

Figure 3. Carbapenemase producing lineage sequence type (ST) 340. A, Core genome phylogenetic tree of all ST340 isolates identified at Caulfield Hospital (CH) or Alfred 
Hospital (AH) during the study period. Branches are labeled with number of chromosomal single-nucleotide variants (SNVs). CSF, cerebrospinal fluid. Dates of isolation are 
given in dd/mm/yyyy format. Antimicrobial resistance (AMR) phenotypes, determined using Vitek2 and interpreted according to Clinical and Laboratory Standards Institute 
guidelines, are indicated in the heat map and colored by drug class according to inset legend. Amc, amoxicillin–clavulanic acid; Ami, amikacin; Amp, Ampicillin; Caz, ceftazi-
dime; Cip, ciprofloxacin; Cro, ceftriaxone; Fep, cefepime; Fox, cefoxitin; Gen, gentamicin; Kz, cefazolin; Mer, meropenem; Nor, norfloxacin; Sxt, trimethoprim-sulfamethoxazole; 
Tim, ticarcillin-clavulanic acid; Tmp, trimethoprim; Tob, tobramycin; Tzp, tazobactam-piperacillin; B, Timelines for hospital stays; all admissions to CH (where study wards 
were located) or AH (referring hospital) during the 1-year study period (1 April 2013 to 31 March 2014) were extracted from hospital records of these patients. ICU, intensive 
care unit. C, Comparison of AMR regions in the 2 forms of IncC plasmid identified in these isolates; AMR genes and mobile elements genes are labeled and colored according 
to the inset legend; white arrows indicate genes of other or unknown functions. CP, carbapenemase producing, defined by presence of blaIMP-4 gene and phenotypic mero-
penem resistance (Mer in A); ESBLs, extended-spectrum β-lactamases.
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Two distinct AMR patterns were observed among the 
CH0138 isolates: all were ESBL and MDR, however the first 
and last urine isolates were also resistant to cefoxitin, cefepime, 
and meropenem (Figure 3A). Completion of the genomes with 
long reads showed the MDR phenotypes were conferred by (1) 
chromosomal insertions of sul1, aadA2 (via a type 1 integron) 
and blaCTX-M-15 (via ISEcp1); (2) 2 large conjugative plasmids: a 
novel 90–kilo–base pair plasmid sharing 2 replicon genes (repB 
and repE) with pK245 (accession No. DQ449578), carrying 
aac3-IIa, aac6Ib-cr, catB4, strAB, blaOXA-1, sul2 and qnrB1; and 
an IncC type 2 plasmid [16] (also known as IncA/C2 plasmid 
sequence type 3 [17]) carrying blaTEM, aadA2, tetA, dfrA14 
(Figure 3C and Supplementary Table S4). In the meropenem-re-
sistant strains, the IncC plasmid also carried the carbapenemase 
blaIMP-26 as well as mphA, aac3-IIa, and catB3 (Figure 3C).

Comparison with clinical isolates identified in AH during 
the study period identified 4 additional ST340 isolates from 2 
patients, which shared the same plasmids and chromosomal 
AMR determinants and were separated from the first CH0138 
isolate by 2–5 chromosomal SNVs (Figure 3A, Supplementary 
Table S4). Three strains (blood, cerebrospinal fluid, and rectal 
swab sample isolates) were isolated from patient AH0095 on 
admission to the ICU with sepsis. This followed a month-long 
stay in AH, which overlapped with the AH admissions of the 
other 2 patients, probably providing the opportunity for trans-
mission (Figure 3B).

DISCUSSION

We estimated overall carriage prevalence in the first week of ad-
mission to the geriatric unit at 13.5%, with 10.8% GI carriage 
and 4% throat carriage. GI carriage prevalence was significantly 
higher than we estimated previously for patients admitted to 
the AH ICU with no recent healthcare exposure [4] (5.9%; 
odds ratio [OR], 1.94 [95% CI, 1.0–3.7]; P  =  .03) but signifi-
cantly lower than for ICU patients who had been in the hospital 
for >2  days or had undergone recent surgery (19%; OR 0.52 
[0.3–0.9]; P =  .02). The rate was also lower than that recently 
estimated for ICU and hematology/oncology patients at a US 
hospital [5] (23%; OR, 0.41 [95% CI, .27–.60]; P < .001).

Colonizing isolates were diverse (Figure 1) and mostly unique 
to individual participants, consistent with our earlier observa-
tions in ICU patients [4] and the recent US study [5]. Hence, in 
most cases, these strains probably represent established mem-
bers of the patients’ microbiota rather than hospital-acquired 
bacteria. In the ICU, K.  pneumoniae carriage is significantly 
associated with subsequent infection (OR, ≥4) [4, 5]. In the 
current setting, K. pneumoniae infections occurred at a similar 
rate (1.2% vs 1.8%–2.2%: P > .1) but the number of cases was 
too small to explore directly the link between colonization and 
infection. Notably, the 12 patients with K.  pneumoniae infec-
tions were infected with 11 different lineages, consistent with 
most patients developing a UTI from their own microbiota. The 

exceptions were 2 UTIs associated with ESBL ST29, acquired by 
both patients in the referring hospital (Figure 2).

ESBL carriage (1.7%) was much more rare than previ-
ously reported in point prevalence studies of geriatric units or 
long-term care facilities [22, 23]. This is unsurprising, because 
we aimed to screen patients during the first week of their CH 
stay and focused only on K. pneumoniae. The MDR strains iden-
tified at CH all belonged to lineages that have been previously 
associated with hospital outbreaks of ESBL and/or carbapen-
emase-producing (CP) K.  pneumoniae on other continents 
(ST29, ST323, and ST340) [24, 25], indicating the emergence 
of globally distributed ESBL strains in Australia. The ST258 
strains harboring the K.  pneumoniae carbapenemase, which 
are common internationally, have also been recently detected 
in Australia [26]. FIBK/FIIK plasmids are frequently reported as 
disseminators of blaCTX-M-15 and other AMR genes in K. pneu-
moniae, Escherichia coli, and other enteric bacteria isolated 
from humans, animals, and the environment [27, 28]. The IncC 
plasmid carrying blaIMP was recently reported in K. pneumoniae 
(ST unknown) isolated from Australian wild birds [29], indicat-
ing that this plasmid and possibly the host strain are involved in 
spreading carbapenemases between animals and humans.

This study employed Illumina short-read whole-genome 
sequencing to identify high-confidence SNVs with which 
to identify lineages and AMR genes, bolstered by long-read 
sequencing to resolve plasmids and AMR gene context and 
maximize resolution for detecting transmission. Although this 
strategy has been used in other studies [30–33], ours is the first 
to adopt multiplex nanopore sequencing and hybrid assembly 
to rapidly and cost-efficiently complete genome sequences of 
interest in a high-throughput manner [11, 12] (Supplementary 
Tables S3 and S4). However, unravelling the source of MDR 
K.  pneumoniae in CH also required exploring patient move-
ment before CH admission, and phylogenetic context provided 
by additional isolates from the referring hospital.

Our analyses revealed that all MDR K. pneumoniae isolated at 
CH were linked to transmission clusters at the referring hospital 
(Figures 2 and 3). This suggests that MDR carriage is rare in the 
community, but MDR ESBL K.  pneumoniae were occasionally 
acquired in the referring hospital before transfer to CH (ESBL 
GI carriage prevalence, 1.7%; ESBL infection incidence, 0.31%). 
These findings are likely generalizable to other hospital referral 
networks and highlight the benefits of exploring transmission 
at a multifacility level [34, 35]. However, larger studies will be 
needed to confirm the importance of referral networks for trans-
mission of ESBL organisms, as has been demonstrated for MRSA 
and Clostridium difficile [34, 35], and to explore specific risk fac-
tors and the relevance to healthcare-associated infections.

It is noteworthy that the 2 ESBL lineages transmitting at AH 
(ST323 and ST29) shared the same FIIK/FIBK blaCTX-M-15 plasmid. 
Given that ST323 seems to have been circulating at AH for 
months before the common ancestor of the ST29 strains, we 
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hypothesize that the plasmid transferred from ST323 to ST29 
within the hospital, promoting transmission of ST29 within AH. 
This highlights the importance of tracking ESBL or CP plasmids, 
as well as their host strains, as noted elsewhere [30, 31, 36].

The spread of CP K.  pneumoniae within the referring hos-
pital is concerning. The CP ST340 strain carrying blaIMP and 
blaCTX-M-15 was identified in clinical isolates from 2 patients (pa-
tient AH0095, isolates KSB1_5D, INF157, and INF158; patient 
CH0138, isolate INF164). Additional variants lacking blaIMP 
were found in 1 of these patients (patient CH0138) along with 
an ST340 UTI isolate from a third patient (patient AK0142) 
(Figure  3). Notably, the ST340 strain was detected on rectal 
swab samples from both patients who were screened for car-
riage (1 CH patient in this study; 1 ICU patient in the prior 
study [4]). However, it is encouraging to note that we detected 
no evidence of its transmission within the CH wards.

Only one-third of CH patients were recruited for GI carriage 
screening. Although 2 of the 3 patients with MDR infection were 
not screened, given the strong evidence that they acquired their 
infecting strain (ESBL ST29) in the referring hospital (Figure 2), 
it is possible they would have been detected as ESBL carriers if 
swab samples had been obtained on their arrival. Surveillance 
swab samples are frequently recommended to screen for car-
riage of MDR organisms in a variety of settings [37–39], but 
their role in the management of ESBL or CP gram-negative 
infections outside of outbreaks remains controversial [40]. Our 
study findings suggest that screening on transfer from tertiary 
referral hospitals to specialized hospitals could be valuable for 
the management or prevention of MDR infections.

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online. 
Consisting of data provided by the authors to benefit the reader, the posted 
materials are not copyedited and are the sole responsibility of the authors, 
so questions or comments should be addressed to the corresponding author.
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Supplementary Methods 
 
Setting 
The Klebsiella Acquisition Surveillance Project at Alfred Health (KASPAH) 
was conducted from April 1, 2013 to March 31, 2014 in Melbourne, Australia. 
Ethical approval for this study was granted by the Alfred Hospital Ethics 
Committee (Project number #550/12). Screening for K. pneumoniae rectal 
and throat carriage was conducted at the Alfred Hospital (a 350-bed tertiary 
referral hospital) and Caulfield Hospital (CH; a 230-bed hospital specializing in 
geriatric care and rehabilitation). Surveillance for clinical isolates from patients 
at CH and the Alfred Hospital, both of which are served by the Alfred Hospital 
Microbiology laboratory. Results of the intensive care component of KASPAH 
have been published previously[1]; the present report focuses on two geriatric 
wards (one acute and one sub-acute) at CH, which comprise mainly older 
patients admitted for rehabilitation or restorative care, treatment of various 
geriatric syndromes, or an acute medical problem. The majority of patients 
admitted to the geriatric wards were over 65 years old, however younger 
patients with similar clinical needs can also be admitted. 
 
Recruitment into carriage study  
Adult patients admitted to the two study wards were recruited into the 
screening study. Trained clinical research nurses visited the wards weekly to 
recruit participants. All adult patients aged ≥50 years present on the ward at 
the time of the visit, who had not been previously enrolled in the study (i.e. 
those who had been admitted within the week since the last visit), were 
eligible for inclusion. Verbal informed consent was required from the patient 
(or an adult responsible for the patient) to be enrolled in the study; there were 
no other exclusion criteria. Where potential participants were able to give 
informed consent (as determined by the medical staff on the ward), the study 
nurse approached them to explain the research project and to request verbal 
consent to participate; otherwise if an adult person responsible for the patient 
(e.g. next of kin) was present they were approached to provide verbal 
consent. Information explaining the project was provided to potential 
participants and/or their person responsible both verbally (by the nursing staff) 
and in the form of a written participant information sheet. Information sheets 
were made available at all times in the wards, and included contact 
information for the principal investigator and a statement that participants may 
withdraw at any time. Verbal consent was recorded using a pre-printed sticker 
indicating the acquisition of verbal consent, signed and dated by the study 
nurse and placed in the medical record. Where consent was provided by a 
next of kin, their name and relationship to the participant was recorded on the 
sticker. 
 
Sample and patient data collection 
Carriage swabs were collected during the weekly recruitment visits. One 
rectal swab and one throat swab were then taken and the date recorded. 
Accompanying patient data was collected for all study participants as soon as 
possible following recruitment. Each participant’s medical reference number 
(MRN) was recorded and a study number assigned. A clinical questionnaire 
was then completed by nurses, based on current hospital records and charts. 
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This questionnaire included information on age, gender, date of hospital and 
ICU admission (if applicable), any surgery (including type) in the last 30 days, 
and any antibiotic treatment (including type given) in the last 7 days. For 
participants colonized or infected with MDR K. pneumoniae only, dates of 
discharge and/or death were extracted from hospital records at the conclusion 
of the study. 
 
Screening swabs 
Screening swabs were processed in the Alfred Hospital microbiological 
diagnostic laboratory as previously described[1]. Throat swabs were obtained 
using a sterile cotton swab, moistened with sterile normal saline, which was 
gently rolled across both palatal fauces with a mucosal contact time of 3-5 
seconds. To obtain rectal swabs, a similar sterile cotton swab was moistened 
with sterile normal saline and then inserted into the distal rectum and gently 
rotated for 3 seconds.  
 
Swabs were plated onto selective media and any with the appearance of 
Klebsiella species (convex, mucoid, pink on MacConkey agar) were 
investigated using matrix- assisted laser desorption ionization-time of flight 
(MALDI-TOF) analysis with a Vitek MS (bioMerieux, Marcy L’Etoile, France). If 
the colony chosen was not K. pneumoniae, two further colonies were sampled 
for MALDI-TOF testing. If a colony resembling K. pneumoniae had an 
unconfirmed identification reported by the MALDI-TOF, further identification 
analysis was performed using other methods as appropriate; these included 
motility testing and the Vitek2 GNI card (bioMerieux, Marcy L’Etoile, France).  
 
The study design did not include collection of follow-up swabs, however ten 
participants had two swabs taken. In nine cases, the second swab was 
collected during a second hospital admission. The time lag between these 
samples was 14–209 days (median 46) and all were culture-negative for 
K. pneumoniae. One participant (CH0150) was swabbed twice, seven days 
apart, during a single admission; their first rectal swab (day 19) was culture-
negative and the second rectal swab (day 26) was positive, yielding isolate 
KSB1_7E (both throat swabs were negative).  
 
Clinical isolates 
Clinical investigations at CH are conducted by referring specimens to the 
diagnostic service of the Alfred Hospital Microbiology laboratory. Clinical 
isolates were included in the present study when a treating physician at CH 
referred a specimen to the laboratory for analysis based on clinical suspicion 
of infection, and K. pneumoniae was subsequently identified and reported as 
a pathogen according to standard operating procedures. All samples identified 
in the two wards involved in this study resulted from urine samples; these 
were only reported as clinical isolates in the absence of other enteric bacteria.  
 
Antimicrobial susceptibility testing 
All clinical and carriage isolates were subjected to antimicrobial susceptibility 
testing, using the Vitek2 GNS card and CLSI breakpoints. Antimicrobials 
tested were: ampicillin, amoxicillin-clavulanate, ticarcillin-clavulanate, 
tazobactam-piperacillin, cefazolin, cefoxitin, cetazidime, ceftriaxone, 
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cefepime, amikacin, gentamicin, tobramycin, ciprofloxacin, norfloxacin, 
trimethoprim, and trimethoprim-sulfamethoxazole. If the susceptibility pattern 
suggested an extended- spectrum beta-lactamase this was confirmed using 
the method of Jarlier[2]. Isolates were assigned a binary phenotype (resistant 
or non-resistant, the latter including susceptible and insusceptible) according 
to CLSI breakpoints for each antimicrobial. Isolates were classified as 
multidrug resistant (MDR) if they were resistant to three or more classes of 
antibiotics. 
 
DNA extraction and Illumina sequencing 
DNA was extracted from overnight cultures, grown at 37oC in Luria-Bertani 
(LB) broth, using a phenol:chloroform protocol and phase lock gel tubes 
(5PRIME) and sequenced via Illumina HiSeq to generate 125 bp paired-end 
reads following preparations with either Nextera XT or TruSeq libraries 
(details in[1]). To construct the phylogeny in Figure 1, all read sets were 
aligned to the reference genome K. pneumoniae NTUH-K2044 (accession 
AP006725) and single nucleotide variants (SNVs) extracted using the 
RedDog pipeline (https://github.com/katholt/RedDog). A maximum likelihood 
phylogenetic tree was inferred from an alignment of all SNVs identified within 
3769 core genes (present in all genomes) using FastTree v2.1.8[3] Lineages 
were defined from this tree using RAMI[4] with a patristic distance threshold of 
0.01, and multi-locus sequence types (MLST) were assigned using SRST2[5].  
 
Short read assembly and annotation 
Illumina short reads were assembled with an in-house pipeline that 
undertakes read quality control (minimum Phred score of 30) using 
FastQC[6], before using SPAdes (v3.6.1)[7] to assemble the reads into 
contigs. Contigs were then ordered against the K. pneumoniae NTUH-K2044 
reference genome with ABACAS and annotated, using the protein coding 
sequences from the same reference genome, with Prokka[8] Capsule locus 
types were identified from the resulting assembled contigs using Kaptive[9]. 
 
Long read sequencing and hybrid genome assembly 
Isolates selected for long read sequencing and genome assembly were 
prepared and sequenced using a recently published protocol[10]. Briefly, DNA 
was extracted from overnight cultures, grown at 37oC in LB, using a modified 
version of Agencourt GenFind V2 (Beckman Coulter). Libraries were prepared 
without shearing, and using the Oxford Nanopore Technologies (ONT) 1D 
ligation sequencing kit (SQK-LSK10-8 and native barcoding expansion kit 
(EXP-NBD103). The final library was loaded onto an ONT MinION R9.4 flow 
cell and the run performed on a MinION MK1b device. Following basecalling 
of the long reads using Albacore (v1.1.2), the Illumina short reads and ONT 
long reads were subjected to hybrid assembly with Unicycler (v0.4.0)[11]. The 
resulting chromosome and plasmid sequences were annotated using 
Prokka[8], with the protein coding sequences from strain NTUH-K2044 as 
reference. Annotation of antimicrobial resistance regions were manually 
curated, with the help of the ARG-Annot database[12] and the Repository of 
Antibiotic resistance Cassettes (RAC) databases and annotation 
service[13,14], and submitted to GenBank. Accessions for Illumina reads, 
ONT reads and hybrid assemblies are given in Table S1. 
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High-resolution comparison of genomes belonging to the same lineage 
Comparisons of isolates within lineages (ST29, ST37, ST323, ST340) were 
conducted as follows. The completed hybrid assembly of the earliest CH 
isolate from the lineage was selected as the reference for comparison. Using 
the RedDog pipeline (https://github.com/katholt/RedDog), Illumina reads were 
aligned to the reference chromosome to identify SNVs. Erroneous SNVs 
called when mapping the short reads corresponding to the reference were 
manually excluded. Gubbins[15] (v 2.0.0) was used to identify and exclude 
SNVs introduced into the lineage via recombination, and an alignment of the 
remaining SNVs was passed to RAxML (v8.2.9)[16] to infer a phylogenetic 
tree, with ascertainment bias correction and a general time reversible (GTR) 
model. No SNVs were identified and removed by Gubbins from the ST29, 
ST323 or ST340 lineages. Reference genomes were: ST29, INF322 
(accession: CP024482); ST323, KSB1_4E (accession: CP024499); ST37: 
INF042 (accession: CP024542); ST340: INF157 (accession: CP024528). 
FIBK/FIIK plasmid SNV analysis was conducted in the same manner, by 
mapping all ST323 and ST29 Illumina reads to pKSB1_4E (accession: 
CP024500); in this case Gubbins removed 74 of the 78 SNVs, leaving just 4 
SNVs.  
 
Statistical analysis 
All statistical analyses were conducted using R (v3.3.1). The χ2 test (function 
chisq.test) was used to investigate associations expressed in 2x2 contingency 
tables (two-sided tests in all cases). Logistic regression was used to test for 
the effect on K. pneumoniae carriage of age, days spent in hospital (prior to 
swab collection) and gender (Table S2), using the glm function. 
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Supplementary Tables 
 
 
Table S1. Full details of isolates used in this study.  
Fields include: sample ID, specimen type, specimen collection date, multi-
locus sequence type (ST), capsule locus type (KL), hospital in which sample 
was collected (and ward if relevant to CH study), AMR phenotypes (if isolate 
showed resistance to drugs tested, not including ampicillin), acquired AMR 
genes, and accession numbers for all sequence data in NCBI. 
Available at: https://figshare.com/s/3537ae982458c827faee 
DOI: 10.6084/m9.figshare.6014042 
 
 

 
 
 
Table S2. Logistic regression models of K. pneumoniae carriage. Values 
given are odds ratio [95% confidence interval] and p-value. 
 
 Unadjusted 

(One model per variable) 
Adjusted 
(All variables in one model) 

Age (in years) 0.97 [0.93 – 1.01], p=0.09 0.97 [0.94 – 1.01], p=0.15 
Days in hospital 
(current admission) 

1.01 [0.97 – 1.04], p=0.53 1.01 [0.97 – 1.03], p=0.85 

Female Sex 1.51 [0.77 – 3.00], p=0.23 1.39 [0.70 – 2.79], p=0.34 
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Table S3. Genome information for isolates belonging to multi-patient 
lineages. Genomes were finished using hybrid assembly of short (Illumina) 
and long (Oxford Nanopore) reads. Plasmid replicon types and acquired AMR 
genes were identified via BLAST search (coverage ≥90%, identity ≥90%) of 
the finished genomes using PlasmidFinder and ARG-Annot databases. 
Accessions are given in Table S1. 
 

Sample ID 
(Patient ID) 

Replicon sizes (bp) 
Acquired AMR genes  Chromosome  Plasmid (rep type) 

ST29 
   INF249 
   (KC0191) 

5,583,461 
 

71,140 (FIAHI1) 
6,657 
5,783 
3,514 (Col) 
3,223 
2,273 (Col) 

Chromosome (integrated 
FIBK/FIIK plasmid backbone):  
sul2, strAB, blaTEM-1, blaCTX-M-15, 
catB4 (partial), blaOXA-1,  
aac6Ib-cr, tetA, qnrB1, dfrA14 

INF322 
(CH0258) 

5,356,173 243,634 (FIBK/FIIK) 
71,104 (FIAHI1) 
4,228 (Col) 
3,514 (Col) 
3,223 
2,273 (Col) 

FIBK/FIIK plasmid:  
sul2, strAB, blaTEM-1, blaCTX-M-15, 
catB4 (partial), blaOXA-1,  
aac6Ib-cr, tetA, qnrB1, dfrA14 

ST323    
KSB1_4E 

   (CH0142) 
5,234,963 243,620 (FIBK/FIIK) 

212,195 (FIB) 
4,064 
3,223 

FIBK/FIIK plasmid:  
sul2, strAB, blaTEM-1, blaCTX-M-15, 
catB4 (partial), blaOXA-1,  
aac6Ib-cr, tetA, qnrB1, dfrA14 

KSB1_7E 
(CH0150) 

5,232,513 212,097 (FIB) 
4,064 

- 

KSB1_10J 
(CH0260) 

5,228,900 227,807 (FIBK/FIIK) 
212,079 (FIB) 
4,064 
3,223 
1,916 (Col) 

FIBK/FIIK plasmid:  
sul2, strAB, blaTEM-1, blaCTX-M-15, 
catB4 (partial), dfrA14, qnrB1 

KSB2_1B 
(CH0274) 

5,228,889 310,025 (FIB) 
228,353 (FIBK/FIIK) 
140,704 (FII) 
98,344 (FIIK) 
3,514 (FCol) 
3,377 
3,336 
3,223 
3,012 
2,936 

FIBK/FIIK plasmid:  
sul2, strAB, blaTEM-1, blaCTX-M-15, 
catB4 (partial), dfrA14 

ST37 
   INF042 

   (CH0110) 
5,337,491 110,374 (FII/FIAHI1) 

71,587 (FIIp14) 
- 

   INF059 
   (CH0110) 

5,337,491 110,374 (FII/FIAHI1) 
71,587 (FIIp14) 

- 

   KSB1_7J 
   (CH0252) 

5,354,543 - - 
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Table S4. ST340 samples are listed, from patients exhibiting 
carbapenem resistant carriage or infection isolates. Size of chromosome 
for each isolate is given, along with plasmid details including: size of plasmids; 
plasmid incompatibility (Inc) types, as well as plasmid sequence type (pST), if 
identifiable; and any resistance genes in the genome.  
 
Sample ID 
(Patient ID) 

Replicon sizes (bp) Resistance genes 
Chromosome  Plasmid (rep type) 

KSB1_9D 
(CH0138) 

5,264,380 
 

187,611 (C2 (pST3), P) 
147,932 (FIBK, FIIK) 
89,345 (FIAHI1, R) 
4,660 
4,510 
3,825 (Col) 

Chromosome: aadA2, ampH, blaCTX-M-15, 
sul1 
IncC plasmid: blaTEM, aadA2, tetA, dfrA14 
FIAHI1/R plasmid: aac3-IIa, strA, strB, 
blaOXA-1, sul2, qnrB1, aac6Ib-cr, catB4 

INF163 
(CH0138) 

5,298,228 187,611 (C2 (pST3), P) 
147,932 (FIBK, FIIK) 
89,345 (FIAHI1, R) 
4,660 
4,510 
3,825 (Col) 

Chromosome: aadA2, ampH, blaCTX-M-15, 
sul1 
IncC plasmid: blaTEM, aadA2, tetA, dfrA14 
FIAHI1/R plasmid: aac3-IIa, strA, strB, 
blaOXA-1, sul2, qnrB1, aac6Ib-cr, catB4 

INF164 
(CH0138) 

5,298,459 
 

217,685 (C2 (pST3), P) 
147,945 (FIBK, FIIK) 
89,345 (FIAHI1, R) 
4,660 
4,510 
3,825 (Col) 

Chromosome: aadA2, ampH, blaCTX-M-15, 
sul1 
IncC plasmid: blaTEM, aadA2, tetA, 
dfrA14, mphA, aac3-IIa, catB3, blaIMP-26 
FIAHI1/R plasmid: aac3-IIa, strA, strB, 
blaOXA-1, sul2, qnrB1, aac6Ib-cr, catB4 

INF274 
(CH0138) 

5,293,333 187,611 (C2 (pST3), P) 
147,932 (FIBK, FIIK) 
90,173 (FIAHI1, R) 
4,660 
4,510 
3,825 (Col) 

Chromosome: aadA2, ampH, blaCTX-M-15, 
sul1 
IncC plasmid: blaTEM, aadA2, tetA, dfrA14 
FIAHI1/R plasmid: aac3-IIa, strA, strB, 
blaOXA-1, sul2, qnrB1, aac6Ib-cr, catB4 

INF278 
(CH0138) 

5,293,333 187,611 (C2 (pST3), P) 
147,932 (FIBK, FIIK) 
89,345 (FIAHI1, R) 
4,660 
4,510 
3,825 (Col) 

Chromosome: aadA2, ampH, blaCTX-M-15, 
sul1 
IncC plasmid: blaTEM, aadA2, tetA, dfrA14 
FIAHI1/R plasmid: aac3-IIa, strA, strB, 
blaOXA-1, sul2, qnrB1, aac6Ib-cr, catB4 

INF157 
(AH0095) 

5,297,108 221,606 (C2 (pST3), P) 
147,932 (FIBK, FIIK) 
89,345 (FIAHI1, R) 
4,660 
4,510 
3,825 (Col) 

Chromosome: aadA2, ampH, blaCTX-M-15, 
sul1 
IncC plasmid: blaTEM, aadA2, tetA, 
dfrA14, mphA, aac3-IIa, catB3, blaIMP-26 
FIAHI1/R plasmid: aac3-IIa, strA, strB, 
blaOXA-1, sul2, qnrB1, aac6Ib-cr, catB4 

INF158 
(AH0095) 

5,297,118 221,606 (C2 (pST3), P) 
147,932 (FIBK, FIIK) 
89,345 (FIAHI1, R) 
4,660 
4,510 
3,825 (Col) 

Chromosome: aadA2, ampH, blaCTX-M-15, 
sul1 
IncC plasmid: blaTEM, aadA2, tetA, 
dfrA14, mphA, aac3-IIa, catB3, blaIMP-26 
FIAHI1/R plasmid: aac3-IIa, strA, strB, 
blaOXA-1, sul2, qnrB1, aac6Ib-cr, catB4  

KSB1_5D 
(AH0095) 

5,296,999 221,606 (C2 (pST3), P) 
147,945 (FIBK, FIIK) 
89,345 (FIAHI1, R) 
4,660 
4,510 
3,825 (Col) 

Chromosome: aadA2, ampH, blaCTX-M-15, 
sul1 
IncC plasmid: blaTEM, aadA2, tetA, 
dfrA14, mphA, aac3-IIa, catB3, blaIMP-26 
FIAHI1/R plasmid: aac3-IIa, strA, strB, 
blaOXA-1, sul2, qnrB1, aac6Ib-cr, catB4 
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Supplementary Figures 
 

 
Figure S1. Distribution of single nucleotide variants (SNVs) between 
ST37 KL14 genomes. SNVs were identified by mapping short reads from 
KSB1_7J (patient CH0252) to the finished genome sequence of INF042 
(patient CH0110). Regions with dense clusters of SNVs, presumed to be 
introduced via homologous recombination, are coloured in yellow and labeled 
with the total number of SNVs in each region. Dashed red line indicates a 
frequency of 5 SNVs per 1,000 bp; a total of 443 SNPs fall below this line, 
excluding those in the recombinant regions.	
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Figure S2. FIBK/FIIK plasmid diversity in ST29 and ST323 isolates.  
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(A) Genetic structure of the drug resistance region, and insertion site of the pINF322 
plasmid sequence into the INF249 chromosome. Antimicrobial resistance (AMR) and 
transposase genes are labeled and coloured according to inset legend.  
(B) Comparison of three different variants of the drug resistance region identified 
amongst FIBK/FIIK plasmids in ST29 and ST323 isolates from CH patients. AMR and 
transposase genes are coloured as in panel A, according to inset legend.  
(C) Phylogenetic tree of the FIBK/FIIK plasmid detected in ST29 and ST323 isolates 
at CH and Alfred Hospital. Tree is based on single nucleotide variants (SNVs) 
detected in the plasmid backbone, identified by mapping short reads from all ST29 
and ST323 isolates to the pKSB1_4E plasmid sequence; branches are annotated 
with their length (SNV count). Dates of isolation are given in dd/mm/yyyy format. 
AMR phenotypes, determined using Vitek2 and interpreted according to CLSI 
guidelines, are indicated in the heatmap and coloured by drug class according to 
inset legend. Amp, Ampicillin; Amc, Amoxicillin-clavulanic acid; Tim, Ticarcillin-
clavulanic acid; Tzp, Tazobactam-piperacillin; Kz, Cefazolin; Fox, Cefoxitin; Caz, 
Ceftazidime; Cro, Ceftriaxone; Fep, Cefepime; Mer, Meropenem; Ami, Amikacin; 
Gen, Gentamicin; Tob, Tobramycin; Cip, Ciprofloxacin; Nor, Norfloxacin; Tmp, 
Trimethoprim; Sxt, Trimethoprim-sulfamethoxazole.  
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3.4 Summary 

In this chapter, consistent with Chapter 2, I have confirmed the presence of multiple 

species of Klebsiella, with numerous diverse lineages, causing both asymptomatic 

carriage and infection in the geriatric wards. The wide diversity of the clinical isolates, 

and lack of evidence for transmission within CH, supports the emerging view that a 

significant proportion of K. pneumoniae infections are caused by the patients’ own 

commensal strains, as was found in the ICU setting in Chapter 2. Notably, closely 

related isolates appearing in the study wards were not linked by convincing 

epidemiological evidence, in contrast to the chains of patients with overlapping stays 

observed in the ICU. Instead, combined investigation of the CH strain clusters with 

those from the Alfred Hospital (the main referral centre) revealed likely transmission of 

bacterial strains, and of MDR plasmids between K. pneumoniae host strains, occurring 

in the main referral hospital and prior to admission to the CH geriatric wards.  

The three major clones showing evidence of intra-hospital transmission in this Chapter 

(ST29, ST323 and ST340) were all MDR clones, some extensively so. Most patients 

who had these difficult-to-treat, resistant clones, had previously spent time in the main 

referring hospital, where it is hypothesised they contracted these strains. This shows the 

importance of not just considering the current hospital of admission, but previous 

admissions, when attempting to uncover putative transmission events or the acquisition 

of MDR plasmids. Given that all three strains transmitting across the hospitals here 

were also MDR, this suggests that selection from antimicrobial exposure is a key driver 

of bacterial persistence and transmission in the hospital setting. From an infection 

control standpoint, this also suggests that even amongst geriatric patients, who are 

considered at enhanced risk of HA infection, most K. pneumoniae infected patients do 

not pose a transmission risk to their fellow patients unless they are affected by highly 

resistant strains. Additionally, the work in this Chapter was one of the first published 

studies to report the use of long read sequencing via the Oxford Nanopore MinION 

device to investigate AMR plasmid transmission in the hospital setting. The sharing of 

MDR plasmids between different clonal backgrounds demonstrates the importance of 

detecting not just the presence of a resistant clone, but the mechanism or mobile 

element behind the resistance. Limiting the spread of a resistant clone is just as 

important as limiting the spread of an AMR plasmid among clones, as such spread 
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would only heighten the problem of antimicrobial-resistant clones and increase the 

number of difficult-to-treat infections. 
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Chapter 4: A year of K. pneumoniae infections 

4.1 Introduction 

Chapters 2 and 3 specifically address the prevalence of carriage, and its role in 

subsequent infection, in individuals in the ICU and in geriatric care wards. The carriage 

analysis was restricted to these two patient subpopulations as they were considered at 

the outset to be at particular risk during their hospital stay. In this chapter, I widened the 

scope of my genomic investigations to explore the population of bacteria underlying the 

full burden of Klebsiella infections diagnosed across the entire Alfred Health network. 

Several studies have reported using genomics to investigate populations of Klebsiella 

associated with community acquired disease (Struve et al. 2015; Lee et al. 2016; Bialek-

Davenet et al. 2014), or with CP infections (Lopez Camacho et al. 2014; M. T. Holden 

et al. 2013; Bowers et al. 2015) or outbreaks in hospitals (Chung The 2015; Kwong et 

al. 2017; J. Martin et al. 2017; Snitkin et al. 2012), and thus typically focus on clonal 

lineages that are particularly associated with hyper-virulence or AMR. However, there 

is no WGS data addressing the broader problem of opportunistic infections caused by 

Klebsiella in the hospital setting, the vast majority of which are neither hypervirulent 

nor MDR (Weiner et al. 2016). 

This chapter utilises all clinical infection isolates identified as K. pneumoniae during 

routine clinical care of patients admitted to hospitals within the Alfred Health Network 

during the year-long KASPAH study; this includes the Alfred Hospital, Caulfied 

Hospital, Sandringham Hospital (a medium-sized (90 bed) metropolitan hospital with 

emergency, general medicine, obstetric, paediatric, and orthopaedic services), and 

Bethlehem Hospital (a small-sized (32 bed) hospital, specialising in palliative, 

neurological and allied health services). Five isolates identified in five outpatients were 

also diagnosed at the Alfred hospital laboratory during the study period and were 

included. Lastly, the KASPAH data were further supplemented by comparison to 

publicly available genome sequences in order to understand and contextualise the local 

data.  
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4.2 Research objectives 

The objectives of the research in this chapter were to: 

i) characterise the burden of clinical infections attributed to K. pneumoniae across the 

Alfred Health network in a one-year period;  

ii) elucidate the population structure (species, lineages) and clinically relevant genetic 

features (AMR, virulence, serotype) of all K. pneumoniae isolates associated with 

infections; 

iii) investigate the ability of WGS to predict AMR phenotypes of K. pneumoniae; and 

iv) identify and characterise ‘successful’ K. pneumoniae clones that are overrepresented 

amongst clinical isolates, and thereby make a disproportionate contribution to the local 

burden of infections in hospitalised patients. 

These objectives are all addressed in Section 4.3, which comprises an in-progress 

manuscript (enclosed in Section 4.3.1), and additional exploratory analyses of the 

seasonality of infections (Section 4.3.2).  
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4.3 Results and discussion 

4.3.1 A year of K. pneumoniae infections 

	
 

Opportunity and Diversity:  

A year of Klebsiella infections in hospital 
 

Claire L. Gorrie1,2, Mirjana Mirceta3, Ryan R. Wick1, Louise M. Judd1, Kelly L. 

Wyres1, Nicholas R. Thomson4, Richard A. Strugnell2, Nigel F. Pratt5, Jill S. Garlick5, 

Kerrie M. Watson5, Peter C. Hunter6, David V. Pilcher7,8, Steve A. McGloughlin7, 

Denis W. Spelman9, Adam W. J. Jenney9#, Kathryn E. Holt1# 

 

1. Department of Biochemistry and Molecular Biology, Bio21 Molecular Science and 

Biotechnology Institute, The University of Melbourne 

2. Department of Microbiology and Immunology at the Peter Doherty Institute for 

Infection and Immunity, The University of Melbourne 

3. Microbiology Unit, Alfred Health, Melbourne, Victoria, Australia 

4. Wellcome Trust Sanger Institute, Hinxton, Cambridgeshire, United 

Kingdom 

5. Infectious Diseases Clinical Research Unit, The Alfred Hospital, Melbourne, 

Victoria, Australia 

6. Aged Care, Caulfield Hospital, Alfred Health, Melbourne, Victoria, Australia 

7. Intensive Care Unit, The Alfred Hospital, Melbourne, Victoria, Australia 

8. Australian and New Zealand Intensive Care Research Centre, School of Public 

Health and Preventative Medicine, Monash University, Victoria, Melbourne, 

Australia 

9. Microbiology Unit & Department of Infectious Diseases, The Alfred Hospital, 

Melbourne, Victoria, Australia 

 

# These authors contributed equally to this work 

 
  



	

102	

	

 
 

 

 

 

Abstract 
 
Klebsiella pneumoniae is a component of the human microbiome and a common 

cause of opportunistic infections in hospitalised patients, which are increasingly 

complicated by the presence of extended-spectrum beta-lactamases (ESBLs), 

multidrug resistance (MDR) and carbapenem resistance. However the nature of the 

bacterial population underlying this phenomenon is poorly understood. Here we 

conducted a year-long prospective surveillance study of all clinical isolates identified 

as K. pneumoniae in a hospital microbiological diagnostic laboratory serving a major 

tertiary referral centre and three smaller specialist hospitals. A total of 328 were 

subjected to whole genome sequencing (WGS) and antimicrobial resistance (AMR) 

phenotyping. The isolates displayed substantial genetic diversity: 18% belonged to the 

closely related species K. variicola and K. quasipneumoniae; confirmed K. 

pneumoniae isolates were drawn from 138 distinct phylogenetic lineages and were 

mostly unique to a single patient; all known O antigen loci and two-thirds of all 

known capsule loci were detected. A wide range of AMR phenotypes were observed, 

and could be predicted from genome data with low error rates; evidence for local 

transmission was rare and associated with MDR and/or ESBL strains. Several 

infections were caused by K. variicola/K. pneumoniae species hybrids, formed via 

large recombination events spanning the capsule locus. One hybrid strain showed 

evidence of intra-hospital spread, indicating fitness to transmit and cause disease 

despite a lack of acquired AMR. These data suggest that the underlying burden of K. 

pneumoniae disease in hospitalised patients is due to opportunistic infections with 

commensal strains; however we also identified a small number of successful lineages 

that were overrepresented amongst hospital infections here and elsewhere (suggesting 

a propensity for spread in the human population) and occasional short-term 

transmission in hospitals associated with selection for AMR.  
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Introduction 

 

Healthcare associated infections (HAIs) are common throughout the world, and in 

industrialised countries the burden of HAIs exceeds that of all other communicable 

diseases combined1. The major causative agents are opportunistic bacterial pathogens, 

which are generally viewed as commensals but can take advantage of the weakened 

immune system and altered microbiome of hospitalized patients to cause disease2-5. 

Most dangerous are HAIs caused by organisms displaying multidrug resistance 

(MDR), which can be very difficult to treat effectively with antimicrobials6. The 

Gram negative bacterium Klebsiella pneumoniae is the ‘K’ in the ESKAPE 

pathogens, the group of opportunistic pathogens that together account for the majority 

of clinically significant MDR HAIs3. K. pneumoniae is intrinsically resistant to 

ampicillin but is frequently also MDR, and readily acquires extended-spectrum beta-

lactamase (ESBL) or carbapenemase genes that confer resistance to third-generation 

cephalosporins or carbapenems, respectively, leaving very limited options for 

antimicrobial therapy7. K. pneumoniae is amongst the leading causes of HAIs in 

hospitals globally, including urinary tract infections (UTI), pneumonia, wound 

infections and sepsis2,8. It is also a common colonizer of the human gut, nasopharynx 

and skin, and asymptomatic colonization has been shown to be a source of HAIs9-11. 

 

K. pneumoniae is the best known species falling within the ‘K. pneumoniae complex’, 

which also includes K. variicola, K. quasipneumoniae, and K. quasivariicola12-16. 

Members of the complex are typically indistinguishable by biochemical and mass 

spectrometry techniques used for species identification in clinical diagnostic 

laboratories9,15,16. The K. pneumoniae species itself harbours great genetic and 

phenotypic diversity, comprising hundreds of phylogenetically distinct lineages with 

variable gene content16; however the implications of this population structure to the 

role K. pneumoniae as an opportunistic pathogen is unclear. A small number of 

hypermucoid lineages, enriched with acquired virulence genes, are recognized as 

genuine pathogens causing liver abscess and other invasive infections outside the 

hospital setting16,17. In contrast, clonal lineages enriched with acquired antimicrobial 

resistance (AMR) genes are common amongst HAIs, and over a dozen globally 

disseminated AMR K. pneumoniae clones are now recognized as caused of HAIs and 

hospital outbreaks18. Whole genome sequencing (WGS) investigations of carbapenem 
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resistant HAI clusters have identified multiple factors involved in the spread of these 

clones within hospitals, including colonization of healthcare workers and medical 

devices, long-term persistence in sinks and drains, and transmission of AMR plasmids 

between species in addition to transmission of AMR K. pneumoniae strains5,11,19-22. 

While the recent focus on MDR HAIs has yielded important insights, evidence from 

select wards associated with high HAI risk (intensive care, aged care, oncology, 

haematology) indicate K. pneumoniae infections can be caused by a wide diversity of 

K. pneumoniae lineages with and without acquired AMR genes9-11. In order to 

investigate the full spectrum of K. pneumoniae associated with HAIs, we conducted a 

population genomic study of all clinical isolates of K. pneumoniae collected during a 

one-year period of surveillance in a hospital microbiological diagnostic laboratory. 
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Methods 

 

Ethics 

Ethical approval was granted by the Alfred Hospital Ethics Committee (Project 

numbers #550/12 and #526/13). 

 

Setting and sample collection 

The Klebsiella Acquisition Surveillance Project at Alfred Health (KASPAH), was 

conducted over a one-year period from April 1, 2013 – March 31, 2014 in Melbourne, 

Australia. All clinical isolates identified as K. pneumoniae infections by the Alfred 

Hospital microbiological diagnostic laboratory as part of routine care were included in 

the study. Four hospitals in the Alfred Health Network are served by this laboratory: 

Alfred Hospital, Caulfield Hospital, Bethlehem Hospital, and Sandringham Hospital. 

Source information was recorded for each K. pneumoniae isolate (date of collection, 

specimen type and referring hospital); and additional patient information (age, gender, 

recent antibiotic treatment (≤7 days), recent surgery (≤30 days)) was extracted from 

hospital records. 

 

Clinical isolates 

Clinical isolates of K. pneumoniae were included in the study when the treating 

physician referred a specimen to the diagnostic service of the Alfred microbiology 

laboratory for analysis based on clinical suspicion of infection, and K. pneumoniae 

was then identified and reported as a pathogen according to the in-house standard 

operating procedures as previously described9. Species identification was performed 

using matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) (Vitek 

MS®, bioMerieux Marcy l’Etoile, France). All K. pneumoniae identified from sterile 

sites (blood cultures, cerebrospinal fluid, deep tissue biopsies, pleural fluid) and from 

cultured prosthetic material (eg. central venous catheters) were reported as pathogens, 

as long as other enteric or skin flora was not detected. For other specimen types, a 

K. pneumoniae infection was deemed present if sufficient concentrations of 

neutrophils were seen on microscopy or Gram stain, and K. pneumoniae was found to 

be the sole organism present or the predominant organism if the sample was also 

expected to contain normal flora. K. pneumoniae would be reported as an infection in 

the absence of neutrophils if the patient was neutropenic. The vast majority of isolates 
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resulted from wound swabs, sputum samples and urine samples. Where 

K. pneumoniae was identified in urine samples or wound swabs along with other 

enteric bacteria (e.g. E. coli), the laboratory reported this as mixed enteric flora; 

K. pneumoniae isolated from such specimens were excluded from the study. Wound 

swabs were collected when signs of infection were present (i.e. purulent discharge) 

and reported as K. pneumoniae only when other enteric or skin bacteria were not also 

identified. Sputum samples were only analysed if the specimen looked like it came 

from the lower respiratory tract (the laboratory rejects saliva samples received as 

sputum); and reported as K. pneumoniae when this was the pathogen most 

prominently seen.  

 

Antimicrobial susceptibility testing 

All clinical isolates were subjected to antimicrobial susceptibility testing, using the 

Vitek2 GNS card and interpreted using CLSI breakpoints. Antimicrobials tested were: 

ampicillin (to which Klebsiella are intrinsically resistant), amoxicillin-clavulanate, 

ticarcillin-clavulanate, tazobactam-piperacillin, cefazolin, cefoxitin, cetazidime, 

ceftriaxone, cefepime, norfloxacin, ciprofloxacin, amikacin, gentamicin, tobramycin, 

trimethoprim and trimethoprim-sulfamethoxazole. If the susceptibility pattern 

suggested an ESBL enzyme was present, this was confirmed using the method of 

Jarlier23. Isolates were assigned a binary phenotype (resistant or non-resistant, the 

latter including susceptible and insusceptible) according to CLSI breakpoints for each 

antimicrobial. Isolates were classified as MDR if they were resistant to three or more 

classes of antibiotics tested (not including nitrofurantoin, or ampicillin).  

 

DNA extraction and whole genome sequencing (WGS) 

Samples were plated onto LB agar plates and incubated overnight at 37oC with air. 

Single colonies were then picked and subcultured into LB broths and again incubated 

overnight at 37oC with air and with agitation. Samples which had mucoid colonies – 

or which did not spin down during the first step of the extraction – were incubated in 

10 mL Luria broths with 32-35 µl of 10 mg/mL sodium salicylate (stock 

concentration of ~6.2 nM) added to each broth, in order to inhibit capsule formation. 

Cells were harvested from a 5 mL overnight culture by centrifugation, and were then 

re-suspended in 2 mL PBS (pH 7.4). 250 µL of 20% SDS and 25 µL of 20 mg/mL 

proteinase K were added and then suspension was briefly vortexed. Following this, 
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the tube was incubated at 37oC for 45 to 60 minutes, or until lysate cleared. Lysate 

was extracted once with 2 mL phenol:chloroform:isoamyl alcohol in pre-spun 15 mL 

light phase lock gel tube (5PRIME); samples were mixed by manual shaking until a 

milky emulsion formed then centrifuged for five minutes at 3750 rpm and the aqueous 

phase recovered into a new 15 mL light phase lock gel tube. 2 mL of 

chloroform:isoamyl alcohol was added then again mixed manually and centrifuged. 

The aqueous phase was recovered into a 10 mL tube, with 5 mL 100% ethanol and 

200 µL of 2M sodium acetate (pH5.2), then gently inverted until DNA precipitated. 

DNA was then transferred to a 1.5 mL Eppendorf tube with 1 mL of 70% ethanol, for 

5 minutes, then again transferred to a new 1.5 mL tube to air dry. The DNA was then 

be resuspended in 0.5 mL dH2O or TE buffer. Barcoded Illumina DNA libraries were 

prepared using Nextera® XT or TruSeq protocols and sequenced on the HiSeq 2500 

platform, generating paired-end reads of 125 bp each.   

 

Species analysis and quality control of WGS data 

A total of 362 infection isolates from 318 patients were included in the study. Two of 

these isolates failed the library preparation step prior to sequencing. Three of the 

sequenced read sets were excluded from further analysis because preliminary analysis 

showed that the sequences were dominated by non-K. pneumoniae DNA (two were 

predominantly Klebsiella oxytoca and one was predominantly Acinetobacter 

baumannii). This could be due to either mixed culture with K. pneumoniae and 

another bacteria, or contamination following the initial identification of K. 

pneumoniae. Since the original identification was recorded as K. pneumoniae, and the 

presence of K. pneumoniae DNA was confirmed by sequencing, we include these 

three specimens in the reporting of K. pneumoniae clinical isolates; but excluded them 

from further genomic analysis. A further 29 DNA sequences were excluded from 

genomic analysis due to either (i) failing quality control thresholds, or (ii) suspicion 

of mixed Klebsiella strains (ratio of heterozygous:homozygous core gene variant sites 

≥2%). The remaining 328 WGS-confirmed K. pneumoniae isolates (from 289 

patients) underwent further comparative K. pneumoniae genomic analysis. A flow 

chart of isolate and genome processing is given in Figure 1, details of isolates and 

WGS data accessions are given in Supplementary Table 1.  
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Phylogenetic and single nucleotide variant (SNV) analyses 

Multi-locus sequence typing (MLST) was performed, and sequence type (ST) 

assigned, by comparing all read sets to the K. pneumoniae 7-locus MLST scheme24 

using SRST2 v0.2.025. For core gene phylogenetic analysis, single nucleotide variants 

(SNVs) were identified by mapping Illumina reads against the K. pneumoniae strain 

NTUH-K2044 reference genome, using the mapping pipeline RedDog v1b10.3 

(https://github.com/katholt/reddog). RedDog uses Bowtie2 v2.2.526 to map reads and 

SamTools v1.227 to call SNVs with phred quality score 30, as described previously9. 

Core genes were defined as those that were annotated in the reference genome and 

present (coverage ≥95% and mean read depth ≥5x) in all of the sequenced isolates 

based on the mapping analysis. A maximum likelihood phylogenetic tree was inferred 

from an alignment of all homozygous SNVs (n=690,727 SNVs) identified within 

3,135 core genes in the 328 genomes, using FastTree v2.1.828. Phylogenetic clusters 

with a maximum pairwise patristic distance of 0.01 (~6,900 core SNVs, 0.13% 

nucleotide divergence) were extracted from the trees using R. Pairwise core gene 

SNV counts were extracted from the SNV alignment. 

 

Genome assembly and annotation 

Illumina short reads were assembled with an in-house pipeline that undertakes read 

quality control using FastQC29, before using Unicycler to assemble the reads into 

contigs30. Contigs were then ordered against the K. pneumoniae NTUH-K2044 

reference genome with ABACAS31, and annotated with Prokka32 (using the protein 

coding sequences from the reference genome as a guide). Capsule locus (KL) types 

and lipopolysaccharide O antigen locus (O) types were identified from the resulting 

assemblies using Kaptive33; KL and O types with a match confidence of ‘good’ or 

better (as described at github.com/katholt/Kaptive) were reported; those with match 

confidence scores of ‘low’ or ‘none’ were recorded as not identified. Kleborate 

(available at github.com/katholt/Kleborate) was used to screen each genome assembly 

for key virulence factors that are significantly associated with invasive infections in 

humans16: yersinibactin (ybt), salmochelin (iro), colibactin (clb), aerobactin (iuc), and 

regulators of the mucoid phenotype (rmpA, rmpA2). 
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Antimicrobial resistance (AMR) phenotypes and genotypes 

Acquired AMR genes were identified from Illumina reads using SRST225 to screen 

against the ARG-ANNOT database34. Non-synomymous changes in the quinolone 

resistance determining region (QRDR) of gyrA (codon 83 and 87) and parC (codons 

80 and 84) were extracted from the the whole genome mapping data. Relationships 

between AMR phenotypes (specifically, resistance to aminoglycosides; trimethoprim 

with or without sulfonamides; cephalosporins; carbapenems; and ciprofloxacin) and 

acquired AMR genes or QRDR SNVs were examined among the 328 successfully 

sequenced isolates. A minor error was defined as a phenotypically susceptible isolate 

that carried one or more AMR genes predicted to confer resistance to a given drug; a 

major error was defined as a phenotypically resistant isolate in which no known 

resistance gene for that drug was identified in the genome.  

 

Intra-lineage phylogenies and geographical distribution 

To provide phylogenetic context for understanding relationships between closely 

related local isolates from successful lineages (defined as lineages identified in ≥3 

patients), we constructed core genome SNV phylogenies separately for each lineage 

using an internal reference genome for each one (noted in Supplementary Table 2). 

Repeat isolates of the same ST from the same patient were excluded from these 

analyses. In addition to the clinical isolates from this study, these analyses included 

isolates obtained from publicly available sequence data belonging to the same ST 

(based on screening of genomes from sources listed in Supplementary Table 316,17,35-

48, using Kleborate). These lineage-specific phylogenetic analyses were performed for 

11 successful lineages for which at least as many external genomes as study genomes 

were available for comparison. A list of genomes included in these analyses is given 

in Supplementary Table 2. These data were also used to identify the continents on 

which each of the successful lineages had been previously detected in humans; this 

data includes 1-20 genomes from each continent (for each clonal group), and was 

supplemented by screening the K. pneumoniae complex MLST database 

(bigsdb.web.pasteur.fr/klebsiella) for isolates with a known ST but with no WGS data 

available.  
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Analysis of species hybrids 

Potential species hybrids were initially suspected based on long branch lengths or 

unusual positions in the species complex phylogeny. The genome collection was then 

screened for hybrids by using BLAST to align contigs against a set of reference 

assemblies for each Klebsiella species. The BLAST alignments were then used to 

assign per-species sequence identity to each position in the contig. Each assembly’s 

overall species composition was then quantified, based on assignment of genomic 

regions to the closest matching species. This was implemented in a Python script, 

available at github.com/rrwick/Klebsiella-assembly-species. 

 

Statistical analysis 

All statistical analyses were conducted using R (v3.3.1). The Wilcoxon rank-sum test 

(wilcox.test) was used to test to compare age distributions between males and females. 

The proportion test (prop.test) was used to test differences in gender for each 

infection type, compared to the null hypothesis that the true proportion in each group 

is 50% female. Fisher’s (fisher.test) was used to test whether the AMR genes, AMR 

classes, or virulence factors were significantly associated with successful vs non-

successful lineages.   
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Results 

 

Characteristics of K. pneumoniae infected patients 

A total of 362 clinical isolates of K. pneumoniae were identified at the diagnostic 

laboratory, collected from 318 patients who were mostly (77%) at the Alfred Hospital 

(Table 1). Of these patients, 55% were female (n=176, [95% confidence interval 

(95% CI) 50-61%], p=0.06 for two-sided test of difference in proportions by gender). 

The age of patients with clinical K. pneumoniae infections ranged from 20 to 97 years 

old (as well as one newborn), with median 70 years and mean 67.9 years. The median 

age amongst females was significantly higher than males (median 74 vs 67, p=0.001 

using Wilcoxon rank-sum test, see Figure S1).  

 

Table 1. Cohort characteristics 
 Total Female 

N (%) 
Any MDR  

N (%) 
Any ESBL  

N (%) 
Any CP 
N (%) 

All patients 318 176 (55%) 42 (13%) 47 (15%) 6 (1.9%) 

Age group 

   <40 yr 29 13 (45%) 4 3 1 
   40 – 49 yr 20 9 (45%) 1 4 0 
   50 – 59 yr 34 18 (53%) 5 6 1 
   60 – 69 yr 72 34 (47%) 15 14 1 
   70 – 79 yr 60 33 (55%) 6 10 1 
   ≥80 yr 102 68 (67%) 14 10 2 
Hospital      
   Alfred 
     + Caulfield 

227 
1 

115 
1 

27 
1 

31 
1 

5 
1 

   Caulfield 41 26 11 9 0 
   Bethlehem 10 6 0 2 0 
   Sandringham 34 25 3 5 0 
Days since admission* 
   ≤2 days 162 98 (60%) 13 (8%) 16 (10%) 0 (0%) 
   ≥3 days 109 48 (44%) 15 (14%) 20 (18%) 3 (2.8%) 
Infection type 
   UTI only 203 135 (65%) 26 (13%) 30 (15%) 1 (0.5%) 
     + disseminated 6 4 0 2  1 
     + wound/tissue 2 2 1 1 0 
   Pneumonia only 46 12 (26%) 5 (11%) 9 (20%) 1 (2.2%) 
     + disseminated 1 0  0 1 0 
   Disseminated only 24 10 (42%) 1 (4%) 1 (4%) 0 (0%) 
   Wound/Tissue only 29 11 (34%) 6 (21%) 6 (21%) 3 (10%) 
   Other 8 2 (25%) 2 (25%) 3 (38%) 0 (0%) 

MDR, multidrug-resistant (resistance to ≥3 drug classes by Vitek2 and not including 

ampicillin); ESBL, extended-spectrum beta-lactamase gene detected by PCR; CP, 
carbapenemase producer based on resistance to meropenem by Vitek2. *For the “Days since 

admission”, this counts days lapsed between admission and first infection for each patient for 
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whom admission date data was available (n=271); MDR/ESBL/CP are for the first isolate in 

this case.  

 

The most common type of K. pneumoniae infection was UTI (66%), followed by 

pneumonia (15%), wound/tissue infections (10%), and disseminated infections 

(bloodstream and cerebral spinal fluid (CSF) isolates; 10%), with small numbers of 

other types of infections (Table 1). Nine patients had clinical isolates from more than 

one body site: these include six with K. pneumoniae in urine and blood or CSF, and 

one with K. pneumoniae in sputum and blood (Table 1). The majority of 

K. pneumoniae UTIs occurred in females (66.8%, p=1.4x10-6 for two-sided test of 

difference in proportions), while the majority of K. pneumoniae pneumonia occurred 

in males (74.5%, p=0.001) (Table 1).  No statistically significant differences were 

observed in gender or age distribution for other infection types. Six patients (1.9%) 

were infected with meropenem-resistant isolates and 45 (14%) with ESBL isolates; 

most ESBL isolates were also MDR. These AMR phenotypes were not significantly 

associated with any particular specimen type, age or gender (Table 1). 

 

Genomic diversity of K. pneumoniae associated with hospital infections 

All clinical isolates identified as K. pneumoniae were subjected to WGS, which 

yielded 328 pure isolate genomes from 289 patients for comparative analysis (see 

Methods). A total of 34 isolates were not analysed for reasons outlined in Figure 1; 

five isolates failed to yield high quality WGS data, three were found to be dominated 

by species outside the K. pneumoniae complex and 26 were mixed strains. 

Phylogenomic analysis confirmed the majority of isolates were K. pneumoniae (82%); 

the others belonged to closely related species from the K. pneumoniae complex: 

K. variicola (14%) and K. quasipneumoniae (4%) (Table 2, Figure 2A). There were 

no significant associations between species and infection type; however 

K. pneumoniae were less likely to be broadly susceptible to antibiotics (77% vs 90% 

with no MDR, ESBL or carbapenemase traits, p=0.047; see Table 2). We also 

compared known genetic determinants of AMR with susceptibility phenotypes (see 

Methods), and found that most AMR phenotypes could be predicted from genotypes 

with low error rates (see Table 3).  
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Figure 1. Flow diagram for isolates. All clinical isolates identified as K. pneumoniae in 

the Alfred Health Microbiological Diagnostic Laboratory as part of routine care between April 

2013 and March 2014 were included in the study. All were subjected to whole genome 

sequencing, which yielded 328 pure cultures belonging to the K. pneumoniae complex that 

includes the related species K. pneumoniae, K. variicola and K. quasipneumoniae. 

 
Table 2. Genome-confirmed species distribution of clinical isolates identified 

by MALDI-TOF as K. pneumoniae, and their AMR profiles.  

AMR profile K. pneumoniae  K. variicola  K. quasipneumoniae 

   Susceptible (%) 208 (77%) 40 (89%) 12 (92%) 
   ESBL only (%) 13 (4.8%) 2 (4.4%) 1 (8%) 
   MDR only (%) 4 (1.5%) 0 (0%) 0 (0%) 
   ESBL+MDR (%) 36 (13.3%) 3 (6.7%) 0 (0%) 
   ESBL+MDR+CP (%) 9 (3.3%) 0 (0%) 0 (0%) 
Total 270 45 13 

MDR: resistant to ≥3 classes of drugs, not including ampicillin. ESBL: resistant to ceftriaxone. 

CP: resistant to meropenem. Susceptible: non-ESBL, non-MDR and non-CP. 

 

Alfred	Health	Microbiological	
Diagnos5c	Lab	(MALDI-TOF)	

N	=	362	isolates	

Bethlehem	Hospital	
N	=	10	isolates	

Sandringham	Hospital	
N	=	37	isolates	

Caulfield	Hospital	
N	=	47	isolates	

Alfred	Hospital	
N	=	257	

Alfred	Health	
Outpa5ent	

N	=	11	isolates	

K.	pneumoniae	pure	
N	=	328	isolates	

K.	variicola	
N	=	45	isolates	

Library	prep.	or	
sequencing	failed	
N	=	2	isolates	

K.	pneumoniae	
N	=	270	isolates	

K.	quasipneumoniae	
N	=	13	isolates	

Non-K.	pneumoniae	
species	

N	=	3	isolates	

Failed	quality	control	
N	=	3	isolates	

Mixed/non-pure	
K.	pneumoniae	
N	=	26	isolates	

Note:		
1	x	A.	baumanii	
2	x	K.	oxytoca	

Note:	heterozygous	
to	homozygous	SNP	
ra5o	≥0.02	

INF064	coverage	~40x,	depth	~1x	
INF343	assembly	size	<1Mbp	
INF362	depth	~6x	
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Figure 2. Genetic relatedness of 328 infection isolates, based on core genome 
maximum likelihood phylogenies. (A) Unrooted tree showing all isolates identified as 

K. pneumoniae in the hospital lab and successfully sequenced, showing they belong to three 

different species of the K. pneumoniae complex. (B-D) Outgroup (B, C) and midpoint (D) 
rooted trees for each of the three species. Shaded blocks indicate lineages that were 

detected in three or patients, coloured by the number of hospitals from which the specimens 

were referred. Lineages were defined by pairwise patristic distance <0.13% nucleotide 

divergence, which generally correspond to MLST-defined sequence types (STs) or clonal 

groups (CGs) as labelled. * ST86 included 3 isolates from Alfred Hospital inpatients and one 

outpatient.  
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Table 3. Prediction of AMR phenotype from genotype.  
Class Drug Resistant 

phenotype 
N (%) 

Minor 
error 
N (%) 

Major 
error 
N (%) 

Common genetic 
determinants detected 

(% of resistance explained) 
Agly Gen 17 (5.2%) 1 (0.3%) 0 (0.0%) aac3-IIa (27%), aac3-IId (15%), 

aadB (15%), rmtB (15%) Tob 30 (9.1%) 16 (4.6%) 0 (0.0%) 
Ami 5 (1.5%) 0 (0.0%) 0 (0.0%) 

Dfr Tmp 81 (24.7%) 2 (0.6%) 10 (3.0%) dfrA14 (57%), dfrA12 (10%) 
+sul1 (39%), sul2 (79%) +Sxt 71 (21.6%) 9 (2.7%) 3 (0.9%) 

3G Ceph Cro 64 (19.5%) 2 (0.6%) 6 (1.8%) blaCTX-M-15 (80%) 
Carb Mer 9 (2.7%) 2 (0.6%) 3 (0.9%) blaIMP-4 (30%), blaOXA-48 (30%) 
Fluoro Cip 31 (9.5%) 38 

(11.6%) 
1 (0.3%) gyrA-83 (61%), gyrA-87 (29%), 

parC-80 (52%), qnrB1 (65%) 
Agly: aminoglycosides; Dfr: dihydrofolate reductase; 3G Ceph: third generation 

cephalosporins; Carb: carbapenems; Cip: ciprofloxacin; Fluoro: fluoroquinolones. Minor error: 

sensitive phenotype, but resistance genes detected. Major error:  resistant phenotype, but no 

associated resistance genes detected. Genes accounting for ≥10% of resistance in each 

class are listed.  

 

We clustered the 328 isolates into lineages using a threshold of ~0.1% nucleotide 

divergence, resulting in 182 lineages (138 K. pneumoniae, 35 K. variicola, 13 K. 

quasipneumoniae) representing distinct strain types that have been separated from 

other lineages over many years of evolution (Figure 2B-D). These correlated very 

closely with STs defined by MLST (Supplementary Table 1). A collector’s curve, 

showing the rate of discovery of new lineages as more isolates are sampled, is plotted 

in Figure 3). The curve is nearly linear with a slope of ~2, indicating that every 

second isolate sequenced represented a new lineage or ST, and further sampling is 

expected continue to reveal further lineage diversity at a similar rate (Figure 3). The 

isolates also displayed extensive diversity of capsule (K) and LPS (O) antigen 

biosynthesis loci, with 87 of the 134 known K loci and all of the 12 known O loci 

detected amongst the collection (Figure 3, Supplementary Table 1). 
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Figure 3. Collector’s curves showing the number of distinct genetic features 
encountered as more genomes are sampled. STs, sequence types defined by multi-locus 

sequence typing (MLST); K loci, capsular biosynthesis loci; O loci: O antigen biosynthesis 

loci. 

 

Twenty-six patients contributed more than one sequenced isolate. In most cases 

(n=21, 81%), isolates from the same patient matched at the lineage level, consistent 

with a single infecting strain and we classified this as a single infection episode. Of 

the remaining cases, three patients had one lineage identified in urine followed by a 

disseminated infection with a second lineage 2-19 days after; one patient had different 

lineages detected in wound swab specimens collected from the same site three days 

apart; and the last patient had one lineage isolated from sputum and a second lineage 

detected 32 days later in both blood and sputum. We therefore classified these five 

patients as each having two distinct infection episodes (total ten infections), bringing 

the total number of genomically defined infections to 294. 

 

Of the total 182 lineages associated with 294 unique infection episodes, 139 (76%) 

were unique to an individual (Figure 4) and these accounted for nearly half (47.3%) 

of all the infections. The remaining infection episodes were associated with 43 

lineages that were detected in multiple patients, including 21 lineages (11.5% of all 

detected) that affected ≥3 patients. Most of these (n=12) were detected in ≥2 of the 

0 50 100 150 200 250 300 350

0

50

100

150

200

Number of isolates

Fr
eq

ue
nc

y
Lineages

STs
K loci
O loci

All       Kp only



	

117	

	
 

 

four hospitals serviced by the diagnostic laboratory (Figure 4); all were detected in 

the Alfred Hospital, plus one (n=6), two (n=5) or three (n=1) of the other hospitals for 

which the Alfred Hospital is the main referral centre. 

 

 
Figure 4. Frequency distribution showing number of unique patients in which each 
lineage was detected. Bars are coloured to indicate further stratification of lineages by the 

number of unique hospitals in which each was detected (according to inset legend). Note 

lineages were defined by patristic distance (threshold ≤0.1% nucleotide divergence); shaded 
region highlights those detected in three or more patients, these were defined as ‘successful 

lineages’ and their features are shown in Figure 5 and Table 4.  

 

Features of successful clones 

The 21 lineages identified in ≥3 patients accounted for 113 unique infections (38%) 

and were considered ‘successful’ hospital lineages; these include 1 K. variicola and 

20 K. pneumoniae lineages, and their location in the species-wide phylogeny is 

highlighted in Figure 2. Features of the successful lineages are summarized in Table 
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4 and Figure 5. They displayed a variety of different capsule and O antigen loci, and 

within-lineage diversity of these loci (which is known to occur frequently within the 

KPC clone ST25849) was observed in 9 of the clones (43%). As a group, successful 

clones were significantly associated with ESBL production (37% vs 4% ESBL; OR 

8.1 [95% CI 4.1-17.1], p<1-12) and more generally with MDR, carrying greater 

numbers of acquired AMR genes conferring resistance to a greater number of drug 

classes than other lineages (Table 4).  

 

Table 4. Distribution of virulence factors, AMR genes and associated drug 
classes among lineages.  
Number of 
patients in which 
lineage detected 

AMR genes 
Mean (range) 

AMR classes 
Mean (range) 

Virulence factors 
Mean (range) 

  1 1.26 (0-13) 0.97 (0-9) 0.3 (0-5) 
  2 2.46 (0-11) 1.87 (0-7) 0.26 (0-2) 
  ≥3 * 4.70 (0-19) 3.21 (0-10) 0.50 (0-4) 
p-value 0.0005 0.0004 0.1 

* Indicates group classed as ‘successful lineages’, additional features of these lineages are 

shown in Figure 5. P-values indicate result of testing for difference in mean values between 

these successful lineages (affecting ≥3 patients) vs all others (1 or 2 patients). Virulence 

factor loci included are: yersiniabactin (ybt), salmochelin (iro), colibactin (clb), aerobactin 

(iuc), and regulators of the mucoid phenotype (rmpA, rmpA2). 

 

Total virulence factor load was not significantly higher amongst the successful 

lineages (Table 4), however they did display a significantly higher prevalence of the 

ybt locus encoding synthesis of the acquired siderophore yersiniabactin (38% vs 20%, 

OR 2.4, p=0.0004). Three of the successful clones carried hypervirulence 

determinants (ST86, ST133, ST792); notably these all lacked acquired AMR 

determinants (Figure 5). Most of the 21 successful clones showed one or more of: i) 

decreased susceptibility to antibiotics (n=10), ii) the presence of one or more 

virulence factors (n=15), or iii) evidence of K and O antigen locus switching (n=9) 

(see Figure 5). The only exceptions were ST412 (3 isolates; 0 AMR, 1 with 

yersiniabactin) and ST681 (6 K. variicola isolates; 1 AMR, 0 virulence genes). 

 

We next considered whether the frequency of detection of these 21 successful 

lineages amongst patients in the Alfred Hospital network can be attributed to local 

strain transmission, or reflects more general establishment of these lineages 
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circulating within the broader human population. First we considered pairwise genetic 

distances (core gene SNV counts) between local isolates, and found that 10 of the 

lineages included pairs of isolates from different patients that fell below the 

thresholds we previously defined for transmission of K. pneumoniae in the ICU (<10 

and <25 SNVs9; see Figure 5). We then assessed the geographical scope of the 

successful lineages based on public genome data and the MLST database (see 

Methods), and found that 17 of the 21 locally successful lineages have also been 

detected in humans on at least one other continent, with 14 on ≥3 other continents and 

7/21 in Africa, Asia, Europe and North America in addition to Australia (Figure 5). 

For 11 lineages, we identified sufficient public genome data from outside this study to 

assess the placement of local isolates within a core-genome global phylogeny of 

global isolates for each lineage (see Supplementary Figure 2). These analyses 

confirmed these lineages circulate widely amongst global human populations, and 

indicate that in most cases the local isolates show evidence of multiple transfers 

between Australia and other continents (trees shown in Supplementary Figure 2; 

summarized in Figure 5). Notably, 8 of the 11 lineages that showed signs of local 

spread were associated with ESBL and MDR (CG323, CG29, ST491, ST231, ST340, 

ST661, ST3072, ST221) (Figure 5).  

 

K. variicola / K. pneumoniae hybrids 

K. variicola ST681 was unique among the successful lineages in two key ways: it was 

the only non-K. pneumoniae lineage that was identified in ≥3 patients (6 patients, all 

in the Alfred Hospital); and showed evidence of local transmission that was not 

associated with AMR. Genomic comparisons of all ST681 isolates identified at the 

Alfred Hospital microbiological diagnostic laboratory from clinical specimens (n=7) 

or screening swabs (n=3; reported in our earlier ICU study9), with publicly available 

Klebsiella genomes, revealed that the local ST681 strains were in fact hybrids of 

K. variicola ST681 and K. pneumoniae (see Methods and Figure 6A). One isolate 

(INF232; a UTI isolate from a patient at Sandringham Hospital) comprised a ST681 

K. variicola genome backbone with a 281 kbp recombinant region whose sequence 

closely matched K. pneumoniae (≤0.5 divergence, Figure 6A). The nine remaining 

local ST681 isolates formed a tight cluster and shared with INF232 the 281 kbp 

import and also a second recombination event of 311 kbp, which spans the K locus 

resulting in a change of the predicted capsule type from KL143 to KL10. Again, the 
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imported region showed close homology (≤0.5% divergence) with K. pneumoniae, in 

which KL10 has been previously described (Figure 6A). The cluster comprised six 

infection isolates and three gut carriage isolates from six patients in the Alfred 

Hospital and one patient in the Caulfield Hospital, separated by 12 core SNVs, which 

we have previously shown to be spreading within the Alfred Hospital ICU9.  

 

In order to explore how common Klebsiella species hybrids were amongst the clinical 

isolates, we screened all 328 genomes for evidence of cross-species hybridization (see 

Methods). This identified six additional K. variicola / K. pneumoniae hybrids, of 

which five were associated with infections (Figure 6B-D). These include four ST925 

isolates, each comprising a K. variicola ST925 backbone with different recombinant 

blocks of 90-565 kbp in size, apparently imported from K. pneumoniae (≤0.5% 

divergence; see Figure 6B). These strains, isolated from diverse specimens collected 

from four different patients at the Alfred Hospital (see Figure 6B) differed from one 

another at by >12000 SNVs in the non-recombinant backbone region, suggesting they 

were not related to one another by recent local transmission. The other two hybrids 

were singleton isolates, also comprising K. variicola (ST3095 and ST3060) with one 

or two imports of 393-1043 kbp in size; Figure 6C-D). Notably, all detected hybrids 

included recombinant regions spanning the K locus, resulting in import of various 

capsule loci (see Figure 6).  

 

 

Discussion 

 

Here we analysed all clinical isolates identified as K. pneumoniae in a hospital 

clinical microbiology laboratory for a one-year period, and found remarkable genomic 

diversity in the underlying population of organisms (Figures 2, 3). Consistent with 

previous studies, we found that 18% of isolates identified as K. pneumoniae by 

MALDI-TOF in fact belonged to other common members of the wider K. pneumoniae 

complex (Table 2) 9,11,15,16. However even amongst the isolates confirmed as K. 

pneumoniae, in this single 1-year local snapshot of disease-associated strains, we 

detected huge genetic diversity in the form of 138 phylogenetic lineages bearing 87 

distinct capsular biosynthesis loci (65% of the total K locus diversity ever described; 

Figures 2 and 3). The sheer scale of genomic diversity associated here with clinical 
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disease supports the view of K. pneumoniae as a classic opportunistic pathogen, in 

which any member of the population has the potential to cause disease in hospitalized 

patients whose underlying health is sufficiently compromised. The spectrum of K. 

pneumoniae disease identified here (~two thirds UTI, 15% pneumonia, ~10% wound, 

~10% sepsis) mirrors patterns in other hospitals around the world, and the diversity 

we uncovered is supported by other studies of K. pneumoniae diversity amongst 

hospital isolates from smaller unselected studies and even from AMR-selected 

studies; hence our results are likely to be broadly representative of the K. pneumoniae 

clinical picture in other hospital settings2,50,51. 

 

The observation that half of all infections were associated with a lineage not observed 

in any other patients during the year of surveillance is consistent with the emerging 

view that K. pneumoniae is a common component of the human microbiome, and that 

much of the hospital-associated disease burden stems from contamination with the 

patients’ own colonizing strains rather than transmission within hospitals9-11. 

Furthermore, our data suggest that even most of the common lineages – which we 

defined here as the 21 lineages (11.5%) that were detected in ≥3 patients – were not 

necessarily transmitted within the hospital system, but were detected multiple times 

because they circulate widely in the human population, in many cases showing 

evidence of global dissemination (Figure 5, Supplementary Figure 2). The reasons 

for the apparent success of these global clones within the human host population are 

not entirely clear; however as a group they were independently enriched for the 

acquired siderophore yersiniabactin (OR 2.4, p=0.0004) and ESBL genes (OR 8.2, 

p<1-10), and most individual clones were associated with either additional known 

virulence factors or high prevalence of MDR. Notably, cases of likely recent local 

transmission were limited to just 10 lineages, and were associated with only 48 

patients or 16% of all infections (Figure 5). Importantly, these cases almost 

exclusively involved ESBL and/or MDR strains, which against a background 

prevalence of just 15% is highly significant and strongly supports that AMR is a 

critical driver of K. pneumoniae transmission in the hospital environment. In contrast, 

none of the hypervirulent clones we detected (ST86, which carries the virulence 

plasmid in addition to yersiniabactin; or ST133 or ST792, which carry yersiniabactin 

and the genotoxin colibactin) showed evidence of local transmission, with pairwise 

strain distances exceeding 50 SNVs (Figure 5). 
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In the present study we have kept our assessment of transmission to simple pairwise 

genetic distances, to facilitate direct comparison across the 21 lineages. However our 

findings here are highly concordant with the detailed epidemiological analyses of 

probable transmission chains we have reported previously as part of related studies 

conducted contemporaneously with this one at the Alfred Hospital ICU9 and at 

Caulfield Hospital11, which incorporated patient movement data and results of 

carriage screening to detect silent transmission within these at-risk patient 

subpopulations. The published analyses provided strong evidence for transmission of 

ST231, CG323, and ST681 in the Alfred Hospital ICU9; and for transmission of 

CG29, CG323 and ST340 more widely in the Alfred Hospital, which together could 

account for all instances of MDR K. pneumoniae colonization and infection detected 

at Caulfield Hospital (to which Alfred Hospital geriatric patients are often referred for 

longer term care) 11. Similar detailed analyses of ST27, ST35, ST111, ST133, ST412, 

and ST792 in the Alfred Hospital ICU found no evidence to support intra-hospital 

transmission of these clones, consistent with the analysis in the present study9. Hence 

we consider the lack of detailed patient movement data to confirm transmission of the 

novel clones identified in the present study to be a minor limitation. 

 

Here we report for the first time the detection of K. variicola / K. pneumoniae hybrid 

strains, all of which involve imports of K. pneumoniae into a K. variicola background 

and result in import of a capsular biosynthesis locus from K. pneumoniae. Large-scale 

recombination between K. pneumoniae lineages, centered mainly around the K locus, 

has been reported several times; the best known example is the emergence of the 

carbapenemase clone ST25818,52, however only one species hybrid has been reported 

previously. The latter was a single human gut carriage isolate from Vietnam that was 

formed by import of ~700 kbp from K. quasipneumoniae into a K. pneumoniae 

backbone16, however the strain were only detected once, consistent with the 

expectation that cross-species hybrids have compromised fitness. However, in the 

present study the KL10 ST681 hybrid strain showed evidence of local transmission in 

the hospital, spreading to cause silent gut colonization of three patients and various 

infections in six patients, demonstrating that it is clearly fit to transmit. The clinical 

significance of the other species in the K. pneumoniae complex remains open to 

investigation, although it is clear that both K. variicola and K. quasipneumoniae are 
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capable of causing disease in hospitalized patients53,54. However neither of these 

species was particularly prevalent in our study (18% of all infections, combined), 

though the ST681 hybrid was the only non-K. pneumoniae lineage detected in ≥3 

patients. Notably, the imported capsular synthesis locus KL10 has been detected 

previously in 15 K. pneumoniae clinical isolates33, and we hypothesise this may have 

contributed to the hybrid strain’s ability to colonise or infect humans.  
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Supplementary Table 1 (DOI: 10.6084/m9.figshare.5856918) is available at: 
https://figshare.com/s/12b4e329ee8312ff9a80 
 
Supplementary Table 2 (DOI: 10.6084/m9.figshare.5856936) is available at: 
https://figshare.com/s/f0c69404d73185b03645 
 
Supplementary Table 3. Summary of data sources used to provide global 
context for locally successful clones. 
Data Source Whole genome sequences used 

for intra-clone trees 1 
Reported STs used for human 
geographical distribution 2 

Genome data used for phylogenetics 
Bialek-Davenet, 2014 
(Various) 

CG35, CG86 … 

Bowers, 2015 
(Various) 

CG17, CG20, CG37, CG231, 
ST340 

… 

Chung The, 2015 
(Nepal, Asia) 

CG17, CG20, CG29, CG35, 
CG37, CG45, ST340 

… + CG661 

Davis, 2015 
(US, North America) 

CG17, CG20, CG37, CG45, 
CG111, CG133 

… + ST629 

Follador, 2016 
(UK, Europe) 

CG17, CG20, CG29, CG35, 
CG37, CG45, CG221, CG231 

… 

Holt, 2015 
(Various) 

CG17, CG20, CG29, CG35, 
CG37, CG45, CG86, CG111, 
CG133, CG221, CG231 

… 

Lee, 2016 
(Singapore, Asia) 

CG17, CG20, CG86, CG111 … 

Stoesser, 2013 
(UK, Europe) 

CG17, CG20, CG35, CG37, 
CG45, CG86 

… 

Stoesser, 2014 
(Nepal, Asia) 

CG17, CG20, ST340 … 

Struve, 2015 
(Various) 

CG17, CG20, CG35, CG37, 
CG86 

… 

Wand, 2015 
(Unknown) 

CG29, CG35  N/A 

NCTC Sequences 3 
(Various) 

CG29, CG35, CG37, CG86, 
CG133 

… 

PATRIC Database 4 
(Various) 

CG17, CG20, CG35, CG37, 
CG45, CG86, CG111, CG133, 
CG221, CG323 

… 

Additional data used to assess continental distribution 
Henson, 2017 
(Kenya, Africa) 

N/A CG17, CG25, CG37, CG45, 
ST231, ST323, ST340 

Smit, 2017 
(Cambodia, Asia) 

N/A CG17, CG20, CG25 

Runcharoen, 2017 
(Thailand, Asia) 

N/A CG35, CG37, ST231, ST323 

In-house, unpublished 
(Iran & Vietnam, Asia)  

N/A CG17, CG37, CG45, ST340 

NCBI Pathogens 5 (Various) N/A CG17, CG25, CG27, CG35, CG37, 
CG45, CG86, ST111, ST133, 
ST221, ST231, ST323, ST340, 
ST412, ST661, ST681* 

BIGSdb-Kp (MLST) 6 N/A CG17, ST20, CG29, CG37, CG45, 
ST231, ST412, ST491, ST629, 
ST681*, ST792 

1 Used for trees shown in Fig S2 and summarised in Fig 5, read accessions are in Table S2.  
2 Used to identify presence of human isolates on continents, summarised in Fig 5.  
3 http://www.sanger.ac.uk/resources/downloads/bacteria/nctc/   4 http://www.patricbrc.org  
5 http://www.ncbi.nlm.nih.gov/pathogens/    6 http:/bigsdb.web.pasteur.fr/klebsiella 
* Note all publicly available ST681 genomes were non-hybrid K. variicola, whereas the local 
ST681 clone detected in this study was a hybrid of K. variicola with recombinant regions 
imported from K. pneumoniae (as detailed in the text and Fig 6). 
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Supplementary Figure 1. Distribution of patient age, stratified by gender. 
The median age for each gender group is shown by a black bar. The mean 
age is shown by the yellow diamond. Individual patient data points are shown 
by black dots.  
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Supplementary Figure 2. Global phylogenies of successful clones. 
Recombination-filtered phylogenies were inferred for 11 of the clonal 
groups/STs of interest. Local isolates from this study have tips coloured by 
hospital and for all isolates the continents of origin/collection, where known, is 
also shown. All patients are represented by a single sample within each clone 
tree. The presence of a coloured star indicates whether the isolate(s) from the 
patient in that clone are ESBL and/or MDR and/or CP.  
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4.3.2 Seasonality of K. pneumoniae infections  

Seasonality of HA infections is controversial, with some studies reporting significant 

seasonal trends and others failing to replicate this (Anderson et al. 2008; Kaier et al. 

2010; Richet 2012; Al-Hasan et al. 2011; Al-Hasan et al. 2010). To investigate this in 

the KASPAH dataset, I considered the total monthly infection count for the species of 

the K. pneumoniae complex, as well as subcounts for different types of infections 

(Figure 4.1). The Bartel’s rank test (using bartels.rank.test in R) showed no evidence 

for non-random temporal trends (p=0.94 for total infection count; p=0.16 to 0.95 for 

different types of infections).  

 

Figure 4.1. Number of infections sampled and identified as K. pneumoniae (one infection 
per type, per patient) over the one-year study period. 

4.3 Summary 

In this final results chapter, it was confirmed that infections defined as K. pneumoniae 

at the hospital diagnostic lab are actually three distinct species from the K. pneumoniae 

complex, within which there exists immense genetic and phenotypic diversity. Genetic 

diversity was further explored here in terms of the polysaccharide biosynthesis locus 

(KL and OL) diversity in addition to the population structure in terms of species, 

lineages and sequences types. Notably half of all infections across the hospital were 

associated with lineages that were unique to the patient, consistent with the intra-
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infections in Chapters 2 and 3, adding further weight to support that the hospital 

patients’ gut microbiota is the most common source of their infections.  

The data revealed that some clonal lineages were overrepresented amongst the isolates 

causing infections across the hospital network, being detected across multiple patients 

and often multiple hospitals. Some of these successful lineages were linked to globally 

successful clones that have experienced multiple local introductions, whereas others 

appeared to arise from limited local introductions and disseminate more widely once 

introduced.  

Comparison to data from published studies in other settings across the world provided 

the opportunity to explore whether the success of these clones was a local phenomenon. 

As was suggested on a smaller scale in Chapter 3, these locally successful lineages were 

typically K. pneumoniae and associated with MDR. It is now generally accepted that 

there exist various ESBL and CP clones of K. pneumoniae that have disseminated 

globally in the human population and have caused outbreaks of infection in multiple 

hospitals across the world, and the successful spread of these clones can be explained in 

terms of selection for their drug resistance traits, which plausibly promote their 

colonisation and infection of humans. Consistent with this, most instances of local 

transmission were associated with MDR clones; the only exception being a single, 

successful K. variicola lineage carrying a large piece of the genome imported from 

K. pneumoniae, which introduced the capsule locus associated with the K10 serotype. 

The data also revealed other non-MDR clones that contributed disproportionately to the 

hospital infections, despite a lack of acquired AMR or of known virulence determinants. 

Like the virulent clones, these showed no evidence of local transmission, suggesting 

that their ‘success’ derives from other properties, perhaps an enhanced ability to 

colonise the gut when encountered in food (and thus increased prevalence in this key 

source of infections) or a greater propensity to progress from the gut to cause disease 

(i.e. carrying novel virulence determinants). Many of these clones displayed capsule 

diversity, mirroring that which occurs in the MDR clones. The drivers of this common 

phenomenon remain unknown, but could conceivably reflect antigen variation in 

response to enhanced exposure to host immune systems compared to K. pneumoniae 

strains that spend less of their time in host-associated niches.  
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The key contributions of this chapter are i) revealing the huge diversity of strains 

underlying the burden of opportunistic infections in a local hospital setting; and ii) the 

finding that against this background, AMR is a strong indicator of strains that are more 

likely to proliferate and successfully transmit between patients. Whilst the latter is often 

assumed, this study is the first to truly contextualise this phenomenon against the 

underlying background bacterial population structure of non-resistant strains, or to 

convincingly explore this phenomenon outside the context of outbreaks or dramatic 

increases in AMR cases. Once transmitted, AMR is also likely to hinder and complicate 

treatment of any ensuing infection, and thereby extend hospital stay and impact patient 

health and quality of life. Hence foreknowledge of the presence of potentially dangerous 

strains could help guide preventative actions aimed at limiting the chance of future 

infections arising from transmission, such as carriage screening, decolonisation or 

initiating containment protocols. Many other countries already have high levels of 

ESBL and MDR strains in hospitals and/or the wider community and are arguably too 

late to limit anything but the spread of CP strains. However, given the relatively low 

rates of ESBL and MDR strains detected here in Australia, there may yet be a chance to 

prevent the spread of these and CP strains that has been observed overseas.  
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Chapter 5: Conclusions 

Recent advancements in WGS have revolutionised the way in which pathogen 

evolution, population structure, and transmission can be analysed. K. pneumoniae is a 

genetically and phenotypically diverse species and without WGS the level of diversity 

within the species itself, and across the closely related species of the K. pneumoniae 

complex, would be impossible to understand. To truly comprehend K. pneumoniae as a 

cause of HA infection, it is important to look at the fine level of genetic detail obtained 

from WGS in order to more definitively elucidate reservoirs for infection and 

transmission, as well as factors driving successful lineages. This study has significantly 

contributed to: i) a deeper understanding of the frequency of K. pneumoniae 

colonisation in humans and the role this plays in infections in hospitalised patients; ii) 

elucidating the frequency and genetic basis for diverse AMR phenotypes amongst 

K. pneumoniae associated with opportunistic infections in hospitals, outside the well-

studied context of ESBL or CP outbreaks, and; iii) the overall population structure and 

genetic diversity of K. pneumoniae associated with infections in the hospital setting, 

including identifying factors associated with successful persistence and spread.  

5.1 K. pneumoniae colonisation and infection  

Although infections caused by K. pneumoniae in hospitalised patients are recognised as 

a serious public health concern, little is known about how they arise and what the 

reservoirs are. Using WGS, this study aimed to establish the frequency of colonisation, 

and whether there was any connection between gut or throat colonisation with 

K. pneumoniae and subsequent infection among at-risk hospital patients, whether due to 

self-contamination or transmission.   

5.1.1 Colonisation frequency 

The local rates of asymptomatic carriage of Klebsiella were identified for the first time 

through investigation of two cohorts of patients at the Alfred Hospital ICU (Chapter 2) 

and the CH geriatric wards (Chapter 3). The estimated GI carriage rate in individuals 

admitted to ICU direct from the community was significantly lower than that observed 

in those who had recent healthcare contact prior to ICU admission (6% vs 19%, OR: 

3.75, p: 0.00001). Swab cultures were three times more likely to be detected as 



	

135	

	

positive for K. pneumoniae in patients sampled after at least two days in hospital or with 

other recent healthcare exposure or contact. This suggests they these patients either 

acquired new bacterial strains while they were in hospital or that aspects of the 

healthcare environment and associated treatment increase the growth of pre-existing 

colonising strains so that they are more likely to be detected. Notably all MDR 

colonisation was found only in those patients with extended hospital exposure, 

including recent prior or extended (≥3 days) admissions or surgical and antimicrobial 

treatment. Amongst the geriatric ward patients, 10.8% tested positive for GI carriage; 

statistically significantly higher than the ICU CA (10.8% vs 5.9%, OR: 1.9, p: 0.028) 

rate but lower than the ICU HA (10.8% vs 19%, OR: 1.9, p: 0.018) rate. A similar study 

has recently been published confirming similar trends in ICU and 

haematology/oncology wards at the University of Michigan Health System, over a three 

month period in 2014 (R. M. Martin et al. 2016). That study reported higher GI 

colonisation rates (23%), than were detected in our study.  

Throat colonisation was tested in both settings and found to be very rare (0.8-4%), 

suggesting that rectal swabs are sufficient for colonisation screening on admission to 

hospital, at least in Australia (Chapter 2 and 3). Notably two Asian community-based 

studies have previously reported significant throat or nasal carriage (2.7-15%), hence 

screening of this niche might be important in other regions of the world (Farida et al. 

2013; Dao et al. 2014).  

Differences in carriage sites and rates detected may be due to differences in study 

design including, but not limited to; screening protocol, setting and patient cohort, 

culture and colony picking methods, antibiotic attitudes and usage causing selection, or 

geographical location. This highlights the importance of local ecology to bacterial 

colonisation and the need for local screening as carriage rates do not appear to be 

broadly generalisable. 

The existence of GI colonisation on admission, in addition to increasing detectable 

colonisation rates over time in hospital including the appearance of MDR strains, is an 

important revelation. This is especially the case given the increasing rate, and threat, of 

AMR worldwide, where MDR infections are a significant problem in hospitals.  
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5.1.2 Colonisation as a reservoir for infection 

This study demonstrated that asymptomatic GI carriage of Klebsiella can indeed act as a 

direct reservoir for infection, both through self-contamination and through transmission 

to other patients. Prior to the commencement of this study, there was only a single study 

from 1971 providing a clear link between colonising strains of K. pneumoniae and 

infection (Selden et al. 1971). Based at the Veteran’s Administration Hospital in 

Denver, Colorado, that study relied solely on capsule serotyping (using the Quellung 

test), to determine whether or not colonising strains were the same as subsequent 

infecting strains. Here, I was able to use the much greater resolving power of WGS to 

characterise K. pneumoniae colonising and infecting strains and clarify their 

relatedness. This approach showed clearly that most patients had their own unique 

colonising and/or infecting strain(s) (Chapters 2 and 3), which supports the hypothesis 

that most K. pneumoniae present in hospital patients derives from their own personal GI 

microbiota and does not reflect transmission in the hospital. Importantly, patients 

testing culture-positive for GI colonisation were much more likely to develop infections 

(OR: 6.9, p < 0.001), and in 80% of patients with paired colonising and infecting 

isolates, these paired strains matched closely at the genome level (≤25 SNPs different) 

supporting the hypothesis that infections are caused by isolates that have previously 

colonized the patients.  

These findings are consistent with those of the 1971 study (Selden et al. 1971), and the 

more recent study by Martin et al. The latter study calculated the risk of infection in GI 

colonised individuals to be 5.2% (vs 1.3% in non-colonised, OR: 4.01, p<0.001); and 

used WGS to compare colonising and infecting isolates from 16 patients and found 

agreement in 81% of cases, thus reaching the same conclusions as in Chapter 2. As 

colonisation has now been identified as both a risk factor and a direct reservoir for 

subsequent HA infection, foreknowledge of the carriage status could have beneficial 

ramifications for treatment of colonised patients as it could help guide empirical 

treatment. Identifying those most at risk of infection from colonising strains, 

particularly if those strains are antimicrobial-resistant, could help inform more effective 

and targeted treatment if an infection does arise, or may help curb infections pre-

emptively. Additionally, given the revelation that transmission of colonising strains was 

associated with AMR (ESBL, MDR, CP), colonisation with a susceptible 
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K. pneumoniae presents a risk primarily to the individual, whereas colonisation with a 

resistant K. pneumoniae presents a risk both to the individual and to other patients 

(discussed further in Section 5.2.3).  

5.1.3 K. pneumoniae transmission 

Whilst this study identified self-contamination from colonising strains as a prominent 

source of infection (in Chapter 2, for 80% of patients with colonising and infecting 

strains, WGS confirmed the strains were the same), it also also found evidence for 

recent local patient-to-patient transmission in the hospital setting. A number of 

transmission chains were identified, within and between hospitals, through the 

combined analysis of genomic and epidemiological data. Patients whose strains were 

closely related enough to be consistent with recent transmission (≤25 SNPs different) in 

most cases also had overlapping stays within the same hospital, and often the same ward 

(Chapter 2 and 3), supporting transmission in the hospital. In many cases transmission 

resulted in GI colonisation, providing further evidence of the role carriage strains can 

play in infection, not just within an individual, but also between patients. Notably 

though, only a fraction of infections could be attributed to transmission in the hospital 

environment. In ICU I found direct WGS and epidemiological evidence for a 

transmission source for just 12% of infections (Chapter 2); and in the hospital network 

more broadly 53% of infections were caused by a lineage that was detected in any other 

patients, but only 16% of infections were associated with isolates that were close 

enough to those of other patients to be considered the result of recent transmission (≤25 

SNPs) (Chapter 4). 

WGS was important for establishing links between closely related isolates at a higher 

resolution than just that of ST, but the addition of epidemiological data was again 

shown to be integral to establishing exactly where transmission was likely occurring. 

Although at the ICU the closely related strains correlated strongly with the 

epidemiological data, the same was not true at the CH geriatric wards. With only WGS, 

it may appear that transmission of MDR strains was occurring at the CH geriatric 

wards; but while these isolates were closely related, the epidemiology showed the more 

likely explanation was transmission in the referring hospital (Chapter 3). This has 

significant implications for infection control, as implementing stricter quarantine or 

hygiene regimens at the CH would like have had little effect on the presence and 
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abundance of these shared MDR strains. Instead, the data suggest that infection control 

measures at the referring hospital could have benefits for reducing the burden of MDR 

infections across the wider referral network. 

5.2 K. pneumoniae colonisation and AMR 

K. pneumoniae is widely acknowledged as a significant pathogen and global health 

threat, mainly due to its intrinsic resistance to ampicillin and its capacity to acquire 

resistance to multiple classes of antimicrobials. Understanding the local rates of AMR, 

as well as the underlying genetic mechanisms encoding AMR phenotypes, is important 

in all settings, given resistance is one of the greatest challenges in effectively treating 

bacterial infections. In this study, among the species of the K. pneumoniae complex, 

K. pneumoniae displayed the highest levels of AMR (mean of 3.1 acquired AMR genes 

vs 1.9 and 0.4 in K. variicola and K. quasipneumoniae in the other species). Across the 

hospital clinical isolates, K. pneumoniae accounted for 90.6% of ESBL, 94% of MDR 

and all CP strains (Chapter 4). Asymptomatic colonisation with MDR strains was 

evident only among individuals with extended hospital exposure and was restricted to 

K. pneumoniae rather than other members of the species complex (Chapters 2 and 3). 

As highlighted previously, MDR strains were also linked to a greater risk of patient-to-

patient transmission; detection of an MDR strain in one patient indicates risk to all. 

Importantly, nearly all MDR isolates were also ESBL producers, indicating that ESBL 

production or ceftriaxone resistance would be a good marker for MDR generally. Whilst 

hospitals may struggle with the feasibility of screening for all Klebsiella, a good 

screening strategy could be to enrich for ESBL K. pneumoniae on ceftriaxone plates, 

hence increasing sensitivity for ESBL/MDR strains. This is important as these strains 

are most problematic in terms of both empirical treatment for the patient if they develop 

an infection, and in terms of transmission risk to other patients.  

5.2.1 AMR and mobile elements 

In addition to identifying AMR phenotypes and genotypes, this study uncovered some 

of the mobile genetic elements responsible for some of the more abundant MDR 

phenotypes observed locally. Mobile genetic elements are typically highly challenging 

to assemble given the presence of repeat regions. In this study, I was able to overcome 

this by combining my short read (Illumina) data with long-read data generated by a 
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member of my laboratory (Dr Louise Judd) via the new ONT sequencing technology, 

using a new hybrid genome assembly method (Unicycler) developed by another 

member of my laboratory, Ryan Wick (Wick, Judd, Gorrie & Holt 2017b). I contributed 

to the testing of the new laboratory and bioinformatics methods on my data and am a 

co-author on the papers reporting this work (Wick, Judd, Gorrie & Holt 2017b; Wick, 

Judd, Gorrie & Holt 2017a). Using this approach I was able to fully assemble the 

plasmids responsible for AMR in the ST29, ST323, and ST340 MDR clones detected in 

the CH geriatric wards and traced to transmission in the referring hospital (Chapter 3), 

which constitutes one of the first reports of ONT long read data for resolving AMR 

regions in hospital pathogens. In this case, the ability to generate completed (closed, 

circularised) plasmid assemblies enabled fine-scale investigation of the variable MDR 

regions encoded by these mobile elements. Specifically, it was possible to establish that 

the same plasmid backbone, was shared across the ST29 and ST323 clones, providing 

strong evidence that the plasmid was transmitted from ST323 (which had been 

circulating at the hospital since before the study began) to ST29 in the last few months 

of the study. The application of both short- and long-read sequencing was essential in 

resolving the plasmid structures, as short reads alone could not determine which groups 

of AMR genes were present in which plasmid backbone. Additionally, this approach 

enabled detailed investigation of changing AMR patterns amongst ST340 strains from 

the same patient (including a switch between CP and non-CP), revealing changes were 

due to rearrangements within the plasmid, rather than the introduction of different 

plasmids or other mobile genetic elements. Completing this plasmid sequence also 

assisted in identifying the same plasmid among K. pneumoniae isolated from birds in 

New South Wales, a connection which is important for understanding the spread of 

AMR between humans, animals, and the environment, and demonstrates the power of 

long-read sequencing to help trace this in the future (Bonnedahl et al. 2014; 

Papagiannitsis et al. 2017). Correctly understanding the mobile elements that are 

present, and responsible for resistance, will help in understanding how resistance is 

spreading between strains and patients and may help with infection control and 

prevention. The presence of these AMR mobile genetic elements means that 

antimicrobial-resistant strains not only pose a threat to transmission, themselves, but to 

the transmission of AMR plasmids or other mobile elements, leading to the creation of 

novel antimicrobial-resistant strains, as was seen in the introduction of the AMR 

plasmid from the ST323 to the ST29 lineage (Chapter 3). This threat of transfer of 
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mobile genetic elements is not limited to in-hospital patient strains, as seen from the 

identification of the ST340 AMR plasmid in Australian birds, as they can play a wider 

role in AMR evolution and in community, animal, and environmental spread of AMR 

genes.  

5.2.2 Prediction of AMR phenotype from genotype  

Traditional clinical microbiology labs are increasingly interested in incorporating 

genome sequencing and analysis in their diagnostic approaches. One potentially 

important use of genomics in such a setting would be to predict AMR phenotypes, as 

this could potentially inform treatment if reported to clinicians rapidly enough. In this 

work (Chapter 4, Section 4.3.2), I found that genome-derived AMR genotypes were 

generally highly predictive of comparison of Vitek2-measured AMR phenotypes. The 

highest rate of minor errors (sensitive phenotype but resistance genes detected) was 

11.6% for ciprofloxacin, followed by 4.6% for tobramycin, and 2.7% for 

sulfamethoxazole. Among major error rates (defined as the presence of a resistant 

phenotype but a failure to find any underlying genetic mechanism that could cause this 

phenotype), trimethoprim was highest (3.0%), followed by ceftriaxone (1.8%). All other 

minor and major error rates in our study were below 1%. A similar comparison of AMR 

genotypes and phenotypes was conducted by Stoesser et al though only gentamicin, 

ciprofloxacin, ceftriaxone, and meropenem were tested in both studies (Stoesser et al. 

2013). Similar error rates were seen for gentamicin (Stoesser et al minor 0% and major 

1% vs this study minor 0.3% and major 0%), ceftriaxone (1% and 3% vs 0.6% and 

1.8%) and meropenem (0% and 1% vs 0.6% and 0.9%). For ciprofloxacin, Stoesser et al 

reported much lower minor errors than in this study (3% vs 11.6%) but much higher 

major errors (6% vs 0.3%).  

The use of genotype to predict phenotype in terms of AMR shows promise, but for 

some antimicrobials is not yet good enough to be used to guide treatment decisions in 

place of phenotypic assays where available. However the predictive power is 

sufficiently high that it could be suitable for WGS-based AMR surveillance, and shows 

promise for future use in culture-free diagnostics where phenotypic assays are not 

possible (e.g. using metagenomic sequencing of sputum or urine to detect 

K. pneumoniae and predict its AMR phenotype, as has been recently demonstrated for 

E. coli and M. tuberculosis) (Votintseva et al. 2017; Janes et al. 2017).  
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5.2.3 The role of AMR in acquisition, transmission and success 

ESBL, MDR and CP strains present perhaps the greatest threat to public health, given 

their ever-increasing resistance to antimicrobial therapy. However, this study 

demonstrated that such antimicrobial-resistant strains pose additional problems as they 

are also much more likely to be successful and associated with local transmission 

among multiple patients (Chapter 4). In fact, the majority of lineages causing local 

infection and transmission were antimicrobial-resistant; being ESBL, MDR, CP, or a 

combination of these. This indicated that AMR not only presents a challenge for 

treatment, but is associated with, if not driving, local transmission and spread amongst 

patients within and between hospitals in the Alfred Health network.  

Identifying individuals with antimicrobial-resistant strains is obviously essential as this 

can help inform appropriate treatment. However, given the correlation of AMR with 

hospital-associated strains and subsequent transmission, identifying these strains, or 

lineages, is more broadly important for infection prevention and control.  

5.3 The population structure and genetic diversity of K. pneumoniae 

infections 

Although antimicrobial-resistant strains are of greatest concern from a public health and 

clinical perspective, they represent a small fraction of the infections caused by 

K. pneumoniae in hospitalised patients (just 15% had ESBL, MDR or CP infections in 

our setting). Prior to this study, little was known about the molecular epidemiology of 

non-ESBL and non-CP Klebsiella infections, including the population structure and 

diversity of associated isolates. Here, I investigated for the first time the total population 

of isolates underlying the clinical burden of infections diagnosed as K. pneumoniae in a 

hospital network. 

5.3.1 The K. pneumoniae complex and genetic diversity 

The population of infection and colonisation associated isolates identified as 

K. pneumoniae by MALDI-TOF in the clinical microbiological diagnostic laboratory, 

was here demonstrated to comprise three different species belonging to the 

K. pneumoniae complex; K. pneumoniae, K. variicola and K. quasipneumoniae. 

K. pneumoniae was by far the most common (Chapters 2, 3 and 4), accounting for 77-
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83% of infection isolates and 63-78% of carriage isolates, consistent with previous 

reports (Holt et al. 2015; Long, Olsen, et al. 2017). Whilst this does imply a potential 

comparative enrichment of non-K. pneumoniae species amongst colonising isolates and 

enrichment of K. pneumoniae in infections, the difference was not statistically 

significant in this work (OR: 0.6, p=0.06). Little is known about ecological, virulence or 

other distinctions between the species in the complex, however the predominance of 

K. pneumoniae amongst clinical isolates suggests it may have a greater propensity for 

colonisation and/or infection of human hosts. As noted above, all MDR, ESBL and CP 

isolates detected in this study belonged to K. pneumoniae, however there are reports of 

clinically important AMR in K. variicola and K. quasipneumoniae, indicating there is 

potential for successful MDR clones of these species to emerge (Zurfluh et al. 2015; 

Maatallah et al. 2014; Long, Olsen, et al. 2017; Garza-Ramos et al. 2016). 

Below the species level, I observed a huge amount of genetic diversity in terms of 

lineages (which correlate closely with MLST-defined STs), as well as many different 

KL types and OL types. This level of diversity in a single localised setting is 

remarkable, and is in stark contrast to that reported in studies that focus on a particular 

resistance profile such as ESBL or CP strains (Andrade et al. 2014; Brink et al. 2012; 

Chang et al. 2015; Giakkoupi et al. 2011). Whilst the majority of lineages were unique 

to a patient, I observed 21 lineages that were isolated from infections in at least three 

patients (including CG323, CG29, CG45 and ST111 most commonly; Chapter 4) many 

of which were detected across multiple hospitals (Chapter 4). As may have been 

predicted, these lineages include some of the well-known MDR K. pneumoniae clones 

that have been associated with hospital infections on many continents (including CG17, 

ST20, CG86, CG37, and more), however I also observed several that were not 

associated with AMR or with hypervirulence, suggesting they may possess other 

characteristics that promote their spread in the human population. Notably all of these 

lineages belonged to the species K. pneumoniae, with the exception of a K. variicola / 

K. pneumoniae hybrid lineage (which did not carry any acquired AMR genes). This 

differentiation is important as currently hospital diagnostic methods do not easily 

distinguish between isolates of K. pneumoniae and K. variicola, yet these appear to be 

associated with different levels of transmission risk (in addition to the potential 

difference in pathogenicity as noted above); K. pneumoniae was significantly more 

likely to be associated with transmission than K. variicola and K. quasipneumoniae 
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combined. Among 138 K. pneumoniae lineages, 20 were found to spread across 

multiple patients, compared to only one lineage of the 48 non-K. pneumoniae lineages 

(Chapter 4) (OR: 7.9, p=0.017). As such, identifying more clearly which species are 

present, may be important for identifying relative risk of transmission and highlighting 

which strains may present the greatest threat and need for containment.  

5.3.2 Species-level recombination 

In examining the population structure using WGS, I uncovered several examples of 

hybridisation between the species of the K. pneumoniae complex. Remarkably, further 

investigation revealed that all of these involved the import of DNA from K. pneumoniae 

into K. variicola, with most recombination events spanning the K locus. Whilst this 

appears to be a common mechanism for capsule locus exchange within the 

K. pneumoniae species (Wyres et al. 2015), this is the first report of such exchange 

occurring between members of the complex. A single hybrid has been reported 

previously, forming between a K. pneumoniae recipient strain and a 

K. quasipneumoniae donor strain, though this did not involve the capsule locus (Holt et 

al. 2015). Notably, the only non-K. pneumoniae lineage showing evidence of 

transmission in the hospital (Chapters 2 and 4) was a K. variicola-K. pneumoniae 

hybrid, with a large region including the KL10 capsule locus and surrounding 

chromosomal DNA imported from a K. pneumoniae donor into a K. variicola ST681 

backbone. Given the results from this work demonstrating most successful lineages 

were K. pneumoniae, and that hybrids are rare, I hypothesise this import may have 

significantly enhanced the ability of this strain to effectively colonise and/or cause 

infections in humans; however, the functional mechanisms remain to be investigated.  

5.4 Lessons and future directions for informing infection prevention and 

control with genomic data 

This work has revealed the role that asymptomatic GI carriage of K. pneumoniae plays 

in infection in hospitalised patients. It was demonstrated that GI colonising strains can 

cause infections including pneumonia, UTI and sepsis through self-contamination; and 

can be transmitted to other patients causing further colonisation and/or infection. The 

data show that ESBL, MDR or CP strains posed the greatest threat for transmission in 
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the hospital setting, in addition to the challenges they pose to effective antimicrobial 

therapy.  

These findings support the contention that screening for colonisation upon admission to 

hospital, and potentially at subsequent intervals following admission, could help 

identify individuals at risk of infection or of transmitting bacteria to other patients. 

Infections were seen to be caused by both antimicrobial-sensitive and -resistant strains, 

and as such screening for any Klebsiella colonisation would be ideal; though this may 

not be feasible given the time and cost required to achieve this, and may not be 

necessary since any incident infections with susceptible strains would be more easily 

managed therapeutically. As our data show that antimicrobial-resistant K. pneumoniae 

strains pose the greatest risk in the sense of being both most likely to transmit and 

hardest to treat, it supports the idea that screening for carriage of resistant strains using a 

ceftriaxone plate would be most informative for infection control, in addition to being 

more cost effective and perhaps also more sensitive than screening for all 

K. pneumoniae. Additionally this approach could have the advantage of detecting 

colonisation with ESBL Enterobacteriaceae more broadly, which include many 

opportunistic pathogens that likely pose a similar clinical risk to K. pneumoniae.  

The question of what to do once a patient is identified as a carrier of antimicrobial-

resistant Enterobacteriaceae is a challenging one. This information can be used to guide 

infection control and prevention procedures, such as triggering patient containment, or 

simply to modify antimicrobial treatment choices for the individual patient. For 

example, where colonisation with a resistant strain is detected, avoiding use of an 

antimicrobial that may select for that strain would be recommended where possible. 

Beyond the benefits to the individual patient, these measures have the potential to help 

reduce morbidity and mortality associated with HA infections, thus reducing the burden 

on the health care system and improving patient quality of life.  

Although this study elucidated important and previously under-researched links 

between carriage and infection, it focused solely on bacteria isolated from patient 

specimens and did not sample other potential reservoirs or steps in the intra-hospital 

transmission chain such as healthcare workers, food, water and the hospital 

environment, all of which have been shown to play a role in specific hospital outbreaks 

(A. Gupta et al. 2004; Starlander Å 2012; Snitkin et al. 2012; Knittle et al. 1975; Larson 
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1982; Lowe et al. 2012; Kizny Gordon et al. 2017). Future studies investigating these 

potential niches may uncover additional reservoirs from which infection may arise, and 

further aid in reducing the threat and incidence of hospital-associated infections.   
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