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ABSTRACT  

Introduction: Klebsiella pneumoniae is a leading cause of neonatal sepsis in Sub-Saharan 

Africa. Robust surveillance systems and methods that allow for fast and reliable serotype 

detection are needed to guide research priorities and direct interventions aimed at reducing 

the burden of K. pneumoniae induced disease.  

Method: A high throughput nanofluidic qPCR reaction set was developed to detect and 

serotype thirteen lipopolysaccharide (O) loci (OL: O1/O2v1, O1/O2v2, O1/O2v3, O3/O3a, O3b, 

O4, O5, O8, O12, OL101, OL102, OL103, OL104), five O-antigen serotypes (O1, O2a, O2ac, 

O2afg, O2aeh), and fifteen capsular loci (KL: KL2, KL3, KL10, KL15, KL22, KL25, KL28, KL30, 

KL37, KL39, KL62, KL102, KL110, KL149, KL171) of K. pneumoniae. Additional assays to 

discriminate K. pneumoniae from other strains in the Klebsiella Species Complex (KpSC) and 

Escherichia coli were also included in the nanofluidic qPCR reaction set. The optimised 

reaction set was validated using 77 invasive K. pneumoniae isolates from South African infants 

≤90 days old, previously serotyped by WGS and the Kaptive v2.3 pipeline, and 83 archived 

colonisation swab samples (skin, rectal, nasal) enriched in brain heart infusion (BHI) broth. 

Isolates from the same BHI samples were serotyped using WGS and Kaptive v2.3. Statistical 

performance of the qPCR method was evaluated against WGS using sensitivity, specificity, 

and ROC-AUC metrics. 

Results: All assays within the nanofluidic qPCR reaction set effectively amplified all 37 targets 

within the prescribed efficiency range (92-107%). The variance from the linear equation of the 

regression curve was low (r2>0.99) while the analytical sensitivity was high (limit of detection: 

10-100 gene equivalents). A blind analysis of the 77 invasive isolates and 83 colonisation swab 

samples enriched in BHI showed perfect concordance (kappa=1) between qPCR and WGS 

for the detection of all O-loci, O antigen types, and K-loci included in the nanofluidic qPCR 

panel. The nanofluidic qPCR method, which enables the detection of multiple K. pneumoniae 

strains, was applied directly to swab samples (rather than cultured isolates). This de novo 

testing identified concurrent colonisation with two or more K-loci and O-loci in 38% (16/42) and 

40% (33/83) of swab samples enriched in BHI broth, respectively. 

Conclusion: The nanofluidic qPCR method is a promising method for detecting and 

serotyping K. pneumoniae across multiple sample types (i.e. bacterial isolates and direct swab 

samples - nasopharyngeal, skin, and rectal). The established qPCR assay may be useful in 

probing the epidemiology of K. pneumoniae, including comprehensive serotyping of temporal 

changes in colonising and invasive isolates should interventions be established against             

K. pneumoniae invasive disease.  
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CHAPTER 1: INTRODUCTION 

1.1. Background & Study Context 

In 2019, there were approximately 5.2 million deaths recorded among children under the age 

of five worldwide (1). By 2022, this number had decreased to approximately 4.7 million (2). 

Conversely, deaths from infectious diseases within this age group increased from 1.3 million 

to 1.43 million over the same timeframe (3–5).  

Sepsis, a disseminating infection of the blood and other tissues, is one of the leading causes 

of neonatal mortality and morbidity globally, accounting for approximately 2,202 cases per    

100,000 live births globally, with a case fatality risk of 9% to 11% (2,3,5). Overall, the burden 

of neonatal sepsis is highest in low-and-middle-income countries (LMIC: 3,930 cases per 

100,000 live births) (3). However, infections that lead to sepsis during the first six days of life  

- early onset sepsis (EOS) - remain amongst the leading causes of infant death for both       

high-income countries (HIC) and LMIC (6).  

During the past decade, there has been an increase in multi-drug resistant (MDR) organisms, 

defined as resistance to three or more antimicrobial classes (7), being responsible for the 

majority of neonatal sepsis morbidity and mortality, especially in LMIC (7–10). Infection with 

MDR bacteria is associated with poor clinical outcomes and a high case fatality risk            

(20.9% - 35.3%) (11). Healthcare-associated infections (HAI) are critical to control, as the 

causal organisms are pooled in the same environment allowing for increased opportunities for 

closely related pathogens to share genetic material enabling rapid evolution and spread of  

antimicrobial resistance (AMR) (11). 

Klebsiella pneumoniae, a gram-negative bacterium belonging to the Enterobacteriaceae 

family, is classified, alongside Enterobacter species, as an ESKAPE pathogen (12). These 

pathogens, a group of six highly virulent and antibiotic-resistant bacteria, are priority targets 

for new antibiotic development according to the World Health Organisation (WHO), due to their 

ability to 'escape' the effects of multiple currently available antimicrobial treatments (13,14).  

K. pneumoniae commonly colonises mucosal surfaces, particularly the gastrointestinal tract, 

nasopharynx, and skin (15,16). Colonisation is often asymptomatic but serves as a critical 

reservoir for subsequent invasive infection, particularly in neonates and immunocompromised 

individuals (15–17). Transmission can occur via person-to-person contact or through 

environmental exposure in healthcare settings, with colonised individuals acting as both 

reservoirs and vectors (17). In neonatal units, colonisation may occur shortly after birth and is 

often influenced by antibiotic use, delivery mode, and environmental exposure (15). Co-

colonisation with multiple K. pneumoniae strains is increasingly recognised and may contribute 
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to horizontal gene transfer, antibiotic resistance, and serotype diversity - factors that are 

important to consider in both surveillance and vaccine development (15–18). 

1.2. Clinical & Public Health Significance of K. pneumoniae 

Globally, K. pneumoniae is a leading cause of AMR HAI, accounting for approximately 8-12% 

of all nosocomial infections in LMICs (19). In neonatal populations, a multicentre study reported 

incidences of K. pneumoniae sepsis in infants and newborns as 25.3% and 34.2%, 

respectively (20). In LMIC, K. pneumoniae is a leading cause of Gram-negative neonatal 

sepsis, contributing to 10% of total neonatal sepsis deaths (21). In a neonatal unit at a regional 

hospital in Johannesburg, South Africa, K. pneumoniae was responsible for 66.2% (308/465) 

of multidrug-resistant Enterobacteriaceae (MDRE) bloodstream infections (BSIs) in neonates, 

with the highest-burden observed in preterm infants (9,22). During an outbreak investigation 

conducted from January 2017 to August 2018, the incidence of K. pneumoniae BSIs increased 

from 1.6 to 5.0 cases per 100 admissions, with overall healthcare-associated BSI incidence 

rising from 6.8 to 10.1 cases per 100 admissions (23). The significance of MDR K. pneumoniae 

across LMICs, including South Africa, was highlighted by a multicentre study, which identified 

it as the leading cause of neonatal sepsis, with MDRE isolates increasing from 0.39 per 1,000 

admissions in 2013 to 1.4 per 1,000 admissions in 2015 (4).  

1.2.1. Multi-drug resistance 

K. pneumoniae infections are treated with common antibiotics including aminoglycosides, 

piperacillin-tazobactam, and cephalosporins (24,25). However, due to the increase in drug 

resistance, carbapenems are increasingly used to treat severe infections (26). Carbapenem-

resistant K. pneumoniae, first identified in the USA in 1996, was detected in South Africa in 

2011 with the discovery of carbapenemase enzymes New Delhi Metallo-β-lactamase and        

K. pneumoniae carbapenemase in the Gauteng province (26,27). This resistance has been 

attributed to the acquisition of carbapenemase enzymes, which hydrolyse carbapenems, and 

other beta-lactam antibiotics to varying degrees (28–30). An important feature that has 

facilitated widespread dissemination of carbapenemase genes is that they are associated with 

mobile elements that can spread horizontally within, and between, bacterial species (30).  

Subsequently, treatment of carbapenemase-producing K. pneumoniae has shifted towards the 

use of novel β-lactam/β-lactamase inhibitor combinations such as ceftazidime-avibactam and 

meropenem-vaborbactam. These agents are administered as single drugs, combining an 

active β-lactam with a β-lactamase inhibitor to restore activity against resistant strains. 

Although historically combination therapy - such as meropenem with colistin—was used to 

treat these infections, current evidence suggests that monotherapy with agents like 

ceftazidime-avibactam is more effective and associated with better outcomes (31,32). 
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However, these newer agents remain costly (32),  and are often inaccessible in resource-

limited settings (33). Moreover, emerging resistance to these therapies has already been 

reported, raising concerns about their long-term utility (11,34).  

1.2.2. Treatment and preventative strategy development 

The increasing prevalence of K. pneumoniae infections, combined with the bacterium's rapid 

development of resistance to existing antibiotics and limited new antibiotic options, has 

intensified the focus on vaccine development as a preventive strategy for invasive                        

K. pneumoniae disease (24,25,35). Understanding the distribution of serotypes is essential in 

the clinical setting, as it informs infection control strategies, aids in tracking outbreaks, and 

supports the development of targeted treatments (36). Robust surveillance systems that can 

accurately detect and serotype K. pneumoniae are needed to guide research priorities and 

direct interventions aimed at reducing the burden of K. pneumoniae disease (37). Active 

surveillance and serotyping play a vital role in identifying circulating strains and supporting 

public health interventions. 

1.2.3. Key virulence factors & serotypes of K. pneumoniae 

K. pneumoniae employs several virulence factors (VF) that enhance its ability to evade the 

host immune system and establish infections (38). Key VF include the capsular polysaccharide 

(CPS) and lipopolysaccharide (LPS), which form protective barriers around the bacterium, 

inhibiting phagocytosis and complement-mediated killing (38,39). The CPS is important for 

shielding the bacterium from the host's immune defences, while the LPS contributes to the 

structural integrity of the outer membrane and elicits strong inflammatory responses through 

endotoxin activity (40). Beyond these, K. pneumoniae utilises fimbriae, which facilitate 

adhesion to host tissues and the formation of biofilms, contributing to persistent infections and 

antibiotic resistance (41). Moreover, outer membrane proteins (OMPs) and porins, play roles 

in nutrient acquisition and antimicrobial resistance, while efflux pumps actively remove toxic 

substances, including antibiotics, from the bacterial cell (42,43). Lastly, iron acquisition 

systems allow K. pneumoniae to thrive in iron-depleted environments within the host (44). 

Together, these virulence mechanisms not only make K. pneumoniae difficult to treat but also 

capable of causing severe, invasive infections. 

1.2.3.1. Clinical significance of serotyping K. pneumoniae  

A serotype, in the context of K. pneumoniae, refers to the classification of bacterial strains 

based on the CPS (expressed as K-antigens) or LPS (expressed as O-antigens), expressed 

as surface polysaccharides as illustrated in Figure 1.1 (45). 
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The O-antigen, classified into 14 loci that encode 16 distinct O-types, is the outermost 

component of the LPS in the bacterial outer membrane (21,46,47). The K-antigen includes 162 

types and forms the strain-specific capsular layer that envelops the bacterium (46,48,49). 

These surface antigens have become crucial for identifying the bacterium's pathogenic 

potential and characterising interaction with the host immune system (46).  

Recent studies have highlighted the genetic diversity of K and O antigens amongst                       

K. pneumoniae strains globally and identified significant geographic variability in dominant 

lineages. The most prevalent K serotypes identified include K1, K2, KL107, KL17, KL106, 

KL24, KL15, and KL36 (46,50). Notably, K1 and K2 are associated with hypervirulent strains 

that exhibit a higher abundance of virulence genes. These serotypes are particularly 

concerning due to their link to severe infections such as liver abscesses and bacteraemia (51–

53). On the other hand, the dominant O serotypes identified in clinical isolates are O1, O2, and 

O3, which together account for approximately 80% of infections (46). 

While both K- and O-loci are involved in the expression of surface polysaccharides in K. 

pneumoniae, a clear correlation or fixed association between specific K-loci and O-loci has not 

been definitively established. Although some trends have been observed - such as the frequent 

co-occurrence of KL25 with O5, or KL15 with O4 - these associations are not consistent across 

all isolates and cannot be assumed to be functionally or genetically linked (15). Therefore, 

each locus must be independently typed to ensure accurate serotype identification and 

surveillance. 

   

         Figure 1.1 Structural representation of K. pneumoniae and its surface polysaccharides (45). 

1.2.3.2. The capsule polysaccharide (K-antigen) 

The polysaccharide capsule is an important virulence factor of K. pneumoniae enabling it to 

evade the immune system during infection (16) by protecting the bacteria from 

opsonophagocytosis and serum-killing (54,55). The capsule is generated by the CPS locus in 
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K. pneumoniae and comprises repeated subunits of four to six sugars and uronic acids (56). 

The central region of the CPS gene clusters, which encodes proteins for the polymerisation 

and assembly of CPS subunits, is highly divergent (57). This genetic diversity in the CPS 

biosynthesis pathway can significantly impact the virulence of different K. pneumoniae strains 

(38).  

1.2.3.3. The genome of CPS 

The genomic architecture of K. pneumoniae showcases significant variability within its CPS 

gene clusters (Figure 1.2). These clusters, which start at the galF gene and extend to the ugd 

gene, demonstrate diversity in both the quantity of glycosyltransferase (GT) genes and their 

unique DNA sequences, except for conserved genes wbaP and wcaJ (48,57). Spanning 

approximately 21 to 30 kb, the CPS gene clusters encode crucial components of the CPS 

biosynthesis pathway. Among these, the membrane proteins wzi, wza, and wzc, as well as 

wzx, wzy, wbap, and wcaj, are essential for the production and export of the capsular 

polysaccharide (Figure 1.2) (48,58). While the wzi, wza, and wzc genes are conserved in           

E. coli group 1 and K. pneumoniae CPS gene clusters, wzx and wzy exhibit greater sequence 

diversity (59). Wzc, an inner membrane tyrosine autokinase, forms a channel complex with 

wza to act as a K antigen transporter, regulated by wzb (57,60). Genes responsible for                 

K antigen repeat-unit biosynthesis are in the central region of CPS gene clusters, between the 

wzc and gnd genes, display substantial diversity (32,46,57). 

 

Figure 1.2 The representative CPS locus arrangement adapted from Patro et al. 2019 (58). 

Strains with the same capsular type demonstrate substantial DNA sequence similarity in the 

variable region of the wzc gene, whereas strains with different capsular types exhibited lower 

DNA sequence resemblance (60). However, genomic analysis has revealed that some 

capsular types, such as KL22 and KL37, along with KL9 and KL45, share a high degree of 

sequence similarity, differing only by a small number of nucleotides or subtle genetic changes 

(46,49,59). This suggests that these capsular types have nearly identical genetic structures 

despite being classified separately. Despite this close genetic relationship, each maintains its 

distinct capsular type, indicating that differentiation is driven by subtle but specific genetic 

variations (60). While KL52 and KL79 share identical wzc DNA sequences, they can be 

differentiated by variations in other regions of the CPS gene cluster, such as alterations in the 

promoter sequences, gene presence or absence, point mutations in other glycosyltransferase 

genes, or differences in the genes responsible for sugar synthesis and transport (58,60).  
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Variations in other genes within the CPS cluster, the presence of regulatory elements 

influencing gene expression, and enzymes that uniquely modify polysaccharides all play 

critical roles in determining capsule composition, structure, and virulence of K. pneumoniae. 

Further, lateral gene transfer and recombination have played a pivotal role in introducing 

diversity into the K. pneumoniae CPS gene clusters (48,61,62). While the CPS operons 

generally maintain conserved genes at the 5' and 3' ends, exceptions such as the significant 

genetic variability observed in the wzb and wzc genes underscore the complexity of this genetic 

diversity (46,49,57). This diversity is not solely attributed to lateral gene transfer and 

recombination, as it encompasses a broader range of genetic variabilities within the operons 

themselves (63). It is also a consequence of the varied genes encoding glycosyltransferases 

and acetyltransferases, adding layers of complexity to the capsule's structural variety. The 

interplay of these factors is what gives rise to the observed heterogeneity in the capsule 

composition of K. pneumoniae (49,64).  

1.2.3.4. The lipopolysaccharide (O-antigens) 

The outer membrane of K. pneumoniae is covered with LPS, also known as endotoxins, and 

are powerful trigger of septic shock, as it activates the host Toll-like receptor 4 (TLR4), leading 

to an inflammatory cascade that can result in sepsis and septic shock (65,66). The LPS is 

made up of lipid A, a core domain, and the polysaccharide O-antigen. K. pneumoniae isolates 

with smooth LPS (full-length O-antigen) are resistant to serum complement, while those with 

rough LPS (shortened or absent O-antigen) are sensitive to serum complement (55). 

Moreover, variations in LPS can protect bacteria from antimicrobial peptides, including 

polymyxin antibiotics (32,39). 

The O serotypes of K. pneumoniae are particularly significant in the context of vaccine 

development because there are considerably fewer O-types compared to K-types, making 

them more feasible targets for broad-spectrum vaccines (46). While targeting all O serotypes 

may offer broad protection, specific O-types such as O1ab, O2afg, and O3b, which are 

responsible for the majority of invasive disease cases globally, are of particular interest 

(37,45,67). The structural similarities between K. pneumoniae O-antigens and those of other 

closely related Enterobacteriaceae species, such as E. coli, present challenges for the 

exclusive targeting of these antigens in diagnostics and vaccine development. These shared 

epitopes can lead to cross-reactivity, reducing the specificity of serological assays and 

potentially limiting the precision of O-antigen - based vaccines, particularly in distinguishing K. 

pneumoniae from commensal or less pathogenic species (68).  

1.2.3.5. The genome of LPS  

The LPS is a vital component of the outer membrane in gram-negative bacteria, including         

K. pneumoniae. This complex molecule is synthesised through a coordinated process involving 
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genes that encode enzymes for LPS assembly (69). While most Enterobacteriaceae have a 

conserved LPS core, K. pneumoniae displays two outer core types, distinguished by three 

specific genes within the waa operon, which are independently located in the genome. The 

waa operon is essential for constructing the core oligosaccharide, a critical part of the LPS 

structure (21,47). 

Several genetic components are crucial to the structure and function of K. pneumoniae's 

lipopolysaccharide (LPS). The lipid A biosynthesis genes (e.g. lpxA, lpxC, lpxD) produce the 

lipid A anchor, essential for LPS structural integrity and endotoxic activity (46,70). Core 

oligosaccharide biosynthesis genes (e.g. waaA, waaB, waaC) assemble the core 

oligosaccharide, bridging lipid A to the O-antigen (18,46). Additionally, the O-antigen 

biosynthesis genes (e.g. wzy, wzz, wzm) drive the assembly of the variable O-antigen 

polysaccharide, a region critical to K. pneumoniae's serological diversity (47,71).  

The K. pneumoniae species is distinguished by a variety of O-antigenic types, each denoted 

by unique lipopolysaccharide compositions on their cell surface. The recognised O-types within 

K. pneumoniae are O1, O2a, O2ac, O2afg, O2aeh, O3/O3a, O3b, O4, O5, O8, O12, OL101, 

OL102, OL103, and OL104. O-antigen serotypes are each defined by a specific set of genetic 

arrangements and possess distinct sets of biosynthetic genes, which confer their individual 

serological properties and characterise the loci (21,47,71,72). 

The rfb genes are responsible for the synthesis and assembly of the O-antigen, which 

constitutes a highly variable region of the LPS molecule in K. pneumoniae (Figure 1.3). The 

genetic arrangement is responsible for the extensive diversity observed in the LPS of                  

K. pneumoniae, with each serotype's gene cluster presenting a unique combination of manC, 

manB, wzm, wzt, wbd, and other relevant genes involved in lipopolysaccharide biosynthesis 

(21,50,70,71). Importantly, these LPS biosynthesis genes are not only vital for the bacterium's 

survival but also for its pathogenicity and virulence (46). Mutations within this genetic 

framework can lead to structural alterations in the LPS molecule, ultimately influencing               

K. pneumoniae’s capacity to cause infection, evade the host immune system, and contribute 

to the pathogenic mechanisms of this clinically significant bacterium (40,73). 
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Figure 1.3 The rfb gene cluster for O3, O4, O5, O8, O12, OL101, OL102, OL103, and OL104 (46). 

Gene cluster with genes coloured according to function and positioned above or below the coding strand based 

on the direction of transcription (46). In the K. pneumoniae rfb gene clusters, specific genes are color-coded by 

their functions. 

The O serotypes of K. pneumoniae exhibit notable genetic and structural diversity, contributing 

to antigenic variability and influencing pathogenicity. Amongst the most clinically significant are 

the O1/O2 complex and the O3 serogroup, which account for a substantial proportion of 

invasive infections globally (74). The O3 serogroup includes the O3, O3a, and O3b variants, 

with O3b being the most frequently detected. These variations arise from mutations in the 

wbdA glycosyltransferase gene, altering mannose incorporation and producing distinct 

antigenic profiles (75,76). The O4 and O5 serotypes share structural similarities with the O3 

group but are differentiated by specific enzymatic processes. The O4 serotype features 

galactose and ribofuranose polymers, with unique transposase insertions disrupting gene 

orientation, while O5 exhibits a mannose chain capped solely by a methyl group, unlike O3, 

where both phosphate and methyl groups are present (77). 

The O8 and O9 serotypes closely resemble O1 due to their shared D-galactan I and II 

backbone. However, O8 is distinct due to acetylation mediated by the wbbZ gene (78). The 

O9 serotype shares over 95% genetic similarity with O8 and is often classified as a subtype of 

O2, reflecting their overlapping genetic characteristics (79). Similarly, the O12 serotype and 
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related variants OL101 and OL102 share genetic elements but are distinguished by gene 

arrangements involved in rhamnan synthesis (46,77,80). Less common subtypes, such as 

OL103 and OL104, differ based on modifications in the wbbL and wbdA genes, contributing to 

further antigenic variation (51,80). 

The O1/O2 complex, comprising O1/O2v1, O1/O2v2, and O1/O2v3, represents one of the 

most widespread and clinically relevant serogroups. Variability within this complex is driven by 

differences in the kfoC, gmlB, and wbbM genes, which encode enzymes responsible for sugar 

linkages in the O-antigen (74).  

The variations in specific loci and genes enable the design of assays that accurately capture 

the diversity and complexity of K. pneumoniae O-serotypes, facilitating robust and precise 

serotyping across clinical isolates. 

The relevant gene cluster, illustrated in Figure 1.4, highlights the genes responsible for            

O-antigen biosynthesis. The figure demonstrates the differences in gene composition between 

the O1/O2 locus variants 1, 2, and 3.  

 

Figure 1.4 Genes present in the O1/O2 locus, and differences among variants. Adapted from Kaptive v2.3 (21). 

1.2.3.6. Characterisation of the O1 and O2 subtypes  

Strains expressing O1 and O2 antigens in K. pneumoniae are linked to three main loci: 

O1/O2v1, O1/O2v2, and O1/O2v3 (Figure 1.5). The specific expression of these loci results 

in the O2 antigen, primarily consisting of D-galactan I or III, which can convert to the O1 antigen 

through the addition of a D-galactan II repeat, facilitated by the WbbY enzyme located 

downstream in the genome (21).  

Four O2 subtypes—O2a, O2afg, O2ac, and O2aeh—each possess unique sugar linkages, 

adding structural and immunogenic diversity. For instance, O2a features D-galactan I, while 

O2afg and O2aeh have distinct galactose side chains (68,81). The O1 and O2ac antigens 
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further modify the O2a backbone with an additional repeat unit, expanding antigenic variation 

among these subtypes (50,68,82). 

Additionally, K. pneumoniae O-antigens share genetic homology with E. coli serotypes like 

O9a, particularly in the wzm and wzt sequences, suggesting horizontal gene transfer. This 

genetic exchange, especially among mobile O-antigen biosynthesis genes, underscores the 

evolutionary adaptability of these pathogens, complicating serotyping efforts (68,82–84).  

 

Figure 1.5 Arrangement of the genetic determinants responsible for O-antigen biosynthesis in K. pneumoniae 

serotypes derived from O2a. Adapted from Clarke et, al. (82). 

1.2.4. K. pneumoniae phylogenetic complex 

The K. pneumoniae Species Complex (KpSC) includes several subspecies such as                     

K. quasipneumoniae and K. variicola, which can also cause severe infections (21). 

Understanding the phylogenetic relationships within this complex is crucial, as these 

subspecies exhibit diverse pathogenic and resistance profiles that impact infection control 

strategies and clinical outcomes (50). The use of whole-genome sequencing (WGS) has 

clarified relationships within Klebsiella species, showing that isolates previously identified as 

K. pneumoniae through biochemical or proteomics assays may belong to other members of 

the KpSC. These subspecies share 95–96% average nucleotide identity, with K. pneumoniae 

showing only 90% identity with other Klebsiella species (Figure 1.6) (50).  

The examination of the entire KpSC is vital for identifying horizontal gene transfer between 

subspecies, facilitating the spread of antibiotic resistance and virulence factors. This genetic 

exchange enhances the adaptability of the KpSC, complicating clinical management and 

infection control. Comprehensive surveillance and accurate identification are necessary to 

inform effective treatment strategies and limit the spread of resistant strains (50). 
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Figure 1.6 Phylogenic Tree exemplifying relationships within the K. pneumoniae species complex (red), Klebsiella 

genus (black) and Enterobacteriaceae family (grey) (85). 

1.3. Detection and Subtyping Methods of K. pneumoniae 

1.3.1. Culture-based methods: 

Culture-based methods remain the gold standard for detecting K. pneumoniae in a clinical 

setting (86). However, these methods are time-consuming and incapable of serotyping              

K. pneumoniae. 

1.3.2. Enzyme-Linked Immunosorbent Assay (ELISA): 

ELISA is a technique that can serotype K. pneumoniae by identifying distinct variations of 

surface-exposed polysaccharides of the K and O types (87). The ELISA method involves 

coating a microplate with antibodies that capture the specific antigens of K. pneumoniae, 

followed by a detection process that produces a measurable signal. Although ELISA can 

differentiate between various serotypes, it has limitations in specificity due to cross-reactivity 

between antigens and poor assay reproducibility (88). Such cross-reactivity not only affects 

the accuracy of serotyping but also has implications for vaccine design, as shared or similar 

antigenic epitopes between serotypes may lead to reduced specificity of immune responses, 

potentially limiting the effectiveness of serotype-targeted vaccines. 
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1.3.3. Whole-Genome Sequencing (WGS): 

WGS is a powerful tool for analysing the genetic diversity of K. pneumoniae isolates (89,90) 

as it provides detailed genetic information and can identify all genes present in an organism. 

However, WGS relies on an initial culturing step to obtain sufficient bacterial material for 

sequencing. This requirement means only the dominant strain is sequenced, preventing 

detection of concurrent colonisation by multiple strains. Additionally, WGS is cost-prohibitive 

and requires specialised equipment and skilled personnel for data interpretation and 

bioinformatics analysis, limiting its accessibility in resource-constrained settings (90).  

1.3.4. Targeted sequencing of the wzi gene: 

A more affordable alternative to WGS, according to Brisse et al. (59) is the targeted sequencing 

of the wzi gene. This method advances over conventional serological techniques by providing 

a more precise approximation of capsular serotypes in K. pneumoniae isolates. Targeted wzi 

sequencing is quicker and simpler than WGS and can determine K types in most clinical 

isolates. However, this method has limitations. Approximately 10% of isolates show 

discrepancies between wzi sequencing and K-typing, likely due to the extensive diversity of 

wzi alleles, which do not always correspond to specific K types. Additionally, the method 

requires a culture step, meaning it may primarily identify the dominant K. pneumoniae strain 

present rather than capturing the full diversity of capsule types within a sample. A 2023 

longitudinal analysis found 67% of hospitalised patients carried ≥ 2 distinct K. pneumoniae 

strains (differing by ≥50 SNPs) in gut microbiota, but culture isolated only the dominant strain 

in 89% of cases (91). 

1.3.5. Polymerase Chain Reaction (PCR): 

PCR is a highly sensitive and specific nucleic acid amplification technique widely used in 

clinical settings to detect pathogens like K. pneumoniae and K. variicola (92). By amplifying 

target DNA or RNA sequences, PCR allows for rapid and accurate identification, making it a 

cornerstone of microbial diagnostics due to its affordability and speed (93) which is crucial for 

effective patient care and controlling the spread of infectious diseases. However, PCR has 

limitations in differentiating strains within the KpSC (92) and the genetic variability in the            

K- and O-loci complicates serotyping as typically PCR assays target conserved regions.  

Limited studies have applied PCR for Klebsiella serotyping, with most focusing on broader 

species identification (94). This gap reflects the challenge of developing assays that account 

for the extensive genetic diversity within the species (93). Additionally, PCR can only test for a 

limited number of serotypes at once, and while multiplex PCR expands capacity, it increases 
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costs and complexity. High-throughput platforms, such as nanofluidic real-time PCR, provide 

broader serotype detection but remain expensive and are not yet widely adopted (79). 

Despite its limitations, PCR remains a valuable diagnostic tool, and continued refinement is 

needed to improve serotyping accuracy and expand its applicability to Klebsiella epidemiology 

and infection control. 

1.3.6. Nanofluidic qPCR: Principles and Applications 

Nanofluidic qPCR is a high-throughput technique that combines microfluidics with 

quantitative PCR to perform thousands of nanolitre-scale reactions simultaneously. Using 

Integrated Fluidic Circuits (e.g., 96 assays × 96 samples = 9,216 reactions), it reduces 

reagent use and processing time while enabling rapid, multiplexed detection. Its compatibility 

with clinical samples supports direct pathogen detection and strain differentiation without 

culturing, making it ideal for K. pneumoniae serotyping and well-suited for use in resource-

limited settings. 

1.4. Study Justification 

Nosocomial infections and outbreaks caused by K. pneumoniae in newborns can lead to 

pneumonia, sepsis, and meningitis. In South Africa, K. pneumoniae is the leading cause of 

invasive bacterial disease and death in infants younger than 90 days of age. The emergence 

of MDR strains, particularly carbapenem-resistant K. pneumoniae, has further complicated 

treatment efforts and increased case fatality risk. While vaccines targeting the predominant O 

and K antigens of K. pneumoniae are under consideration, the scarcity of serotype-specific 

data from Sub-Saharan Africa, including South Africa, could hinder the identification of 

appropriate antigens and potentially limit vaccine effectiveness against locally prevalent 

strains. Published studies from HIC have reported geographic variability in dominant                   

K. pneumoniae lineages, and preliminary findings from South Africa (Figure 1.7) (15) and 

Malawi have indicated temporal shifts in the dominant lineages. This variability highlights the 

need for robust regional surveillance systems and methods that enable fast and reliable 

serotype-specific detection of K. pneumoniae. Moreover, if a vaccine is to become licensed 

then robust surveillance of K. pneumoniae will be needed before and after vaccine introduction 

to measure its effectiveness and determine temporal changes or serotype replacement that 

could materialise from vaccination.  
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Figure 1.7 K-loci distribution of invasive K. pneumoniae causing disease in neonates <90 days (N=239) in South 

Africa between 2018 and 2022. Adapted from Olwagen et. al, (15). K-loci that were targeted highlighted in purple. 

 

K. pneumoniae has two major surface antigens: O-antigen (16 types), which is the most 

external or outer component of the lipopolysaccharide outer membrane, and the K-antigen 

(162 types), which is the strain-specific capsular polysaccharide that makes up the capsule. 

Current methods used to detect and serotype K. pneumoniae include culture, PCR-based 

techniques (i.e. wzi capsular typing), hybridization, mass spectrometry, and ELISA. These 

methods, however, are limited in that they are time-consuming and lack sensitivity and 

specificity. While WGS has overcome some challenges, the method is expensive and relies 

on an initial culturing step to obtain sufficient bacterial material for sequencing. Moreover, 

detection of multiple K. pneumoniae strains of a lower density is often missed and interpretation 

of the genomic data is difficult and requires skilled personnel.   

To overcome these barriers, this study adopted a high-throughput molecular method with the 

capacity for direct detection and serotyping from enriched clinical samples. This approach was 

selected for its ability to enhance the resolution of colonisation and invasive strain detection, 

improve turnaround times, and facilitate large-scale application. The method is particularly 

well-suited for informing public health strategies and vaccine development efforts, especially 

in sub-Saharan Africa, where timely, affordable, and accurate tools for K. pneumoniae 

surveillance are urgently needed. 
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Aims and objectives:  

The study aimed to optimise and validate a nanofluidic real-time qPCR method for detecting 

and serotyping the dominant K-loci and O-antigens of K. pneumoniae responsible for causing 

invasive disease in South African infants. 

All available O-loci and O-types were targeted, while the K-loci targets were chosen based on 

the most frequently isolated K-loci causing invasive K. pneumoniae disease in infants in South 

Africa (based on detection by WGS) at the time of the study design (Figure 1.7).  

 

The study objectives included:  

1. To design and optimise a nanofluidic qPCR method to differentiate K. pneumoniae from 

other species in the KpSC and E. coli. 

2. To design and optimise a nanofluidic qPCR method to detect 13 O-loci, 5 O antigens, 

and 13 K-loci of K. pneumoniae.  

3. To validate the nanofluidic qPCR assay against invasive isolates previously serotyped 

by WGS. 

4. To validate the nanofluidic qPCR assay using direct swab samples (skin, rectal, and 

nasal) enriched in BHI media, alongside WGS and serotype prediction of                           

K. pneumoniae isolates derived from the same BHI samples using the Kaptive v2.3 

pipeline. 
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CHAPTER 2: METHODOLOGY 

2.1. Assay Design 

To identify conserved regions within each target, genomic sequences of K. pneumoniae LPS 

O-antigens, LPS O-loci, and the CPS K-loci were sourced from the Pathogenwatch (95) and 

Kaptive 2.3 (21) databases . Multiple strains accrued globally for each of the targeted K-locus           

(n=15; KL2, KL3, KL10, KL15, KL22, KL25, KL28, KL30, KL39, KL62, KL102, KL110, KL149 - 

including KL37 and KL171 due to similarity with KL22), O-locus (n=13; O1/O2v1, O1/O2v2, 

O1/O2v3, O3/O3a, O3b, O4, O5, O8, O12, OL101, OL102, OL103, OL104) were aligned, 

including genes that determine the O-antigens, together with all known K-loci (n=162) using 

Jalview version 2.11.2.6 software (96) (Figure 2.1). The sequence for O11 was unavailable in 

the Pathogenwatch (95) and Kaptive 2.3 (21) databases at the time of assay design and were 

thus excluded from the final reaction set. To account for the high genetic similarity between   

K. pneumoniae and related Klebsiella species, genomic sequences from K. quasivariicola,      

K. africana, K. variicola, K. quasipneumoniae, K. oxytoca, K. michiganensis, and K. grimontii, 

were also sourced and aligned.  
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Figure 2.1 Example of (A) alignment of the wzc gene within the Capsular polysaccharide region from available 

KL15 strains and (B) the global distribution of the aligned KL15 strains. Sequences were trimmed and processed 

using the captive pipeline before alignment to ensure accurate identification of the conserved regions between 

global strains. The conserved region of the KL15 CPS is highlighted in black in Figure A.  

 

Housekeeping genes for E. coli (chuA), K. pneumoniae (gltA), CPS (GALF), and K. variicola 

(tyrB) were included in the final reaction set to confirm the presence of K. pneumoniae       

(Table 2.1). The housekeeping gene for K variicola was included as it was the only KpSC 

member found co-colonising with K. pneumoniae (97). Samples were defined as being positive 

for K. pneumoniae if they tested positive for both the gltA and GALF housekeeping genes and 

negative for both the tyrB and chuA genes (Table 2.2). Ribonuclease P (RNP), a cellular 

enzyme involved in tRNA maturation, was included as an internal control to confirm the 
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presence of human DNA in clinical swab samples and to ensure sample collection and DNA 

extraction were adequate. 

Table 2.1 Algorithm used to detect K. pneumoniae, K. variicola, and E. coli 

  KPN HKG 
(gltA) 

CPS HKG 
(GALF) 

K. variicola 
(tyrB) 

ECO (chuA) 

K. pneumoniae +  +  − − 

K. variicola +  +  +  − 

E. coli − − − +  

 

Abbreviations: chuA – Chromosome-encoded heme utilization A, ECO – Escherichia coli, GALF – 

Galactofuranosyl transferase, gltA – Glutamate synthase subunit A, HKG – Housekeeping gene, KPN – Klebsiella 

pneumoniae, tyrB – Tyrosine B. The algorithm is interpreted based on the absence and presence of the gltA, 

GALF, tyrB, and chuA genes. 

 

For assays targeting the CPS loci, the wzc gene was targeted due to the inter-variability of the 

CPS locus among the different K-loci that were within a conserved region (98,99). There was, 

however, complete genotypic homology between the wzc genes of KL22, KL37, and KL171, 

except for an additional repeat of the wzc gene in KL37. An additional assay targeting the wzx 

gene was thus designed to differentiate KL37 from KL22/KL171; however, the qPCR method 

was not able to differentiate KL22 from KL171 (Figure 2.2).  

 

 

 

Figure 2.2 Basic Alignment Mapping of wzc gene in the CPS cluster for the 15 K-loci included in the final 

nanofluidic qPCR reaction set. 

A specialised locked-nucleic acid (LNA) probe targeting SNP 7699 – 7703 (n=4) of KL15 wzc 

gene was designed to differentiate KL15 from all other K-loci, where there was a high degree 

of homology within the wzc gene, (100). Briefly, LNA-based probes incorporate bases with a 
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unique methylene bridge, enhancing the probe's affinity for specific sequences, thereby 

elevating the detection precision of specific genetic variations, including SNPs (101).  

 

Figure 2.3: Screenshot of alignment of the wzc gene of 20 K-loci (KL14-KL33). Locked Nucleic Acid (LNA) probe, 

highlighted by the black box, targeting the wzc gene of the KL15 capsular polysaccharide synthesis gene cluster.  

 

Assays targeting the kfoC and gmlB genes were included to detect the O1/O2v1 and O1/O2v2 

loci respectively while assays targeting the wbbM gene were included to detect the O1/O2v3 

locus. Lastly, assays targeting the wbbL (to detect OL103), WbdA (to detect O3/O3a, O3b, and 

OL104), wzm (to detect O4, O5, and OL101), wbbM (to detect O8), wbbN (to detect O12), and 

the wzt (to detect OL102) genes were included to differentiate the remaining O-loci. 

Assays were designed based on the discrimination criteria listed by Kaptive v2.3 (21) to 

differentiate the O1/O2 complex into 5 serotypes (O1, O2a, O2ac, O2agf, and O2aeh), with 

serotype calls being made based on the presence or absence of four genes targeted (wbbY, 

wbbZ, wbmV, and gmlD) outside of the rfb operon (Table 2.2). Samples were defined as 

positive for the O1/O2v1 locus if positive for both the wbbY and wbbZ genes, while they were 

classified as O2aeh if positive for the gmlABD gene cluster across the O1/O2v2 loci. For other 

O-types, the presence of specific loci (e.g. O3b, O4, and O5) was used to directly infer the 

corresponding O-antigen, as these loci are known to have a one-to-one relationship with their 

respective O-types. 
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Table 2.2 Algorithm for typing O1/O2 variants. Adapted from Kaptive v2.3 (21). 

Genes Locus Type 

- O1/O2v1 O2a 

- O1/O2v2 O2afg 

- O1/O2v3 O2a 

wbbY + wbbZ O1/O2v1 O1 

wbbY + wbbZ O1/O2v2 O1 

wbbY + wbbZ O1/O2v3 O1 

wbbY or wbbZ 
 

Non typable 

wbbY or wbbZ 
 

Non typable 

wbbY or wbbZ 
 

Non typable 

wbmVW O1/O2v1 O2ac 

wbmVW O1/O2v2 O2ac 

wbmVW O1/O2v3 O2ac 

gmlABD O1/O2v1 O2aeh 

gmlABD O1/O2v2 O2aeh 

gmlABD O1/O2v3 O2aeh 

wbbY + wbmVW O1/O2v1 O1 (O2ac) 

wbbY + wbmVW O1/O2v2 O1 (O2ac) 

wbbY + wbmVW O1/O2v3 O1 (O2ac) 

Abbreviations: gmlABD – galactosyltransferase and modifying enzymes involved in O2aeh subtype synthesis, 

wbbY – D-galactan II repeat unit polymerase, wbbZ – D-galactan II transferase, wbmVW – genes encoding 

enzymes for O2ac subtype modification. 

Unmodified primers and Black Fluorescent Quenchers (BFQ) probes were manually designed 

using the Integrated DNA Technologies (IDT). Oligo-Analyzer (102) and Oligocalc (103) was 

used to determine the melting temperature (Tm), evaluate secondary structures, and identify 

self-binding sites of all primers and probes included in the final reaction set. The Basic Local 

Alignment Search Tool (BLAST) was used to confirm the in silico specificity of the assays 

included in the final reaction set (Table 2.3) and to ensure no cross-reactivity with non-target 

sequences (104).  
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Table 2.3 Oligonucleotide primer and probe sequences for detection of K. pneumoniae capsular (K-) & lipo-polysaccharides (O-) loci and O-antigens. 

Assay-set name Forward primer (5' to 3') Reverse primer (5' to 3') Probe (5' to 3') Gene target Accession/ 

Reference 

ECO CATGCCGCGTGTATGAAGAA CGGGTAACGTCAATGAGCAAA 5' 6-FAM/TATTAACTT/ZEN/TACTCCCTTCCTCCCCGCTGAA/ 
3'IABKFQ 

chuA Smati et al, 2013   
(105) 

gmlABD GCATCGTTTGTCAGCCATATC GTCACAATCGCATAACGAGAAC 5' SUN/AACGTCTCG/ZEN/CAGGTAGATTTGCGT/ 3'IABKFQ 
  

gmlD MG458670 

gmlB ACGGTGTAACTGATAATGAGGTAAT GGTGCAATATAGCCGTGAAGA 5' 6-FAM/CGAGAGCCA/ZEN/GCGCAAGCATTT/ 3'IABKFQ 
  

gmlB LT174602 

HKG CPS CAAAGGCAATTCCAAAGGAG CCAGCTCGTAGGAGGTATCG 5' 6-FAM/CGAGGAGTG/ZEN/CGTCACCAGAACAAT/ 
3'IABKFQ 

GALF Panjaitan et al, 2021 
(106) 

KL10 CGACGATTTGAATCTGCAGTC TCGGATGCCTCATTATCAACTAT 5' 6-FAM/TGGGAAAGG/ZEN/TTTATCGAGGTTGATGGG/ 
3'IABKFQ 

wzc LT174532.1 

KL102 GGTTATGTTGGCCAGTTGTATG TCAGCTACCGAAAGCGTATTT 5' 6-FAM/ATTGTACTC/ZEN/GCTACCAGGCTTGGC/ 
3'IABKFQ 

wzc AB371290 

KL110 AAAGACCAACGTATTGAAGTAAGTC GCACCAACTTTCGCTGTAATATC 5' SUN/CTGAGGAAC/ZEN/ATCGTTGGAATCATTTGGC/ 
3'IABKFQ 

wzc LT174579.1 

KL149 TGAAGGTCAAGTTGGTGAGAG AAACGTGAAACATAGCCAATGATA 5' 6-FAM/AGATGCGAA/ZEN/ACCCGGGACTTCTTT/ 
3'IABKFQ 

wzc ERS011792 

KL15 TATCTGGTGCGAGCCCTAAT TACGCATATCGGTATCAATAAACAATA 5' SUN/GTAAGTTCAAAT+C+T+G+GCGGCTGTAA/ 3'IABKFQ 
  

wzc ERS011978 

KL171/KL22 GTTGAAGCGCAGAGTTTAATGG CTGATCGACCGCGAAGTAAA 5' 6-FAM/AGCACCTTC/ZEN/AGCTTGTAATCGGCA/ 

3'IABKFQ 

wzx LR588412.1  

KL2 ACATTACAGGATGAAAGAGGGAAA GCTCTACCTGACTCAACATCAC 5' SUN/ACAATGCCT/ZEN/GAGACTCAGCAAGAA/ 3'IABKFQ 
  

wzc AB371296 

KL22/KL37/ 
KL171 

TGTTCAAGACGAAGGAAAGGA TTTAGCATCTTGTGCAGCTTG 5' 6-FAM/TGGGATGCT/ZEN/TACTCTTAGTCTGACAGGA/ 
3'IABKFQ 

wzc LT174543.1  

KL25 CCAAGGCAAAGATACGGGAA CATCTTGTGCGGCTTGTCTA 5' SUN/TCCAGCCTT/ZEN/AGCAGAACGAATCATCG/ 
3'IABKFQ 

wzc ERS005768 

KL28 AGAGCACCCAACATATAAAGCA CCCTTCCTGATTCAACATCTCTAC 5' 6-FAM/TGCCATCGA/ZEN/CTCAACAAGAAGTATTAAGGT/ 
3'IABKFQ 

wzc ERS011986 

KL3 CATCTACGCAGCAGGAAGTATTA CTTGCTGACGATTCAACAACTG 5' SUN/TGTAGAGTC/ZEN/CGGTCGTGCTGTGTA/ 3'IABKFQ 
  

wzc ACZD01 

KL30 GCCAAATCCCTCTGAACTACTAA CGTACCTACATATTGCCCGATAA 5' 6-FAM/CCCGCCAAT/ZEN/ATTAGCTGTTACTGATGCA/ 
3'IABKFQ 

wzc AB924568 

KL39 GCTTACAGGTGAAGATCCAGTAT CAGCCCTGACCTTTGGTAAT 5' SUN/ATATCGCTA/ZEN/GACAAGCTGCGCAGG/ 3'IABKFQ 
  

wzc ERS011815 

KL62 GGAAGCGTATCTATTTCGAGATTATA GCCAACTTCACCATCGAATC 5' 6-FAM/TCTCCTGCT/ZEN/CAACTTGAACTCACTGT/ 
3'IABKFQ 

wzc AB371295 

KPN HKG AGGCCGAATATGACGAAT GGTGATCTGCTCATGAA 5' SUN/ACTACCGTC/ZEN/ACCCGCCACA/ 3'IABKFQ gltA Gadsby et al, 2015 
(107) 

O1/O2v1 AATTCATCGCCTCATTGGATATTG AGATACTCTTCCGGCGTTAATC 5' 6-FAM/TATCAAAGC/ZEN/GGCACACTATCGCCT/ 
3'IABKFQ 

kfoC LT174601 

O1/O2v2 TGATGCTCTTGTTGCTCTAAGG GCTTCACCCGATAGCGTATTT 5' SUN/ACATTGTCG/ZEN/TATTCCTTGAGTGGCACT/ 
3'IABKFQ 

kfoC LT174602 

O1/O2v3  CCTTGCTGACTATGTGGGATTC GCATTGATGAGCGGGTAGTT 5' SUN/ACCGCAGAC/ZEN/ACTTGAACTTTGCAG/ 3'IABKFQ 
  

wbbM MG280710 

O12 CCTGGGAGTTTGTTTCGTTTAC GCCTCTAAGCCAACACTTGA 5' 6-FAM/AAATTCGAG/ZEN/GCTGTTTGCCGATGC/ 
3'IABKFQ 

wbbN LT174600 

O3a GAACAAGCTGGCGGAATTTG GCTGGCGATGTCGGTATATT 5' 6-FAM/ATCTTCGCT/ZEN/ATTTCGCAGTCGGCA/ 

3'IABKFQ 

wbdA LT174603 

O3b CTATCTGGGCGAACCAAACT ACTTCCTGCATGGATGATCTG 5' SUN/TCAATACGA/ZEN/AAGGGCGGACGCTAT/ 3'IABKFQ 
  

wbdA LT174604 

O4 GGCTAATGCTGGCATGAAATAAA AACAGGTCAACCAGCCTTATC 5' 6-FAM/ACCTATAGT/ZEN/AAATCTGCTGGCTGC/ 
3'IABKFQ 

wzm LT174605 

O5 GGGATTTATCTGGAGCAGTGTTA CCAAGATCATAGAGAGCGGTTG 5' 6-FAM/AGGCACGCT/ZEN/ATCAAACCAGTATGCT/ 
3'IABKFQ 

wzm LT174606.1 

https://doi.org/10.3390%2Fmicroorganisms9020335
https://doi.org/10.3390%2Fmicroorganisms9020335
https://www.ncbi.nlm.nih.gov/nucleotide/LR588412.1?report=genbank&log$=nucltop&blast_rank=1&RID=79HHB2JD013
https://www.ncbi.nlm.nih.gov/nucleotide/LT174543.1?report=genbank&log$=nucltop&blast_rank=7&RID=79DVB57D013
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O8 ACCTCTGCATGTCGGTAAAG CGTCAGCTCACAGTAGAATGG 5' 6-FAM/TGGCTGTGC/ZEN/AGGTGATGATACTGG/ 
3'IABKFQ 

wbbZ AB819963 

OL101 CATGTTGACTGTGTATACCTTTGTT TGGACGATCATACCGACAAATAA 5' 6-FAM/CGACTGGTG/ZEN/GAGATGAAAGCAGAACA/ 
3'IABKFQ 

wzm LT174596.1 

OL102 AAGACGACCTTATTGCGTATGT CCCAAAGAGATGGAGATCAAAGA 5' 6-FAM/CAGGGAAGG/ZEN/TCACGATTGAGGGTG/ 
3'IABKFQ 

wzt LT174597 

OL103 TTTCGGACGTCGATTTCTCTC GCGTTATTGCTCACCATCATAAA 5' SUN/ATTCTACGC/ZEN/GCCATCGATGTCAGG/ 3'IABKFQ 
  

wbbL LT174598 

OL104 CCACGATCTCATTCCGTTACTT AGCGTCCGACCTTTCATATTC 5' 6-FAM/TAAAGAACG/ZEN/CTATCTGGGCGAACCG/ 

3'IABKFQ 

wbdA LT174599 

RNP AGATTTGGACCTGCGAGCG GAGCGGCTGTCTCCACAAGT 5' 6-FAM/TTCTGACCTGAAGGCTCTGCGCG/ 3'BHQ 
  

ribonucleaseP NM_006413.5  

tyrB GAGTTTGGCGTCTACCTGATTG TTACATCACCGCAGCAAAGG 5' SUN/TCGTATGTG/ZEN/CGTGGCAGGGTTAAA/ 3'IABKFQ 
  

tyrB CP123430.1  

wbby GTCGTACTTCCATCATCAACCA CCCGTTAGTTAGCGTGTGTATAA 5' SUN/ATTGATGCG/ZEN/AGTGCTTGCTGAAGC/ 3'IABKFQ 
  

wbbY MG458672 

wbbZ CTCACCTGGAATGGCGATTAT ATGCAGCCTGTCGGTATTG 5' 6-FAM/TTCTGGCGC/ZEN/GTAATTCTACCCGTT/ 3'IABKFQ 
  

wbbZ KJ451390.1 

wbmVW CTTAATCGCCCTGGACAAGA ATTGAGGCCCATGGTCTAAC 5' 6-FAM/TGTTGGTGC/ZEN/TACAGATGAACGGCT/ 
3'IABKFQ 

wbmV MG602074 

 
IABkFQ is an Iowa Black® Fluorescent Quencher and BHQ is Black Hole Quencher ordered from 
Integrated DNA Technologies  

   

https://www.ncbi.nlm.nih.gov/nucleotide/NM_006413.5?report=genbank&log$=nucltop&blast_rank=1&RID=7GRXEHDD016
https://www.ncbi.nlm.nih.gov/nucleotide/CP123430.1?report=genbank&log$=nuclalign&blast_rank=1&RID=7GVJZFX9016
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2.2. Assay Optimisation  

Assay optimisation involved empirical testing of various parameters, including primer and 

probe concentrations, annealing temperatures, and reaction conditions, to ensure optimal 

efficiency, specificity, and minimal cross-reactivity. Optimal conditions were defined as those 

yielding amplification efficiencies between 90–110%, R² values above 0.99, and no 

amplification in non-target controls. Each assay was initially tested in singleplex format to 

confirm target specificity and performance. Following successful validation of singleplex 

reactions, potential duplex combinations were explored to improve throughput. Duplex pairs 

were selected based on non-overlapping melting temperatures, compatible amplification 

efficiencies, and minimal interference between assays. Only duplexes that showed 

comparable Cq values to their respective singleplex reactions and maintained high specificity 

were retained. This approach ensured that the final assay configuration achieved high 

sensitivity while maximising the use of the nanofluidic qPCR platform. 

2.2.1. Specificity and sensitivity controls 

2.2.1.1. Synthetic calibrators (gBlocks™)  

Synthetic double-stranded DNA (dsDNA) template gene fragments (gBlocks™) were designed 

and used as external calibrators to determine the analytical efficacy and diagnostic 

performance of the assays included in the final reaction set. The gBlocks™ contained 

equimolar ratios of all templates for the housekeeping genes, K-loci, O-loci, and O-types 

included in the final reaction set (Table 2.4 & Table 2.5). The amount of gBlocks™ synthetic 

DNA was measured using the Eazydrop quantifier (Anatech, USA) following manufacturer 

instructions. Briefly, the copy number, representing the number of gene equivalents, was 

calculated using the following formula: 

 

The number of copies was determined as the average of three Eazydrop measurements, 

multiplied by Avogadro's number (6.022 × 1023). The length in base pairs was multiplied by the 

average weight of a dsDNA nucleotide (660 Daltons or g/mole) and then converted back to ng 

(1 × 109). 
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Table 2.4 External synthetic calibrator (gBlock™) sequences. 

gBlock™ 
name 

gBlock™ sequence 

gBlock™ 1 AGCGTTGGTTTATGTTGTTTTTTCTACACCAATCTATCAAGCAGATGCATTAATTCAAGTTGAACAAAAACAAGGCAATGCTATATTAAATAATTTAA

GCCAAATGCTTCCTGACAGTCAGCCTCAGTCAGCACCTGAAATTGCTTTAATTCAATCTAGGTAATTTAGAATTTGAAGGTCAAGTTGGTGAGAGC

ATTGAAAATGGCGGCATTTCAATAAAAGTTAATAAACTAGATGCGAAACCCGGGACTTCTTTTATCATTGGCTATGTTTCACGTTTAAAAGCAATAA

CTGATTTGCAAAGATTCAGCAGGAACAGGAGCTTTAGTTGGTTTTCCTGCTGATCATTCCGCAATAAAAGTATCGGAAAAAAATGGTATTTCCTTA

GAGGGCCATAAAGCGACCCAATTCTCATCTAAGCTAGGGAGACAATATGATTTATTACTTGTCATGGAAAAAAAAGGAAAACATTACAGGATGAAA

GAGGGAAATTAAATAAGCGTGTTGCAACAATGCCTGAGACTCAGCAAGAAATTTTACGTTTGAGTCGTGATGTTGAGTCAGGTAGAGCTGTATAT

ATGCAATGGCGAAAAAGACCAACGTATTGAAGTAAGTCGATTATATTTGCCAAATGATTCCAACGATGTTCCTCAGATTAAGATTGAGATCATTGA

TGATAAAAATTATCGCATAATAGGGGGTAACTTCGATATTACAGCGAAAGTTGGTGCTCTAATTGAAAAGAGATCACAAAAAGCGTATGTAACAGG

AGAGGTTGTAAAATCAGGCCAGCAGGCTATTACTAACATTCCATTGACCGTGATGGATGCAATCAATGCTGCAAGATAAGTTAAATGCTTATCGCA

AACAGAAAGACTCTGTTGACCTAACCATGGAGGCTAAATCAGTTCTGGAGCAAATTGTTAATGTTGACAATCAACTTAACGGCTTGACTTTCCGTG

AAGCGGAAATATCACAACTATATACCAAAGAGCACCCGACCTATAAAGCATTAATGGAGAAGCGACAGGTA 

gBlock™ 2 TGCTAACTATATCGCTTACAGGTGAAGATCCAGTATTAATAAAAAAAATAATTGATAGTGTTAGTGGTAACTATTTGGCGCAAAATATCGCTAGACA

AGCTGCGCAGGATGCAAAAAGTCTTGATTTTTTAAATCAACAATTACCAAAGGTCAGGGCTGAACTAGATGTTGCTGAAGATAAACTATTTGATCT

TAGTAGATACCCCGCCAATATTAGCTGTTACTGATGCAGCGATTATCGGGCAATATGTAGGTACGGTATTACTTGTGGCTAGATTTGAATTACGTA

CCAGCCTTCATTTCGCCATGATGGAAGCAAGAAATAATGTACTGATGATATCTGGTGCGAGCCCTAATGCAGGGAAAACTTTTGTAAGTTCAAATC

TGGCGGCTGTAATTTCTCAGACAGGGAAAAAGGTATTGTTTATTGATACCGATATGCGTAAAGGCTACACGCATAAATTGTTCAATGAAAATTGAT

AATGCTGTAACAGATCCTAAACCGGTTAAGCCAAAGAAAATTTTGATTGTACTGTTTGGCTTTGTATTAGGGCTTGGCTTTTCTGTTTTCTTCGTAT

TACTACGTGTTTTCATGCACCGTGGAATAGAATCTCCAGAAGAGTTAGAAGCAAAGGCAATTCCAAAGGAGATGCTGCCGATCGTTGATAAGCCA

ATGATTCAGTACATTGTTGACGAAATCGTCGCCGCCGGGATCAAAGAGATTGTTCTGGTGACGCACTCCTCGAAGAACGCGGTGGAAAACCACT

TCGATACCTCCTACGAGCTGGAATAAATATTCTATTTCAGCAGATAATTTAGAATTTGAAGGTCAAGTTGGTGAGAGCATTGAAAATGGCGGCATT

TCAATAAAAGTTAATAAACTAGATGCGAAACCCGGGACTTCTTTTATCATTGGCTATGTTTCACGTTTAAAAGCAATAACTGATTTGCAAGAGAAAC

TTTCT 

gBlock™ 3 AAATTGGGGCAAGTACCACCAAACCCTGCAGAATTGCTTATGCACCCGCGCTTTGAATCGTTTTTAAAAAATATTTCTGAACGATACGATCTTGTC

ATAATTGATACTCCACCTATTTTGGCCGTAACAGATGCAGCAATTATAGGCCGATATTAGGCAAAACGGTCGACGATTTGAATCTGCAGTCAAAAA

TTGAACCAAAGTATTTTCCTATTTTTGGGAAAGGTTTATCGAGGTTGATGGGGGAAAAAAATGGTACATTAGAAATCACAAGGTTATATATTCCAAT

AGTTGATAATGAGGCATCCGAATTAGAAATAGAAGTCAAAGATCAATCGCATTATTAATTGTTCAAGACGAAGGAAAGGATTCTGGGATGCTTACT

CTTAGTCTGACAGGAGAAGATCCTATTCAAATAAAGAACATTCTTGATAGTATAACGCAAAATTATTTAGCACAAAATATTGCTCGGCAAGCTGCA

CAAGATGCTAAAAGCTTGGAGTTTCTACAAGTACAGTTCCTGTTAAGCCTCAGAAATTATTGATTGTCCTTGTAGGGTTGATCGCTGGTTTGATTA

TCTCTATAACAACTGTGTTAATTAAAGTCTTTCTTAATAGAGGTATTGAATCACCGGAGCAACTGGAAGACGTTGGTAAGATAAGAAAGTTGAAGC

GCAGAGTTTAATGGATGCTATAGAGCTTGCAAGTTTAGCACCTTCAGCTTGTAATCGGCAGCCATTTAAATTTTACTTCGCGGTCGATCAGAACAA

AGCTGGTTATGTTGGCCAGTTGTATGAAAATGACGACTTTTCCATTAAAGTTGATAAGATGGATGCCAAGCCTGGTAGCGAGTACAATATATATTA

TGAAAGTCGTCTCAAAGCTATAAGTGATTTGCAAAATACGCTTTCGGTAGCTGAAAGTGTTGTTGACCAAGGCAAAGATACGGGAATGCTAAGTA

TTACTTTTACCGATGAAAATCCAGCCTTAGCAGAACGAATCATCGATAGCATAAGTCAAAATTATTTAACACAAAATATAGCTAGACAAGCCGCAC

AAGATGCTCTCGA 

gBlock™ 4 GGAAGAATGAACCCCTTGCTGACTATGTGGGATTCATGCATTACCGCAGACACTTGAACTTTGCAGAACAACAAAATCATCCTGAGGATAACTGT

GGTCAACTACCCGCTCATCAATGCCGAATACGAAAGCCAGTTTGGTGATGCCATTGATGGCACTCGTGGGATATTGGCGGGTATGGTCATGCTC

AGCCATATGTTTGGCAGCTTTATGGGTTGGCCGCAAGTCAGACCATTTAGCGGTGCCTATCTGTGCGTGGTATATTTTGATAAATAAGACTATGA

GGCTAATGCTGGCATGAAATAAAGCAGCCAGCAGATTTACTATAGGTAATATCTCAATAGGGAAAACAACTTTTTTGACGAAGTTTACATTTGAGG

TGATAAGGCTGGTTGACCTGTTAATACATTCATATTGCTGAGCATTTGCCCTTTGAGGTATTGCAGCAGCTCGTCATGCATACCTTACGGGTGCT

GAAACCTGGCGGTTTGCTAATCCTCGAAACGCCGAACCCGGAGAATGTATGGAATGGTTAAAAAACGCTGACCTTCTGCTAACTAACTCCGCTTA

TACGGCACAGGAAGCGATTGAGCATCTGCATTTGCAGGGCGACCATGTGCAGAATATTGCAGCTGCAGCCGATCCTCAGTTTTGTATGGCGGAA

GTGACAGCGAGCGAGAAAGATCTATTATCCAACCTCTGCATGTCGGTAAAGCAAACTCTTATAATGATATTGGCTGTGCAGGTGATGATACTGGA

GATAATATCTCGTTTAAAAATCCATTCTACTGTGAGCTGACGGCCCATTACTGCTTCACGCGAATTCATCGCCTCATTGGATATTGATGAAAGCGA

TTTTTATGATGATTTTATCAAAGCGGCACACTATCGCCTGATTCGATTAACGCCGGAAGAGTATCTTTTCTCGTTAAACTATCATTGCGCACTTGAT

GCTCTTGTTGCTCTAAGGGATTTTCTTTTTAAAAATGGCATGATGCAAAAGCGACAAAGGGATTTTTATAATTACATTGTCGTATTCCTTGAGTGGC

ACTTAAATACGCTATCGGGTGAAGCCTTTAATAAA 

gBlock™ 5 CTATTCGTAACGGTGTAACTGATAATGAGGTAATTCCCTCGAGAGCCAGCGCAAGCATTTTTTTAATTGGATATTTTGATTCACCGGCAATTCTTTC

TTCACGGCTATATTGCACCTCGATCGAGAGTTTTATATGAACAAGCTGGCGGAATTTGAGCGGGCAGACGCGATCTTCGCTATTTCGCAGTCGG

CAGCTCAGGAAGTGATCGAATATACCGACATCGCCAGCGATCGGGTACTGATAAAGAACGCTATCTGGGCGAACCAAACTTCCGTCAGTATTATT

ATGATAAACTAGCTCAATACGAAAGGGCGGACGCTATTTTTGCTATTTCCAGATCATCCATGCAGGAAGTTATCGATTACACATCCGGGCGCATC

CTGGGAGTTTGTTTCGTTTACGAGATGACATATTTAGCATTGATGCATCGGCAAACAGCCTCGAATTTATTCAAAAATGTCATTCTATTTATACTAT

TAACTCAAGTGTTGGCTTAGAGGCGCTTTTATGCCATGTTATAACGAGGAAGAAGTATTCAGTCACTGCTTATCTGAATTACAAGCGGTTCTGGCG

GAATTAGTCACGGCAACACTGATTTCAGCTGATAGCTATATTTTATTCGTTGATGATGGCAGCTGTGATTCAACGCCATATCACCGGCATCGTTTG

TCAGCCATATCGCCAACGTCTCGCAGGTAGATTTGCGTGATAAGCTGGCTACTGAAGCCTTTAGTTCTCGTTATGCGATTGTGACCGATCCAGCT 
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gBlock™ 6 CAAACATCTTCTGTCGTACTTCCATCATCAACCAAGATGACCTCAATATTTTGGTACGTCTGAGATTTTATTGATGCGAGTGCTTGCTGAAGCAAAT

GGTGACGTTCGAAGTGAGTTATACACACGCTAACTAACGGGCTGTTAGCTTCGCTTATAGGCTTAATCGCCCTGGACAAGATGTTGGTGCTACAG

ATGAACGGCTTTTTATACATTTTGAAATTTTTGAGTGGCTTTATGAGCAAGTTAGACCATGGGCCTCAATGGCAATCATGTTATCTGTTACCCTGTA

CAAAGTGGCAGGAAGAGGGGCGCTGGGAGGTTACTGATGACGGTCAGAAACGGCTAGGTTACGAACTTCCTGATTTTTCAGCTCGTCAAGATGA

TAACGTCTATATTGTTAGTGAAGATTCATTATCTGAAGCGTTAACTGAGTGTGGCGGTAATAGTAAGCAGGTAAGACGACCTTATTGCGTATGTTC

AGTAAAGTCTATCACCCTACTGCAGGGAAGGTCACGATTGAGGGTGATATCGGTTCTTTGATCTCCATCTCTTTGGGGATCAATCCATTGCCGGC

ACCATTTCAACTTTTCGGACGTCGATTTCTCTCATCATTTTTTCCCAACATAAATAATGAGTATGAATTGCGTAACGCTAATTTTAATGCTGCATTCT

ACGCGCCATCGATGTCAGGATGTTTTATGATGGTGAGCAATAACGCCATTCTACAAGTTTTGTGTTTGCCACGATCTCATTCCGTTACTTAATAAA

GAACGCTATCTGGGCGAACCGAACTTCCGTCAGTATTATCTTGATAAACTTGCTGAATATGAAAGGTCGGACGCTATTTTTGCTATTGCCTGATGC

AGCCATGCCGCGTGTATGAAGAAGGCCTTCGGGTTGTAAAGTACTTTCAGCGGGGAGGAAGGGAGTAAAGTTAATACCTTTGCTCATTGACGTT

ACCCGCAGAAG 

gBlock™ 7 GGCTAGACGAGTTTGGCGTCTACCTGATTGCCAGCGGTCGTATGTGCGTGGCAGGGTTAAACTCACGTAATGTTCAGCAGGTGGCGAAAGCCTT

TGCTGCGGTGATGTAAGGCTGAAATATCTCAGTTGTATACAAAAGAGCACCCAACATATAAAGCATTATTAGAAAAAAGGAATACTCTTCAAGAGG

AAAAAAATAAGTTAAACAAAAAAGTTAGTTCTATGCCATCGACTCAACAAGAAGTATTAAGGTTAAGTAGAGATGTTGAATCAGGAAGGGCAGTTT

ATTTACAACTACTCAATAAACGGGTGAGTAGCATGCCATCTACGCAGCAGGAAGTATTACGTTTGAGTAGGGATGTAGAGTCCGGTCGTGCTGTG

TATTTACAGTTGTTGAATCGTCAGCAAGAACTAAATATTGCTAAATCAAATTACTAGAGGACAAGTTCCGCCAAATCCCTCTGAACTACTAATGCAT

GAGAGATTGAAATTATCTTTAGAATCAGTTTCTAAAGAATATGATTTGATCTTAGTAGATACCCCGCCAATATTAGCTGTTACTGATGCAGCGATTA

TCGGGCAATATGTAGGTACGGTATTACTTGTGGCTAGATTCAAGATTAACTGGGAAAGAAAATGGAAGCGTATCTATTTCGAGATTATATTTACCT

AGCTTAGAACATATTTCTCCTGCTCAACTTGAACTCACTGTTAAAGATAATAAACATTATACGGTTTCATATAATAGTACTAGATTCGATGGTGAAG

TTGGCACTCTATTAAACAAAAATGGTATTTCTAGGCCGAATATGACGAATACTACCGTCACCCGCCACATTCATGAGCAGATCACC 

 

Table 2.5 External synthetic calibrator (gBlock™) properties. 

gBlock™ 
name 

Assay-Set Targets † Length 
(bp) 

Amount 
(ng/µl) ‡ 

Gene 
equivalents 
(Copy no) 

gBlock™ 

1 

KL110, KL149, KL2 1033 11.43 1 x 1010 

gBlock™ 

2 

K. pneumoniae CPS, KL15, KL39 965 13.22 1.25 x 1010 

gBlock™ 

3 

KL10, KL102, KL171/KL22, 

KL171/KL22/KL37, KL25 

1069 10.83 9.24 x 109 

gBlock™ 

4 

O1/O2v1, O1/O2v2, O1/O2v3, O4, O8 1084 15.6 1.31 x 1010 

gBlock™ 

5 

gmlABD, gmlB, O12, O3/O3a, O3b 765 11.48 1.37 x 1010 

gBlock™ 

6 

ECO, OL102, OL103, OL104, wbbY, wbmVW 969 11.8 1.11 x 1010 

gBlock™ 

7 

KL28, KL3, KL30, KL62, K. pneumoniae 

HKG, tyrB 

854 12.49 1.33 x 1010 

 

† Targets in gBlock™ following in order of design. 

‡ Average value of   successive EzDrop measurements. 

Abbreviations: CPS – Capsule polysaccharide, ECO –Escherichia coli, gmlABD – Galactosyltransferase and 

modifying enzymes for O2aeh subtype, HKG – Housekeeping gene, KL – Klebsiella capsule locus, OL – O-

locus, tyrB – Tyrosine aminotransferase B, wbbY – D-galactan II repeat unit polymerase, wbmVW – Genes 

encoding enzymes for O2ac subtype modification. 

  

2.2.1.2. Clinical Bacterial validators 

Archived bacterial isolates of K. pneumoniae K-loci (KL2, KL3, KL10, KL15, KL22, KL25, KL28, 

KL30, KL39, KL62, KL102, KL110, KL149), O-loci (O1/O2v1, O1/O2v2, O3/O3a, O3b, O4, O5, 
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O12, OL101, OL103), and O-types (O1, O2a, and O2afg), which previously underwent WGS 

and typing by Kaptive v2.3, as well as E. coli, K. grimontii, K. michiganesis, K. oxytoca,               

K. quasipneumoniae, K. quasivariicola, and K. variicola isolates, which had also undergone 

WGS, were used to optimise the qPCR assay and assess its specificity. These isolates were 

selected from various VIDA studies that were collected between 2018 to 2022 that were 

sequenced and stored. This ensured the assay accurately targeted the desired loci without 

cross-reactivity between species or loci. Briefly, all isolates were grown according to standard 

microtiter culture methods to quantify their relative density, measured as colony-forming units 

per milliliter (CFU/mL) (108).  

Bacterial isolates for KL171, KL37, O1/O2v3, OL102, OL104, O2ac, and O2aeh were not 

available at the time of study design; therefore, we could not validate these assays against 

clinical samples. Nevertheless, assays were still optimised using gBlocks™. 

2.2.1.3. Extraction and quantification of bacterial isolates 

Genomic DNA was extracted from all bacterial isolates, including control strains and clinical 

isolates, using the Whitesci Tanbead® Nucleic Acid Extraction System Maelstrom 4800 

(Taiwan Advanced Nanotech) according to the manufacturer’s instructions. Briefly, 50 μL of 

bacterial samples stored in Skim milk-Tryptone-Glucose-Glycerine (STGG) were combined 

with  00 μL of lysis buffer and incubated at 5 ºC for  0 minutes. Following incubation, the 

lysate was processed using the Whitesci Tanbead® Nucleic Acid Extraction System Maelstrom 

  00 and eluted in  00 μL of elution buffer. The extracted DNA was quantified using the 

Anatech EzDrop 1000 Micro-Volume Spectrophotometer (Blue-Ray Biotech, Taiwan) and 

stored at -80°C until further analysis. 

2.2.2. IFC Standard BioTools BioMark™ HD nanofluidic qPCR loading, sample, and 

assay preparation 

Extracts from culture controls and gBlocks™ underwent specific target amplification (STA) as 

an initial pre-amplification of DNA step for the Biomark™ HD system (Standard BioTools 

Incorporated, formerly Fluidigm™) following the manufacturer's instructions. Briefly, 100nM of 

both the forward and reverse primers for each of the 37 assays were mixed to create a primer 

pool and diluted with 10 mM Tris/HCL and 0.1 mM EDTA (pH 8) to give a final concentration 

of 18nM of each primer. The primer pool (1.25 µL) was then added to 1.25 µL of extracted 

DNA (105 CFU/mL), 1 µL TaqMan PreAmp Master Mix (Standard BioTools Incorporated, CA, 

USA), and diluted to a final volume of 5 µL with ultrapure distilled H2O, then amplified with the 

T100 Thermal Cycler (Bio-Rad Laboratories, CA, USA). Cycling conditions included an initial 

activation at 95ºC for 10 minutes followed by 14 two-step cycles (denaturation at 95ºC for 15 

seconds and annealing/extension at 60ºC for 4 minutes). Following pre-amplification, 20 µL of 

molecular-grade H2O was added to each 5 µL sample (Figure 2.4). 
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Figure 2.4 Diagram of the STA nano-fluidic high throughput real-time qPCR workflow, within the 96.96 Gene 

Expression Dynamic Array integrated fluidic circuit (IFC) (Standard BioTools). 

Abbreviations: GE – gene expression, IFC – integrated fluidic circuit, STA – Specific target amplification 

Following pre-amplification, qPCR was performed with the Standard BioTools 96.96 Gene 

Expression (GE) Dynamic Array Integrated Fluidic Circuit (IFC: product number: IFLUBMK-

M10-96.96) according to manufacturer’s instructions. In addition to the singleplex reactions, 

the assay design included five duplex reactions to increase throughput and cost-effectiveness 
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(Table 2.6). The decision to include five duplex reactions was based on practical and technical 

considerations to maximise the use of the 96-assay IFC platform while allowing triplicate 

testing of 32 reactions per sample; the selected duplexes, chosen from 216 possible 

combinations (excluding housekeeping genes), showed comparable Cq values to singleplex 

formats, ensuring assay performance was maintained.  

Loading was done as follows: assay mixture and sample pre-mix were prepared separately, 

with each assay set [27 singleplex and 5 duplex reactions (Table 2.6)], prepared in triplicate 

making a total of 96 assays. Each assay included 2.5 µL of a diluted assay mix (IDT, Whitehead 

Scientific, Cape Town), which was constituted by combining the forward and reverse primers 

with the probe. The final concentrations of the dilution were 9 μM for each primer and  .5 μM 

for the probe. Additionally, 2.5 µL of 2X Assay Loading Reagent (Standard BioTools 

Incorporated, Catalog No. 85000736) was added to each reaction mixture. The sample pre-

mixture was prepared by mixing 2.5µL of TaqMan™ Fast Advanced PCR Master Mix (2X) (Life 

Technologies, Catalog No. 4444555), 0.25 µL of 20X GE Sample Loading Reagent (Standard 

BioTools Incorporated, Catalog No. 85000746), and 2.25 µL of the already diluted pre-

amplified DNA for each sample/control across the 96 inlets. 

Table 2.6 Duplex reactions pairs. 

Prime/probe duplex combinations 

Primer/probe combination Duplex reaction 

O1/O2v3 (O2aeh) & OL102 A 

wbbY & KL28 B 

KL62 & KL110 C 

KL22/KL171 & KL15 D 

gmlD & OL104 E 
 

 

The 96.96 dynamic arrays IFC Chip (Standard BioTools Incorporated, CA, USA) were primed 

with control line fluid using an IFC controller HD (Standard BioTools Incorporated, CA, USA) 

as per the manufacturers instructions. Subsequently, 5 µL of each prepared assay and sample 

mixture was pipetted into the designated inlets on the primed chip, which was then loaded 

using the IFC controller HD. The loaded chip was then placed in the Biomark™ HD system for 

nucleic acid amplification tests, initiating with a 10-minute incubation at 95ºC, the cycle 

conditions were as follows: 40 cycles of 15 seconds at 95ºC and 1 minute at 60ºC. 

Data was analysed using the Real-Time PCR Analysis Software on the Biomark™ system 

(Standard BioTools Incorporated, CA, USA), with thresholds manually defined. Samples were 

defined as negative if the Cq values were ≥ 5 for each tested assay. 
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2.2.3. Optimisation performance 

All assays were optimised according to the minimum information for publication of quantitative 

real-time PCR experiments (MIQE) guidelines (109). Briefly, calibration curves were prepared 

using ten-fold serial dilutions of the targeted positive culture control strains or gBlocks™ in 

triplicate for each assay set across the linear dynamic range of 108-101 GE/mL. To establish 

the linear dynamic range and the correlation coefficient (r2), a minimum of five data points were 

used, and extreme outliers that failed to show a linear trend in Cq values were excluded. For 

each assay set, the efficiency (formula below) was calculated based on the slope (m) of the 

linear relationship (represented as y = mx + c) delineated by the standard curves (ideally 

between 90–110%). 

 

To establish the analytical sensitivity or limit of detection (LOD), which is defined as the lowest 

copies of bacteria detectable in triplicate using the Standard BioTools Biomark™ HD system, 

bacterial control strains or gBlocks™ at the lower end of the linear dynamic range (103–100 

copies per μL) were utilised. 

The repeatability (intra-assay variance) was assessed by determining the standard deviation 

(SD) for the variance in Cq of gBlocks™ (at 103 gene equivalents) run in triplicate within the 

same IFC (qPCR plates). Reproducibility (inter-assay variance) was defined as the standard 

deviation for Cq variance for the gBlocks™ in triplicate across four different IFCs. To determine 

the accuracy of the assay sets, a ratio was calculated between the observed copy numbers, 

derived from the standard curves, and the expected copy numbers, calculated from the known 

input concentrations of the template DNA. 

2.3. Assay Validation 

2.3.1. Samples for validation 

Archived K. pneumoniae bacterial cultures collected between March 2019  February 2021 from 

infants 0-90 days as part of an observational study of invasive bacterial disease were 

retrospectively tested (110). Briefly, all K. pneumoniae isolates were sequenced and serotyped 

using Kaptive v2.3.  

Samples collected from infants up to 90 days of age in a longitudinal microbial surveillance of 

infants hospitalised post-delivery were retrospectively tested. The study has been described 

(111). In brief, 102 neonates were enrolled in the Thelle neonatal colonisation (TNC) study 

within 24 hours of birth at Thelle Mogoerane Regional Hospital (TMRH) in Johannesburg, 
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South Africa, from 25 October 2021 to 30 April 2022. Rectal, nasal, and skin swab samples 

were collected from all infants at enrolment and then again at intervals between 48 to 96 hours 

until discharge or death. All swab samples were enriched in Brain-Heart Infusion (BHI) for 24 

hours at 37ºC and then subsequently sub-cultured on a non-selective chromogenic medium. 

The enriched broth was stored with 10% glycerol at -80 ºC for downstream testing and 83 K. 

pneumoniae isolates underwent WGS for serotyping (15).  

In this study, archived BHI broth samples were retrospectively tested on the nanofluidic qPCR 

panel, and the findings were compared to genomic data from sequencing of the K. pneumoniae 

isolates cultured from the same BHI broth sample.  

2.3.2. Extraction and quantification of enriched BHI broth from swab samples 

DNA extraction and quantification from swab samples enriched in BHI media (Product code: 

53286-100G, Sigma-Aldrich Corp, USA) followed a similar protocol to section 2.2.2. Samples 

were thawed, vortexed at low speed for 30 seconds, and 200 µL of the enriched broth was 

used for nucleic acid extraction. DNA was eluted into 100 µL of elution buffer using the Whitesci 

Tanbead® Nucleic Acid Extraction System Maelstrom   00, following the manufacturer’s 

instructions. A no-template control (NTC) was included with each batch of 47 clinical samples 

to ensure quality and accuracy during extraction. 

2.3.3. Sample testing for validation 

A total of 77 archived K. pneumoniae cultured isolates were retrospectively tested. The 

remaining 19 positions on the 96-well plate were filled with control samples and KpSC isolates 

to evaluate assay specificity. 

For the BHI samples, 83 DNA extracts were tested that had been obtained directly from BHI-

enriched swab specimens (skin, rectal, or nasal). Previously, cultured isolates obtained from 

these same BHI-enriched broth samples had undergone whole-genome sequencing (WGS) at 

the time of the study. The results from the BHI extracts were compared to the WGS data from 

the corresponding cultured isolates to evaluate assay concordance. The remaining 13 

positions on the plate were filled with assay controls.  

Positive controls included pooled archived bacterial isolates of K. pneumoniae representing a 

range of K-loci (KL2, KL3, KL10, KL15, KL22, KL25, KL28, KL30, KL39, KL62, KL102, KL110, 

KL149), O-loci (O1/O2v1, O1/O2v2, O3/O3a, O3b, O4, O5, O12, OL101, OL103), and O-types 

(O1, O2a, and O2afg). Additional controls comprised isolates of E. coli, K. grimontii, K. 

michiganensis, K. oxytoca, K. quasipneumoniae, K. quasivariicola, and K. variicola, along with 

seven synthetic gBlocks containing target sequences. These controls were included to confirm 

that the assay was functioning correctly. Extraction NTC were also added to each panel to 

confirm that no contamination or primer cross-reactivity took place.  
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All samples were pre-treated using STA and were tested and analysed on the Standard 

BioTools qPCR platform, as previously described in Section 2.2.2. 

2.3.4. Co-colonisation detection, classification, and visualisation 

Co-colonisation was defined as the detection of more than one K. pneumoniae serotype (K- or 

O-locus) within a single BHI-enriched swab sample, as identified by the nanofluidic qPCR 

assay. Detection was based on serotype-specific amplification curves with valid Cq values 

(≤  ) in at least two out of three replicates. When multiple serotypes were detected in a single 

sample, their relative abundance was estimated using Cq values, under the assumption that 

lower Cq values reflect higher template concentrations. 

The primary coloniser was defined as the serotype with the lowest average Cq value across 

replicates, indicating the highest relative abundance. Secondary and tertiary colonisers were 

classified as additional serotypes detected with progressively higher Cq values. Only serotypes 

with clear, reproducible amplification across replicates were included in the classification. 

Figures were generated as chord diagrams using Flourish (version 8.6.6, 2024), a data 

visualisation platform developed by Canva UK Operations Limited. These diagrams were used 

to illustrate serotype diversity and co-colonisation patterns among K. pneumoniae strains 

detected in BHI-enriched samples. 

2.4. Statistical Analysis 

Cohen’s kappa coefficient was used to evaluate the agreement between the nanofluidic qPCR 

method and Kaptive v2.3 (using WGS data as the reference standard) for detecting Klebsiella 

pneumoniae K- and O-loci. The interpretation of kappa values followed standard thresholds: 

values <0.20 indicated slight agreement, 0.21–0.40 fair agreement, 0.41–0.60 moderate 

agreement, 0.61–0.80 substantial agreement, and 0.81–1.00 denoted almost perfect or perfect 

agreement. 

For cultured isolates, a direct 1:1 comparison was conducted, as each isolate was individually 

sequenced and tested on the qPCR platform. When assessing K-locus agreement, isolates 

with loci not represented in the qPCR assay panel (e.g., KL46) were excluded, resulting in 71 

isolates analysed out of the original 77. 

For the BHI broth swab samples, kappa was calculated by comparing the WGS-derived K-loci 

from cultured isolates to the K-loci detected in the corresponding enriched samples using the 

qPCR assay. Of the 83 samples tested, only 42 were included in the kappa analysis; the 

remaining 41 were excluded due to detection of K-loci not included in the qPCR panel. In 

samples where multiple K. pneumoniae strains were detected by qPCR, co-colonisation was 
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not grounds for exclusion. Instead, the strain with the highest relative density (based on Cq 

values) was considered the dominant strain and used for comparison with the WGS result. 

To assess diagnostic performance, sensitivity, specificity, positive predictive value (PPV), and 

negative predictive value (NPV) were calculated using 2×2 contingency tables, with WGS as 

the gold standard. Sensitivity was defined as the proportion of true positives correctly identified 

by the assay, and specificity as the proportion of true negatives. PPV and NPV were calculated 

using standard definitions. 

Additionally, receiver operating characteristic (ROC) curves were generated, and the area 

under the curve (AUC) was calculated to evaluate the overall discriminatory power of the qPCR 

assay. An AUC ≥0.99 was considered indicative of excellent assay accuracy. All statistical 

analyses were performed using STATA version 18 SE (2024). 

.  

2.5. Ethical Approval 

Ethics consent for the parent studies was obtained from the Medical Human Research Ethics 

Committee (HREC) of the University of Witwatersrand: Correlates of protection study, HREC 

number: 181110 (Appendix B) and the Epidemiology of community and hospital-acquired 

invasive infections in young infants, HREC number: M200932 (Appendix C). Approval for 

further testing of these samples for this study was obtained from the HREC (M231117) 

(Appendix D). Written, informed consent had been obtained from the parents/guardians of all 

the study participants at the time of initial enrolment. All procedures adhered to the relevant 

local and international guidelines and regulations for Good Clinical Practice. 
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CHAPTER 3: RESULTS 

3.1. Performance of the nanofluidic real-time PCR system 

3.1.1. Analytical performance of the nanofluidic real-time qPCR   

All 28 singleplex and 5 duplex assays were efficient in amplifying their respective targets with 

high sensitivity and specificity, with amplification efficiencies of the assays ranging between 

92.1% and 107.3% (Table 3.2). Within the dynamic range, the correlation coefficient (r²) of all 

assays was high (r2 >= 0.99), allowing for precise relative quantification of the bacterial load 

through the slope of the linear equation.  

3.1.2. Analytical sensitivity and specificity  

The analytical sensitivity was high for all 36 included assays, with a LOD equivalent to >100 

gene equivalents (GE) for 75% (n=27/36) of the assays, and >10 GE for assays targeting 

OL103, KPN HKG, KL25, E. coli, O1/O2v2, O12, KL28, KL62, O3/O3a and O3b. Furthermore, 

all the assays performed consistently with the inter-assay (reproducibility) and intra-assay 

(repeatability) variability within ± 0.1 SD of the mean, and the accuracy within ± 0.1 (Table 

3.2). Furthermore, the Cq values for all duplex assays differed by no more than one Cq 

compared with their singleplex counterpart, and all assay sets demonstrated specificity to their 

respective target bacterial control calibrators, with no cross-reactivity observed between the 

assay sets. 
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Table 3.1 Singleplex vs duplex ct values at serial dilution 
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Table 3.2 Performance of the nanofluidic real-time qPCR 
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Klebsiella pneumoniae gene gltA y = -3.3127x + 26.03 -3.31    26.03    0.99    100.39  10 0.0062   0.05    0.0083  

Escherichia coli  chuA y = -3.1586x + 24.489 -3.16    24.49    1.00    107.30  10 0.0048 -0.04    0.0349  

Klebsiella Specie Complex  tyrB y = -3.2482x + 28,13 -3.25    28.13    1.00    103.17  100 0.0044 -0.11    0.0215  

Klebsiella pneumoniae Capsule polysaccharide  GALF y = -3.2524x + 29,309 -3.25    28.31    1.00    102.99  100 0.0054   0.00    0.0094  

Klebsiella pneumoniae Capsule polysaccharide serotype KL10  GALF y = -3.2696x + 27,861 -3.27    27.86    1.00    102.23  100 0.0045   0.05    0.0286  

Klebsiella pneumoniae Capsule polysaccharide serotype KL102  wzc y = -3.3244x + 28,496 -3.32    28.50    0.99      99.90  100 0.0063   0.06    0.0037  

Klebsiella pneumoniae Capsule polysaccharide serotype KL110  wzc y = -3,3995x + 28.222 -3.40    24.80    1.00      96.86  100 0.0057 -0.14    0.0073  

Klebsiella pneumoniae Capsule polysaccharide serotype KL149  wzc y = -3.3052x + 26,819 -3.31    26.82    1.00    100.70  100 0.0061   0.04    0.0291  

Klebsiella pneumoniae Capsule polysaccharide serotype KL15  wzc y = -3.5161x + 29.644 -3.52    29.64    1.00      92.49  100 0.0031 -0.03    0.0295  

Klebsiella pneumoniae Capsule polysaccharide serotype 
KL171/KL22  

wzx y = -3,218x + 27.677 -3.22    27.68    0.99    104.53  100 
0.0042 

  0.07    0.0269  

Klebsiella pneumoniae Capsule polysaccharide serotype 
KL171/KL22/KL37  

wzc y = -3.3166x + 28,468 -3.32    28.47    0.99    100.22  100 
0.0079 

  0.06    0.0235  

Klebsiella pneumoniae Capsule polysaccharide serotype KL2  wzc y = -3.3823x + 24,237 -3.38    24.24    1.00      97.54  100 0.0070   0.02    0.0158  

Klebsiella pneumoniae Capsule polysaccharide serotype KL25  wzc y = -3.414x + 24.38 -3.41    24.38    0.99      96.30  10 0.0021 -0.05    0.0347  

Klebsiella pneumoniae Capsule polysaccharide serotype KL28  wzc y = -3,2512x + 27.532 -3.25    27.53    1.00    103.04  100 0.0052 -0.03    0.0339  

Klebsiella pneumoniae Capsule polysaccharide serotype KL3  wzc y = -3,1693x + 25,603 -3.17    25.60    1.00    106.79  100 0.0029 -0.01    0.0261  

Klebsiella pneumoniae Capsule polysaccharide serotype KL30  wzc y = -3.1993x + 26,874 -3.20    26.87    1.00    105.38  100 0.0035   0.00    0.0283  

Klebsiella pneumoniae Capsule polysaccharide serotype KL39  wzc y = -3.3575x + 27,835 -3.36    27.84    1.00      98.54  100 0.0035   0.05    0.0296  

Klebsiella pneumoniae Capsule polysaccharide serotype KL62  wzc y = -3.2979x + 27.136 -3.30    27.14    1.00    101.01  10 0.0064   0.04    0.0218  

Klebsiella pneumoniae Lipopolysaccharide Serotype O1/O2V1  kfoC y = -3.2755x + 27,51 -3.28    27.51    1.00    101.97  100 0.0064   0.05    0.0233  

Klebsiella pneumoniae Lipopolysaccharide Serotype O1/O2V2  kfoC y = -3.3479x + 23.706 -3.35    23.71    1.00      98.93  10 0.0025   0.02    0.0093  

Klebsiella pneumoniae Lipopolysaccharide Serotype O1/O2v3  wbbM y = -3.1805x + 26,9 -3.18    27.35    1.00    106.26  10 0.0067 -0.02    0.0180  

Klebsiella pneumoniae Lipopolysaccharide Serotype O3/O3a  wbdA y = -3.4327x + 31,704 -3.43    31.70    1.00      95.58  100 0.0052   0.10    0.0213  

Klebsiella pneumoniae Lipopolysaccharide Serotype O3b  wbdA y = -3.3067x + 27.271 -3.31    27.27    1.00    100.64  10 0.0056 -0.04    0.0043  
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Klebsiella pneumoniae Lipopolysaccharide Serotype O4  wzm y = -3.2563x + 28.254 -3.26    28.25    1.00    102.81  100 0.0055   0.09    0.0277  

Klebsiella pneumoniae Lipopolysaccharide Serotype O5  wzm y = -3.5266x + 28.803 -3.53    28.80    1.00      92.11  100 0.0090   0.10    0.0187  

Klebsiella pneumoniae Lipopolysaccharide Serotype O8  wbbM y = -3.3989x + 24.36 -3.40    24.36    1.00      96.89  10 0.0075   0.06    0.0236  

Klebsiella pneumoniae Lipopolysaccharide Serotype O12  wbbN y = -3.2592x + 26,832 -3.26    26.83    1.00    102.69  100 0.0047   0.00    0.0184  

Klebsiella pneumoniae Lipopolysaccharide Serotype OL101  wzm y = -3.3754x + 26.823 -3.38    26.82    1.00      97.82  100 0.0040   0.01    0.0158  

Klebsiella pneumoniae Lipopolysaccharide Serotype OL102  wzt y = -3.2645x + 27.609 -3.26    27.61    1.00    102.45  100 0.0039   0.04    0.0246  

Klebsiella pneumoniae Lipopolysaccharide Serotype OL103  wbbL y = -3.173x + 23.516 -3.17    23.52    0.99    106.61  10 0.0077 -0.08    0.0154  

Klebsiella pneumoniae Lipopolysaccharide Serotype OL104 wbdA y = -3.2964x + 27.628 -3.30    27.63    1.00    101.08  100 0.0008   0.01    0.0229  

Klebsiella pneumoniae Lipopolysaccharide  gmlD y = -3.3168x + 27,362 -3.32    27.36    1.00    100.21  100 0.0031 -0.04    0.0256  

Klebsiella pneumoniae Lipopolysaccharide  gmlB y = -3,3284x + 28,777 -3.33    28.78    1.00      99.72  100 0.0056 -0.14    0.0292  

Klebsiella pneumoniae Lipopolysaccharide  wbbY y = -3.2531x + 26,809 -3.25    26.81    1.00    102.95  100 0.0086 -0.04    0.0260  

Klebsiella pneumoniae Lipopolysaccharide  wbbZ y = -3.383x + 27,957 -3.38    27.96    1.00      97.51  100 0.0064   0.05    0.0100  

Klebsiella pneumoniae Lipopolysaccharide  wbmVW y = -3.2615x + 27,102 -3.26    27.10    1.00    102.59  100 0.0042   0.08    0.0143  

Abbreviations: CV: Coefficient of Variation, GALF: Capsule Polysaccharide gene in Klebsiella pneumoniae, gltA: Citrate Synthase, a housekeeping gene for K. pneumoniae, 

GGE/PCR: Gene Equivalents per Polymerase Chain Reaction, gmlD/gmlB/wbmVW: Genes involved in O-antigen synthesis in K. pneumoniae, kfoC: Gene involved in O-antigen 

synthesis (O1/O2) in K. pneumoniae, tyrB: Tyrosine aminotransferase, a housekeeping gene for the Klebsiella species complex, chuA: Heme transport protein gene in Escherichia 

coli, wbbM/wbbZ/wbbY/wbbL: Glycosyltransferase genes involved in O-antigen synthesis in K. pneumoniae, wbdA: Glycosyltransferase gene involved in O-antigen synthesis 

(O3) in K. pneumoniae, wzm/wzt: ABC transporter genes involved in O-antigen transport in K. pneumoniae, wzc/wzx: Genes involved in Capsule Polysaccharide (CPS) synthesis 

in K. pneumoniae
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3.2. Diagnostic sensitivity, specificity, and agreement of the nanofluidic qPCR 

reaction set for the detection of K. pneumoniae K-loci, O-loci, and O-types in 

bacterial cultures compared with whole genome sequencing 

The nanofluidic qPCR method accurately classified K. pneumoniae LPS and capsular 

serotypes compared to WGS, demonstrating perfect concordance with a ROC-AUC greater 

than 0.99 for all assays (Table 3.3, Figure 3.1, Figure 3.2, Table 3.4, and Figure 3.3). For O-

loci and O-types, 77 isolates were tested, while K-loci were assessed in 71 isolates. The 

remaining six isolates expressed K-loci that were not covered by the panel, preventing their 

inclusion in the analysis.   

Table 3.3 Diagnostic performance of nanofluidic real-time PCR assays compared to whole 
genome sequencing in the detection of O-loci and O-types in 77 K. pneumoniae 
strains. 
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O1/O2v2 41 (53%) 41 (53%) 100% 100% 1 Perfect 100% 100% 1.0 
 

O1/O2v1 14 (18%) 14 (18%) 100% 100% 1 Perfect 100% 100% 1.0 
 

O3b 5 (6%) 5 (6%) 100% 100% 1 Perfect 100% 100% 1.0 
 

O4 5 (6%) 5 (6%) 100% 100% 1 Perfect 100% 100% 1.0 
 

O5 12 (16%) 12 (16%) 100% 100% 1 Perfect 100% 100% 1.0 
 

O1v1 12 (16%) 12 (16%) 100% 100% 1 Perfect 100% 100% 1.0 
 

O1v2 25 (32%) 25 (32%) 100% 100% 1 Perfect 100% 100% 1.0  

O2afg 16 (21%) 16 (21%) 100% 100% 1 Perfect 100% 100% 1.0 
 

O2a 2 (3%) 2 (3%) 100% 100% 1 Perfect 100% 100% 1.0 
 

*The diagnostic performance of the nanofluidic qPCR method could not be assessed for assay sets targeting 

O1/O2v3, O8, O12, OL101, OL102, OL103, OL104, O2ac, and O2eah which were not detected in any clinical 

isolates by WGS in the GBS-CoP study. 

Table 3.4 Diagnostic performance of nanofluidic real-time PCR assays compared to whole 
genome sequencing in the detection of K-loci in 71 K. pneumoniae strains. 
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KL149 25 (35%) 25 (35%) 100% 100% 1 Perfect 100% 100% 1.0 
 

KL25 15 (21%) 15 (21%) 100% 100% 1 Perfect 100% 100% 1.0 
 

KL102 13 (18%) 13 (18%) 100% 100% 1 perfect 100% 100% 1.0 
 

KL2 6 (8%) 6 (8%) 100% 100% 1 Perfect 100% 100% 1.0 
 

KL110 4 (6%) 4 (6%) 100% 100% 1 Perfect 100% 100% 1.0 
 

KL62 3 (4%) 3 (4%) 100% 100% 1 Perfect 100% 100% 1.0 
 

KL28 2 (3%) 2 (3%) 100% 100% 1 Perfect 100% 100% 1.0 
 

KL3 2 (3%) 2 (3%) 100% 100% 1 Perfect 100% 100% 1.0 
 

KL30 1 (1%) 1 (1%) 100% 100% 1 Perfect 100% 100% 1.0 
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*The diagnostic performance of the nanofluidic qPCR method could not be assessed for assay sets targeting KL10, 

KL15, KL22, KL37, KL39, and KL171 which were not detected in any clinical isolates by WGS in the GBS-CoP 

study. 

 

Figure 3.1 O-loci detections using 77 cultures tested on a nanofluidic qPCR compared to prediction of Kaptive 

v2.3. No isolates available for O3/O3a, O8, O12, OL101, OL102, OL103, and OL104 for validation in cohort.. 

 

  

Figure 3.2 comparison of the nanofluidic real-time PCR and sequencing (Kaptive v2.3) results for typing the 

O1/O2 complex in 55 isolates. The analysis focused on O1v2, O2afg, O1v1, and O2a, while O2ac and O2aeh 

isolates were not available in the cohort for validation. Other O-serotypes were represented by different O-loci due 

to a 1:1 ratio with the O-types, removing the need for additional assays. 
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Figure 3.3 K-loci detections using cultures tested on a nanofluidic qPCR compared to prediction of Kaptive v2.3 

(N=71). No bacterial isolates available for KL10, KL15, KL22, KL37, KL39, and KL171 in cohort to compare. 

3.3. Diagnostic sensitivity, specificity, and agreement of the nanofluidic qPCR 

reaction set for the detection of K. pneumoniae K-loci, O-loci, and O-types in 

swab samples enriched in BHI compared with whole genome sequencing 

A blind analysis of 83 enriched broth samples targeting O-loci demonstrated perfect 

concordance (kappa = 1) between nanofluidic real-time qPCR and WGS, achieving 100% 

sensitivity and specificity across all the assays for detecting K- and O-loci. In this analysis, 42 

K-loci were tested, as the remaining samples expressed K-loci not covered by the panel, 

consistent with previous testing limitations.  

Table 3.5 Comparative Analysis of K-loci detection between sequencing and nanofluidic real-
time qPCR. 

Target KL25 KL15 KL102 KL10 KL110 KL39 KL62 KL3 KL30 

*Sequencing 

(42) 

25 

(60%) 

 3 

(7%) 

5 

(12%) 

1 

(2%) 

2  

(5%) 

1  

(2%) 

1  

(2%) 

2  

(5%) 

2  

(5%) 

Nanofluidic 

real-time 

qPCR (42) 

25 

(60%) 

 3 

(7%) 

5 

(12%) 

1 

(2%) 

2  

(5%) 

1  

(2%) 

1  

(2%) 

2  

(5%) 

2  

(5%) 

Sensitivity 

(%) 

100% 100% 100% 100% 100% 100% 100% 100% 100% 

Specificity 

(%) 

100% 100% 100% 100% 100% 100% 100% 100% 100% 

Kappa 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Concordance Perfect Perfect Perfect Perfect Perfect Perfect Perfect Perfect Perfect 

PPV (%) 100% 100% 100% 100% 100% 100% 100% 100% 100% 
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NPV (%) 100% 100% 100% 100% 100% 100% 100% 100% 100% 

ROC-AUC 1 1 1 1 1 1 1 1 1 

*The diagnostic performance of the nanofluidic qPCR method could not be assessed for assay sets targeting KL2, 

KL171, KL37, KL22, KL149, and KL28, which were not detected in any clinical isolates by WGS in the TNC study. 

 

Figure 3.4 Overall distribution of 83 enriched broths of 9 K-loci detected by traditional culturing that were 

sequenced (purple) compared to direct enrichment tested on nanofluidic real-time qPCR (green) in neonates. The 

diagnostic performance of the nanofluidic qPCR method could not be assessed for assay sets targeting KL2, 

KL171, KL37, KL22, KL149, and KL28, which were not detected in any clinical isolates by WGS in the TNC study. 

Table 3.6 Comparative analysis of O-loci detection between sequencing and nanofluidic real 
time qPCR. 

Target O1/O2v1 O1/O2v2 O5 O3/O3a O4 O3b O12 OL102 

Sequencing 

(83) 

30 

(36%) 

14 

(17%) 

25 

(30%) 

1 

(1%) 

7 

(8%) 

3 

(4%) 

2 

(2%) 

1 

(1%) 

Nanofluidic 

real-time qPCR 

(83) 

30 

(36%) 

14 

(17%) 

25 

(30%) 

1 

(1%) 

7 

(8%) 

3 

(4%) 

2 

(2%) 

1 

(1%) 

Sensitivity (%) 100% 100% 100% 100% 100% 100% 100% 100% 

Specificity (%) 100% 100% 100% 100% 100% 100% 100% 100% 

Kappa 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Concordance Perfect Perfect Perfect Perfect Perfect Perfect Perfect Perfect 

PPV (%) 100% 100% 100% 100% 100% 100% 100% 100% 

NPV (%) 100% 100% 100% 100% 100% 100% 100% 100% 

ROC-AUC 1 1 1 1 1 1 1 1 

*The diagnostic performance of the nanofluidic qPCR method could not be assessed for assay sets targeting 

O1/O2v3, OL104, OL013, and OL101, which were not detected in any clinical isolates by WGS in the TNC study. 
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Figure 3.5 The overall prevalence of 83 O-loci detected by traditional culturing that were sequenced (purple) 

compared to direct enrichment tested on nanofluidic real-time qPCR (green) in neonates. The diagnostic 

performance of the nanofluidic qPCR method could not be assessed for assay sets targeting O1/O2v3, OL104, 

OL013, OL101, O2aeh, and O2ac, which were not detected in any clinical isolates by WGS in the TNC study. 

A blind analysis of 44 enriched broth samples from the O1/O2 complex showed varying 

agreement between nanofluidic real-time qPCR and WGS. For O1v1, qPCR detected                

36 positives compared to 33 by sequencing, with 100% sensitivity and 72.7% specificity           

(kappa = 0.8). For O2afg, qPCR detected 4 positives versus 8 by sequencing, resulting in 50% 

sensitivity, 100% specificity, and moderate concordance (kappa = 0.69). For O1v2 and O2a, 

qPCR and sequencing results were identical, showing 100% sensitivity and specificity with 

perfect concordance (kappa = 1.00).  

Table 3.7 Comparative analysis of O-types in the O1/O2 complex in 44 broth isolates using 
sequencing and nanofluidic real-time qPCR. 

Target O1v1 O2afg O1v2 O2a 

Sequencing (44) 33 8 2 1 

Nanofluidic real-time 
qPCR (44) 

36 5 2 1 

Sensitivity (%) 100% 50% 100% 100% 

Specificity (%) 72.7% 100% 100% 100% 

Kappa 0.8 0.69 1.00 1.00 

Concordance Strong Moderate Perfect Perfect 

PPV (%) 97.7% 100% 100% 100% 

NPV (%) 100% 90% 100% 100% 

ROC-AUC 0.86 0.75 1 1 
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*The diagnostic performance of the nanofluidic qPCR method could not be assessed for assay sets targeting O2aeh 

and O2ac which were not detected in any clinical isolates by WGS in the TNC study. 

 

Figure 3.6 Overall prevalence of 44 O-types of the O1/O2 complex detected by traditional culturing that were 

sequenced (purple) compared to direct enrichment tested on nanofluidic qPCR (green) performed using 

nanofluidic real-time qPCR in neonates. The diagnostic performance of the nanofluidic qPCR method could not 

be assessed for assay sets targeting, O2aeh and O2ac, which were not detected in any clinical isolates by WGS 

in the TNC study. 

3.4. Observation of K. pneumoniae co-colonisation 

Overall, the nanofluidic qPCR method detected co-colonisation of K. pneumoniae and K. 

variicola in 12.1% (10/83) and K. pneumoniae and E. coli in and 50.1% (42/83) of the archived 

swab samples enriched in BHI broth, respectively (Table 3.8).  

 

Table 3.8 Co-colonisation patterns of K. pneumoniae with K. variicola and E. coli in 83 samples. 

Co-colonisation Status Number of Samples 

K. pneumoniae only 24 (29%) 

K. pneumoniae + K. variicola 10 (12%) 

K. pneumoniae + E. coli 42 (51%) 

K. pneumoniae + K. variicola + E. coli 7 (8%) 

Total 83 

  

Moreover, of the samples colonised with K. pneumoniae, 38% (16/42), and 40% (33/83), of 

the samples were co-colonised with two K-loci and O-loci, respectively (Table 3.9). Only 42 

samples were included for K-loci co-colonising analysis. Nineteen percent of the samples 

(11/42) were colonised with three or more K-loci, and 28% (23/83) with three or more O-loci. 

O-types were excluded from this analysis because the O-loci had a 1:1 correspondence with 
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O-types, except for the O1/O2 complex. However, due to validation limitations in the O1/O2 

complex, no conclusions can be drawn regarding co-colonisation of O-types. 

Table 3.9 K. pneumoniae K-loci and O-loci co-colonisation as measured by whole genome 
sequencing and nanofluidic real-time qPCR. 

 Colonised Nanofluidic Real-time PCR 

 1 Serotype 42 (100%) 

K-loci 2 serotypes 16 (38%) 

 3+ serotypes 11 (26%) 

 1 Serotype 83 (100%) 

O-loci 2 serotypes 33 (40%) 

 3+ serotypes 23 (28%) 

Values are number (%).  

Overall, KL25 (81%, 34/42) was most frequently found as a the primary isolate (defined as 

having the highest density), with other co-colonising serotypes, while KL39 (7%, 3/42) and 

KL149 (2%, 1/42) were identified as primary isolates only, and KL2 (2%, 1/42) and                 

KL62 (7%, 3/42) were respectively identified as second and third colonisers (Figure 3.7). 

 

Figure 3.7 K-locus specific ranking of multiple K. pneumoniae co-colonisers. KL28 and KL37 not included in 

analysis as broth did not test positive in the TNC study. 

K-loci 25 and KL15 were the most common co-colonisers (24%, 10/42), followed by KL25 and 

KL102 (19%, 8/42), KL10 and KL15 (7%, 3/42), KL110 and KL15 (7%, 3/42), KL102 and       

KL3 (7%, 3/42), as well as KL15 and KL62 (7%, 3/42) (Figure 3.8). 
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Figure 3.8 Co-colonisation patterns of K. pneumoniae K-locus 

Overall, O5 (31%, 26/83) was most frequently found as the primary isolate (defined as having 

the highest density), with other co-colonising serotypes. O1/O2v1 (30%, 25/83) was also 

frequently identified as a primary coloniser. O1/O2v3 (2%, 2/83) and O12 (2%, 2/83) were 

identified as primary isolates only, while O3/O3a (10%, 8/83) and OL101 (2%, 2/83) were most 

frequently identified as second and third colonisers, respectively (Figure 3.9).  
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Figure 3.9 O-locus specific ranking of multiple K. pneumoniae co-colonisers. Enriched broth in TNC study did not 

pick up O8 or OL102, thus excluded from analysis. 

Among the O-loci, O1/O2v1 and O5 were the most common co-colonisers (24%, 20/38), 

followed by O1/O2v2 and O5 (14%, 12/83), O1/O2v2 and O4 (5%, 4/83), O4 and                         

O5 (5%, 4/83), as well as O1/O2v2 and O4 (5%, 4/83) (Figure 3.10). 

 

Figure 3.10 Co-colonisation patterns of K. pneumoniae O-locus 
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CHAPTER 4:  DISCUSSION & CONCLUSION 

This study successfully developed and validated a novel nanofluidic qPCR assay capable of 

simultaneously detecting 13 O-loci, five O-antigens within the O1/O2 cluster, and 15 K-loci of 

K. pneumoniae with high accuracy across multiple sample types, including bacterial isolates 

and nasopharyngeal, skin, and rectal swab samples. The nanofluidic qPCR method offers a 

reliable, rapid, and cost-effective alternative to WGS for serotyping, particularly in LMICs where 

resources are limited. Unlike WGS, which requires culturing, DNA extraction, and complex 

bioinformatics, qPCR provides a streamlined workflow for rapid, multiplex detection directly 

from enriched clinical specimens. Further, multiplex qPCR’s simplified data output reduces the 

need for specialised personnel and infrastructure, making it more scalable and practical for 

high-throughput surveillance, especially in LMICs. In this study, the nanofluidic platform 

enabled over 10,000 reactions per run - significantly enhancing time efficiency - supporting its 

suitability for routine surveillance, outbreak response, and monitoring vaccine-related serotype 

shifts.  

Nanofluidic qPCR platforms have been increasingly adopted in various countries for high-

throughput pathogen detection. In South Africa, the technology has been successfully used for 

serotyping Streptococcus pneumoniae from nasopharyngeal and urine samples (93,100,112). 

In China, nanofluidic chip digital PCR (cdPCR) has been applied to detect African swine fever 

virus, norovirus, and bacterial pathogens with high sensitivity (113). Japanese researchers 

have evaluated nanofluidic qPCR for diagnosing pneumococcal pneumonia in adults, 

demonstrating its clinical utility (114). In Europe, high throughput nanofluidic real-time PCR 

systems have been used for detecting human enteric viruses in both clinical and environmental 

settings (115). These studies underscore the adaptability and global relevance of nanofluidic 

platforms for infectious disease surveillance. However, to our knowledge, this study represents 

the first application of nanofluidic qPCR for comprehensive K. pneumoniae K- and O-locus 

typing from colonisation samples. 

PCR-based methods have been developed for O-locus typing of K. pneumoniae, including 

conventional and multiplex qPCR assays. However, these are typically limited to a small 

number of serotypes and often require cultured isolates as input. For example, studies by Fang 

et al. (2016) developed multiplex PCR panels targeting a handful of common O-types, but 

lacked the scalability and resolution required for comprehensive surveillance (79). In contrast, 

the nanofluidic qPCR assay presented here enables simultaneous detection of 32 loci 

(including 13 O-loci, 5 O-antigens, and 15 K-loci) and is capable of direct testing from enriched 

clinical samples. This enhances its suitability for large-scale epidemiological studies and real-

time surveillance, particularly in resource-limited settings where culturing may be impractical.  
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Concurrent K. pneumoniae colonisation remains poorly characterised, with only two prior 

studies reporting on co-colonisation. A year-long prospective surveillance study (April 2013 – 

March 2014) in Melbourne, Australia, found that five out of 26 adult patients (19%) admitted to 

various hospital wards, carried two distinct K. pneumoniae strains simultaneously (116), while 

a study in Shanghai, China, reported concurrent K. pneumoniae carriage in 15.2% (37/243) of 

ICU-admitted adults (117). In contrast, our nanofluidic qPCR method detected co-colonisation 

of multiple K- and O-loci in 27% and 56% of swab samples, respectively, with 28% and 26% 

harbouring three or more O- and K-loci. The most common co-colonisers were KL25 and KL15 

(12%) for K-loci, and O1/O2v1 and O5 (24%) for O-loci. The higher co-colonisation rates 

observed in our study are likely due to the culture-independent nature of qPCR, which does 

not rely on pure isolate recovery as WGS does. Additionally, other studies were conducted in 

adult populations, whereas colonisation rates in children might be higher due to differences in 

exposure, immune development, and microbiome composition. However, other factors, such 

as geographical variation, host-specific influences, and healthcare settings, may also 

contribute. The high rate of concurrent colonisation underscores the dynamic nature of              

K. pneumoniae transmission and the necessity for highly sensitive techniques to track these 

patterns, particularly in neonates, where maternal vaccines are being developed to protect 

against invasive K. pneumoniae disease (118). Localised surveillance will be essential for 

optimising vaccine formulations and monitoring serotype shifts post-vaccination. While 

invasive isolates are typically assumed to represent single strains, understanding colonisation 

dynamics is crucial for vaccine development. Colonisation precedes invasive disease, 

especially in neonates, and represents the primary reservoir for transmission. Co-colonisation 

increases the potential for genetic exchange and the emergence of novel serotypes. Therefore, 

characterising sero-epidemiology at the colonisation level complements invasive isolate data 

by informing both transmission dynamics and the full spectrum of serotype diversity that 

vaccines must target to be effective. 

Although the qPCR method is culture independent, the use of a 24-hour BHI enrichment step 

prior to testing may have influenced the observed strain profiles. Enrichment can favour the 

growth of faster-replicating strains, potentially skewing the relative abundance of co-colonising 

K. pneumoniae types. Nevertheless, this approach still offers improved detection of mixed 

colonisation compared to traditional culture-isolate workflows and allows for serotyping from 

samples that may otherwise yield insufficient DNA for direct analysis. Future studies may 

explore DNA extraction directly from raw swab material to further minimise this potential bias. 

An additional advantage of this nanofluidic qPCR method is its ability to differentiate                    

K. pneumoniae from closely related species such as K. quasipneumoniae and K. variicola, 

which are frequently misidentified due to their genetic and phenotypic similarities. Studies 

using standard culture-based identification methods have shown that up to 7.2% of K. 
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pneumoniae isolates are K. quasipneumoniae or K. variicola (119). This misclassification may 

have significant implications for infection control and epidemiological studies. The ability of the 

qPCR assay to rapidly and accurately detect K. pneumoniae serotypes - directly from clinical 

and colonisation samples - holds significant value for infection prevention and control (IPC) 

programmes. Early identification of colonised patients, including those carrying high-risk or 

MDR strains, can inform timely implementation of isolation precautions and targeted 

interventions. Additionally, the detection of co-colonisation and strain diversity enhances 

outbreak tracking, allowing for more precise mapping of transmission pathways within 

healthcare settings. Compared to WGS, which has longer turnaround times and requires 

isolate recovery, this qPCR platform enables near real-time surveillance, making it highly 

suitable for routine IPC monitoring in neonatal units and other high-risk environments. While 

the initial capital investment for nanofluidic qPCR instrumentation is substantial, comparable 

to or slightly higher than that of conventional qPCR systems, the long-term operational cost is 

significantly lower than WGS. Once established in a centralised laboratory, the platform 

enables high-throughput testing at a per-sample cost of approximately R800, including 

reagents and consumables, compared to R1600 for WGS. This calculation accounts for 

batching efficiency and reduced personnel time due to simplified workflows. A cost analysis 

was conducted using internal laboratory costing data and supplier pricing, including primers, 

probes, gBlocks, and nanofluidic PCR plates, to calculate the cost per sample for testing 90 

samples with 6 controls across 37 assays, although the assay doesn’t cover all K - loci. 

Furthermore, nanofluidic systems require less computational infrastructure and expertise than 

WGS, making them more sustainable for use in LMICs when implemented at referral or 

national public health laboratories. While the upfront costs of nanofluidic platforms are not 

negligible, they are generally lower than the substantial outlay required for high-throughput 

sequencing equipment, making them a more accessible option for resource-limited settings. 

Given the high sensitivity of nanofluidic qPCR, there is an inherent risk of cross-contamination 

between samples or from amplified products (amplicon carryover), which could lead to false-

positive results. To mitigate this, strict laboratory workflows should be followed, including 

physical separation of pre- and post-amplification areas, use of unidirectional workflow, and 

incorporation of appropriate negative controls throughout the process. Additionally, the closed-

system format of the nanofluidic platform reduces manual handling, thereby lowering 

contamination risk compared to conventional qPCR setups. Nonetheless, routine quality 

assurance measures remain critical to maintain assay reliability, particularly in high-throughput 

surveillance applications.  

While the current assay configuration includes five duplex reactions and 27 singleplex to 

balance throughput and reliability, further duplexing could potentially reduce reagent use and 

enhance cost-effectiveness. Some primer-probe sets in the assay showed reduced sensitivity 
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or inconsistent amplification, which likely reflects differences in target gene copy number, GC 

content, secondary structure, or suboptimal primer-probe interactions. In attempts to increase 

duplexing, interference between certain reactions further impacted performance. While these 

limitations affected the uniformity of detection across all loci, careful assay design and 

threshold optimisation helped mitigate false negatives. Nonetheless, reduced sensitivity for 

some targets may underestimate the prevalence of certain K- or O-types, particularly in 

samples with low bacterial load. Ongoing refinement of primer-probe sets, and the 

incorporation of newly validated duplex combinations will be essential for improving assay 

robustness and coverage. 

While shotgun metagenomic sequencing theoretically offers the ability to detect K. 

pneumoniae K- and O-loci directly from clinical samples, several barriers limit its practical 

implementation. These include high sequencing costs, the requirement for deep coverage to 

detect low-abundance pathogens, and the substantial presence of host DNA, which can 

obscure bacterial signal. Moreover, metagenomic data interpretation requires advanced 

bioinformatics infrastructure and expertise that are often unavailable in low-resource settings.  

Despite its advantages, this study had some limitations. The assay did not include all known 

K-loci, potentially underestimating co-colonisation prevalence. Future improvements should 

incorporate additional K-loci, such as KL24, KL136, and KL38, which are relevant in adult 

populations in South Africa (15). The inability to distinguish certain closely related loci, such as 

KL22 and KL171, arises from their high genetic similarity, particularly within the conserved 

capsule synthesis regions targeted by qPCR. This limits the assay’s resolution and may lead 

to under- or overestimation of individual serotype prevalence. In surveillance and vaccine 

monitoring contexts, such ambiguity could obscure the detection of serotype-specific trends or 

replacement dynamics. The impact can be mitigated by periodically refining target regions or 

incorporating additional discriminatory markers as they are identified. 

Additionally, the assay was not validated for direct clinical samples like blood or cerebrospinal 

fluid, limiting its current application in invasive disease diagnostics. Another limitation was its 

inability to establish direct associations between co-colonising K- and O-loci, making it difficult 

to identify high-risk clonotypes. The reliance on genetic algorithms to detect O1/O2 complex 

serotypes may also introduce misclassification errors, particularly when multiple O1/O2 

variants are present. These discrepancies are likely due to the genetic similarity among O1/O2 

loci and the presence of multiple allelic variants that complicate the distinction between 

serotypes such as O1, O2a, O2afg, and O2aeh. Additionally, the genetic detection of serotype-

specific markers does not always reflect functional expression, especially in the case of phase-

variable or recombined loci. Similar challenges have been reported in WGS-based typing 

pipelines, suggesting that this limitation is not unique to qPCR but is inherent to current 
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molecular approaches targeting the O1/O2 complex (50). Incorporating additional genetic 

markers or expression-based validation could improve future assay resolution. Furthermore, 

as the assay detects predefined gene targets, newly evolved serotypes or genetic 

recombinants may go undetected, highlighting the need for periodic updates to the assay 

design.  

Beyond serotyping, the nanofluidic qPCR platform has strong potential for expansion to include 

AMR gene targets. Incorporating primers for key resistance determinants - such as blaKPC, 

blaNDM, blaOXA-48, and mcr genes - would enable simultaneous detection of MDR K. pneumoniae 

strains from colonisation samples. This would enhance infection prevention strategies by 

identifying high-risk carriers in near real-time, informing isolation protocols and empirical 

treatment decisions. Given the platform’s multiplexing capacity and culture-independent 

workflow, integrating AMR detection would significantly broaden its utility for comprehensive 

surveillance and outbreak response. 

In conclusion, the nanofluidic qPCR method represents a significant advancement in                  

K. pneumoniae surveillance, offering a rapid, accurate, and cost-effective alternative to WGS. 

Its ability to detect co-colonisation, differentiate closely related species, and function 

independently of culture-based methods may makes it particularly valuable for epidemiological 

studies and vaccine development efforts. As maternal vaccines progress, this assay could be 

used to monitor vaccine-induced shifts in K. pneumoniae serotype distribution, ensuring 

comprehensive coverage and preventing the emergence of replacement serotypes. As our 

understanding of antigenic cross-protection between K- and O-loci improves, this information 

could be leveraged to refine the qPCR panel to focus on vaccine-included serotypes and those 

with demonstrated cross-reactivity. This would enhance the assay’s utility in post-vaccine 

surveillance by allowing for targeted monitoring of both direct and indirect vaccine effects, such 

as cross-protection or serotype replacement. The modular design of the nanofluidic qPCR 

platform supports the rapid inclusion or substitution of loci, making it adaptable to evolving 

vaccine formulations and public health priorities. Future work should focus on expanding the 

assay’s genetic targets, validating its use in clinical infections, and integrating it into broader 

surveillance programs to inform global infection control strategies. 
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