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Abstract 
Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated host response 
system and can occur when the immune system over- or under- reacts to an infection. Klebsiella spp. 
has been found to be one of the leading causes of sepsis, and the increasing occurrence of antibiotic 
resistance observed has become a major concern in clinical care. To study the genome and increase 
knowledge of the biodiversity of K. pneumoniae, K. variicola, and K. oxytoca, bacterial isolates were 
collected from blood, urine, nasopharynx, and wounds of patients with suspected sepsis. Next-
generation sequencing was performed, and the presence of antibiotic resistance genes and plasmids 
were studied. Furthermore, a prediction of traits for each phylogroup was performed and the results 
from whole-genome sequencing were compared to phenotypic results. Among the K. pneumoniae 
isolates obtained, almost half had been misidentified by standard phenotypic methods and were found 
to be K. variicola, K. quasipneumoniae, and K. quasivariicola. A significant difference in the number of 
antibiotic resistance genes were observed between K. pneumoniae and K. variicola compared to K. 
oxytoca, however no significant difference was observed between K. pneumoniae and K. variicola, 
suggesting the underestimated pathogenicity of K. variicola. A genetic agreement was observed 
between the type of beta-lactamase harboured and presence or absence of nitrogen-fixation genes to 
the phylogroup, providing a way of species identification. Further studies should be conducted on the 
pathogenicity and virulence of K. variicola and K. quasipneumoniae to avoid misidentification, find 
organism-specific treatments, and narrow down the antibiotic prescription.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Popular scientific abstract 
Have you ever had a terrible cold or flu, causing you to lay in bed for days, and then suddenly you can 
breathe through your nose again and the cough has subsided? Then you are familiar with the wonders 
of our immune system. From the day we are born, our immune system is constantly evolving, and we 
develop two types of immune responses. The innate immune response gets its name from being the 
type that we are born with and is the first to respond to intruders. As we are exposed to new pathogens 
during life, we develop the adaptive immune response, which is the response against a specific type of 
pathogen that the immune system recognizes. 

In a functioning body, the immune system releases factors that recognize certain patterns on the 
pathogen. In the case of Klebsiella, the body can recognize the outermost layer of the cells and start a 
response. We even have our own “soldiers”, known as antimicrobial peptides, that essentially act as 
natural antibiotics. Even so, sometimes this is not enough. You have probably heard of or even been 
treated with antibiotics at some point in your life. These work by harming or killing the pathogen when 
the immune system is unable to. In many cases, antibiotics are a must to ensure survival of patients, 
but the problem arises when they are used when it is not necessary.  

Sepsis is a collective name for what can happen when the immune system over- or under- reacts to 
infection and starts injuring the body. As previously mentioned, antibiotics are given when sepsis is 
suspected, and the body cannot fight the pathogen on its own, and this is the primary treatment when 
sepsis occurs. Since the immune response can cause the small blood vessels to leak, which allows the 
pathogen to spread through the bloodstream. What should be remembered is that the pathogen 
adapts in the same way as our adaptive immune system. This means that when antibiotics are given, 
the bacteria, such as Klebsiella, will learn not only how to evade the host immune system, but also the 
treatment.  

But, what happens when we are given antibiotics to help us get rid of an infection, and the pathogen 
is learning how to fight back? You might have guessed it, and you are correct – antibiotic resistance. 
The next time someone is infected with the same pathogen, they may not be able to be treated with 
that antibiotic and will instead be given another type. However, this is a vicious cycle, and now the 
bacteria will learn how this new treatment works, and something called multi-drug resistant bacteria 
are formed, which is a tremendous issue. Different bacteria have resistances to different antibiotics, 
meaning that identification of the pathogen is extremely important. 

Bacteria belonging to the Klebsiella family are known to harbour a wide range of antibiotic resistances, 
which has caused problems in care when a choice of treatment must be made. A way to find such 
resistances is in a clinical laboratory, where the bacteria is tested with the available treatments. 
Another way is by studying the genetic material, or DNA. As humans, bacteria express genes and 
proteins that have different functions. Antibiotic resistances are expressed by many different genes 
and can be studied by sequencing. The bacteria are cultured, and the DNA extracted, and then using 
next-generation sequencing, the DNA can be mapped and studied.  

This technology was used to study Klebsiella in this thesis, and it was concluded that one of the most 
common pathogens observed in infection and sepsis are resistant to many of the available antibiotics. 
Furthermore, it was found that almost half of the isolates identified as Klebsiella pneumoniae by 
standard methods used in clinical labs had been misidentified. Possible ways of distinguishing 
Klebsiella variicola and Klebsiella quasipneumoniae from Klebsiella pneumoniae were found, providing 
a basis for further studies that should be conducted to avoid misidentification and to find appropriate 
and effective treatments.  
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Introduction 

Sepsis 
Sepsis is not, as commonly thought, a single disease, but rather a collective name for the systemic 
reaction that can occur during a severe infection (Peters and Cohen, 2013). From the day that sepsis 
was first recognized, many different definitions have been suggested for the diagnosis, which in 2016 
was decided between the Society of Critical Care Medicine and the European Society of Intensive Care 
Medicine to be the Sepsis-3 definition: “A life-threatening organ dysfunction caused by a dysregulated 
host response system” (Head and Coopersmith, 2016; Singer et al., 2016; Seymour et al., 2016). Sepsis 
is yet today associated with high morbidity and mortality and is one of the leading causes of death 
worldwide, with higher mortality rates than both myocardial infarction and stroke (Yuki and Murakami, 
2015; Hawiger et al., 2015; 2016; Hamers et al., 2015).  

In Sweden, the risk for acquiring sepsis is increased in individuals with an age over the age of 85, with 
underlying cardiovascular diseases, and diabetes. The sample collection during the “Sepsis study 
Skaraborg” was performed at the time that sepsis was defined according to the sepsis-2 criteria in 
Sweden, where it was defined as the systemic inflammatory response syndrome (SIRS) caused by 
infection. The criteria included body temperature (higher than 38oC or lower than 36oC), heartrate (>90 
beats per minute (bpm), hyperventilation (respiratory rate >20/min and arterial CO2 concentration), 
and white blood cell count (>12 or <4 x 109/ml). The criteria have been further developed to the sepsis-
3 definition that was previously defined, and now includes the observation of organ dysfunction as 2-
point increase in sequential organ failure assessment (SOFA) score and an alteration of mental status 
(Ljungström, 2017).  

The criteria can differ between countries, and some use other clinical criteria such as muscle weakness, 
and gastrointestinal symptoms (Mayr et al., 2014; Edman-Wallér et al., 2016). Sepsis arises upon organ 
dysfunction, and septic shock develops when circulatory, cellular, and metabolic abnormalities occur, 
causing hypotension that cannot be affected by fluid resuscitation (Singer et al., 2016; Mayr et al., 
2014; Ljungström, 2017). The hypotension in patients with septic shock is identified by the 
requirement of vasopressor therapy to maintain a blood pressure of at least 65 mmHg and by the levels 
of serum lactate (>2 mmol/L). The mortality rate drastically increases with progressed disease state, 
and patients with severe sepsis are commonly hospitalized three times longer than patients with a less 
severe disease state (Chun et al., 2015).  

Sepsis can be caused by various forms of pathogens including bacteria, virus, fungi, and parasites, 
where Gram-negative bacteria is one of the most common sources (Chun et al., 2015). The outcome 
depends on predispositions and factors such as gender, genetic determinants, age, comorbidities and 
environment. Furthermore, infants, people with compromised immune systems and chronic illnesses 
are more often and more seriously affected (Singer et al., 2016; Chun et al., 2015). Treatment mostly 
consists of antibiotics and fluids, commonly broad-spectrum cephalosporins and fluoroquinolones. 
However, due to the increasing resistance, effective therapeutic are becoming limited and difficult to 
find (Girometti et al., 2014). It has been shown that early implementation of accurate antibiotic 
therapy is the most effective intervention, and in fact, when antibiotics are not administered early in 
the onset of sepsis, the mortality rates are drastically increased (Ledeboer et al., 2015).   

Early detection of infection-causing microorganism and its antibiotic resistance is crucial for an 
appropriate and effective treatment (Ledeboer et al., 2015). One of the major sepsis-causing 
pathogens is the Klebsiella family. Klebsiella is known to be an opportunistic pathogen that can cause 
a variety of infections such as urinary tract infections (UTIs), pneumonia, sepsis, meningitis, and 
pyogenic liver abscesses. (Golebiewska et al., 2014; Maatallah et al., 2014; Holt et al., 2015). 
Furthermore, several cases have been reported on the misidentification of the phylogroups Klebsiella 
variicola and Klebsiella quasipneumoniae as Klebsiella pneumoniae by standard clinical laboratory 
methods, and studies on the genome of the different Klebsiella phylogroups may give rise to new 
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information being obtained that can help avoid misidentification (Maatallah et al., 2014; 1Long et al., 
2017; 2Bialek-Davenet et al., 2014).  

Klebsiella 
Background 

Klebsiella is a family of rod-shaped Gram-negative, anaerobic, non-motile and non-flagellated bacteria 
(Golebiewska et al., 2014; Yayan et al., 2015; Brisse et al., 2014). The Klebsiella family of bacteria are 
opportunistic pathogens and can be found latently in the nasopharynx and gastrointestinal tract, 
where they are can cause infection if the immune system is compromised (Golebiewska et al., 2014; 
Maatallah et al., 2014; Holt et al., 2015). Furthermore, Klebsiella is often observed in patients with 
catheter-infections and catheter-associated UTIs, and as a causative pathogen for infections in surgical 
sites (Magill et al., 2014). 

Two of the subspecies include Klebsiella pneumoniae and Klebsiella oxytoca. Klebsiella pneumoniae 
can in turn be divided into three phylogroups: KpI, KpII, and KpIII. These phylogroups have been given 
names by which they are most commonly referred to: Klebsiella pneumoniae subsp. pneumoniae (KpI), 
Klebsiella pneumoniae subsp. quasipneumoniae (KpII), and Klebsiella pneumoniae subsp. variicola 
(KpIII). The different strains of Klebsiella are phenotypically similar to each other, causing the 
phylogroups to be highly underrepresented. Both K. variicola and K. quasipneumoniae have been 
misidentified as K. pneumoniae in clinical laboratories (Maatallah et al., 2014; 1Long et al., 2017; 
2Bialek-Davenet et al., 2014). Studies using whole-genome sequencing have found that the 
phylogroups differ in single nucleotide polymorphisms, or SNPs, which also correlate to the sequence 
type (Rimoldi et al., 2017; Cella et al., 2017). The subspecies K. pneumoniae is thought to be the most 
commonly occurring in sepsis and nosocomial infections in immunocompromised patients 
(Golebiewska et al., 2014; Chun et al., 2015; Martin and Bachman, 2018; 2Bialek-Davenet et al., 2014).  

Klebsiella spp. is one of the most frequent causes of outbreaks in hospitals as well as community-
acquired infections (Hendrik et al., 2015). In community-acquired infections, Klebsiella can either 
colonize or infect a person, where the most common environmental reservoirs being water, sewage, 
soil and plant surfaces. Transmission of Klebsiella most occurs through contact between infected and 
non-infected individuals and between healthcare-workers and their patients. Infections can further be 
caused by bacteria on surgical equipment due to biofilm-producing Klebsiella and is a common source 
of infection in hospitals. Despite different ways of acquiring an infection, it has been found that the 
source of the infection, whether it is from another infected person or from surgical equipment, does 
not affect the pathogenicity of the bacteria. The differences that occur between infections are mostly 
observed in the type of capsule and antibiotic resistance expressed (Martin and Bachman, 2018; Schroll 
et al., 2010).  

Antibiotic resistance and virulence 
Antibiotics are not only used in clinical settings, but also in the farming and food industry. According 
to the World Health Organization (WHO), the excessive use of antibiotics in animals to promote growth 
and prevent disease, is one of the major concerns world-wide when it comes to antibiotic resistance. 
Many of the bacteria that can cause infection in humans have gained antibiotic resistance because of 
the unnecessary use in animals, causing the most common antibiotics such as cephalosporins, 
aminoglycosides, fluoroquinolones, and carbapenems to become ineffective (World health 
organization, 2017; Xiao et al., 2017).  

One of the major problems with the Klebsiella pneumoniae species is its ability to produce 
carbapenemases (KPCs), since this drastically reduces the available treatment-options. The KPCs 
harbour resistance to antimicrobial treatments such as all β-lactams, fluoroquinolones, and 
aminoglycosides. Without appropriate treatment, the state of the patient can quickly worsen and 
become life-threatening (Bosmann and Ward, 2013; Lee and Burgess, 2012). This has caused the 
Klebsiella family of pathogens to become one of the most difficult infectious microorganisms to control 
(1Bialek-Davenet et al., 2014). 
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As the emergence of β-lactamases occurred, and there were more than 890 different protein 
sequences, a system of classification was produced, consisting of: Ambler classes A, B, C, and D. Classes 
A, C, and D utilize serine for the β-lactam hydrolysis, while class B requires divalent zinc ions for 
substrate hydrolysis. Class A includes TEMs, SHVs, CTX-Ms and KPCs (penicillinases). Amber class B are 
the metallo-β-lactamases (MBLs), class C includes cephalosporinases (AmpCs), and class D includes 
oxacillinases (OXA). MBLs and KPCs are primarily plasmid-mediated in Enterobacteriaceae. MBLs 
hydrolyse penicillin, cephalosporins, and carbapenemases, whilst KPCs can hydrolyse aztreonam as 
well (Rapp and Urban, 2012; Samuelsen et al., 2017; Freire et al., 2015; Sato et al., 2014). 

The multi-drug resistant (MDR) K. pneumoniae isolates commonly produce ESBLs and carbapenemases 
in combination with resistance to quinolone and aminoglycosides (1Bialek-Davenet et al., 2014). 
Aminoglycosides are a group of antibiotics that are often used together with β-lactams, and the 
resistance against aminoglycosides in Gram-negative bacteria is threatening the clinical efficacy of the 
antibiotics. The resistance is mainly conferred by production of aminoglycoside-modifying enzymes 
(AMEs) and 16s RNA methylases. Genes encoding AMEs and 16s rRNA methylases are often expressed 
along with other resistances, such as extended-spectrum β-lactamases (ESBLs) and carbapenemases, 
resulting in multi-drug resistant isolates (Haldorsen et al., 2014; Xue et al., 2014).  

The antibiotic resistance genes are most commonly associated with plasmids, and two of the most 
widely found plasmids in Klebsiella are FII and FIB (Cao et al., 2014; 1Long et al., 2017). The IncF 
plasmids have previously been proven to be responsible for virulence in Klebsiella by for example gene 
transfer of antibiotic resistance genes. The IncF plasmids have previously been found to carry both 
genes for antibiotic resistance, such as against beta-lactamases and protection of the bacteria against 
the human immune system  and enables the bacteria to adapt to the environment and evade killing 
by the immune response and by antimicrobial treatments (Dolejska et al., 2013; Salloum T et al., 2017; 
Rodrigues C., 2014).  

Misdiagnosis 
Identification of bacterial species in infections is routinely performed using matrix-assisted laser 
desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) and has been found to 
effectively identify Gram-negative organisms, thereby reducing the time to administer therapy 
(Ledeboer et al., 2015).  Infections require dedicated diagnostic testing to accurately diagnose an 
infection, and the use of MALDI-TOF MS enables clinicians to culture blood, urine, and other human 
samples, however it requires a positive culture with sufficient growth (Clark et al., 2013). MALDI-TOF 
MS is not only popular in clinical settings due to its high applicability, but also due to the low costs, 
high speed, and simplicity (Rahi et al., 2016).  

However, the MALDI-TOF MS system has been more focused on more commonly found bacteria and 
may not be as comprehensive for the less common types. The system works by identifying highly 
abundant proteins to create a mass spectrum. Although these proteins are in general unique to specific 
organisms, the mass spectrum is compared to a database, and is classified to the most closely related 
organism. This means that an organism must not be identified as deeply as the specific subgroup of a 
bacterial family, but instead to a family, a genus, or a species level (Patel, 2015). It has been previously 
observed that the common MALDI-TOF MS misidentifies K. variicola as K. pneumoniae (Ledeboer et 
al., 2015). 

K. pneumoniae, K. quasipneumoniae and K. variicola are phenotypically and genotypically similar and 
can be difficult to distinguish (Chen et al., 2015). Both K. variicola and K. quasipneumoniae have been 
misidentified as K. pneumoniae in clinical laboratories, and they are therefore highly underestimated, 
and approximately 20% of K. pneumoniae isolates have shown to be K. variicola in a previous study 
(Maatallah et al., 2014). This misidentification has led to the interpretation that K. pneumoniae is the 
most common phylogroup to cause sepsis and general infections, however this may not be true 
(Hagiwara et al., 2013; Holt et al., 2015). Cases have been reported where infections of K. variicola 
have occurred, but they have first been identified as K. pneumoniae (Berry et al., 2015; Seki et al., 
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2013). It has been previous suggested that identification of the causative pathogen is crucial for the 
survival of the patient, and that studies should be performed in this area to find appropriate organism-
specific treatments (Ani et al., 2015).  

Next-generation sequencing 

MALDI-TOF MS is a common method used in clinical labs to identify the bacteria causing an infection, 
however it requires culturing of the samples before any analysis can be performed and relies on 
sufficient growth. To decrease the time from when a patient arrives in the hospital to diagnosis, 
efficient methods are crucial. Furthermore, the use of culture-based methods for diagnosis can give 
both false negatives and false positives, which may not only lead to a patient not receiving appropriate 
treatment in time, but risks being overtreated with antibiotics, which itself poses serious risks for both 
the patient and for the increasing development of multidrug-resistant bacteria (Brenner et al., 2018).  

Sequencing has been developing since year 1975, but the most commonly known method of Sanger 
sequencing was introduced in 1977 by Sanger and colleagues (Sanger et al., 1977). This started a whole 
new era of research, allowing the determination of the order of nucleotides in DNA, and formed the 
basis for the research that followed in the next decades. It was the method used for the first major 
DNA sequencing experiment, the Human Genome Project, that took place over the span of 13 years, 
and successfully sequenced the human genome (Moraes and Góes, 2016). Next-generation sequencing 
(NGS), also known as second-generation sequencing, was not introduced until later and was based on 
the concept of massive parallel sequencing that can sequence millions of reads at once, but at a lower 
cost than the older Sanger sequencing. The method is based on fragmentation of DNA into smaller 
segments of only a few hundred base pairs, which leaves millions of small pieces that must be puzzled 
together (Grada and Weinbrech, 2013).   

The use of NGS has recently been emerging in clinical settings and is becoming a promising platform 
for supporting diagnosis of various conditions, including sepsis. With the costs of whole-genome 
sequencing declining, the use in clinical laboratories has increased, and has revealed new valuable 
information on infectious pathogens (1Zankari et al., 2012). The use of NGS for diagnosis of sepsis has 
previously been suggested, since the method can detect infection caused by several types of 
pathogens, including bacteria, viruses and fungi (Decker et al., 2017). Ways in which NGS can become 
more efficient are continuously studied, including ways to isolate bacterial DNA directly from liquid 
blood culture, and performing whole-genome sequencing on the material. This would reduce both the 
time and steps required, and decrease the turnaround time (Anson et al., 2018). NGS has further led 
to increased knowledge on the virulence of Klebsiella and has been used to identify several virulence 
factors, antibiotic resistance genes, and plasmid present in the genome of the bacteria. Furthermore, 
using NGS has led to increased knowledge in the different sequence types in each phylogroup and the 
characteristics of them, thereby providing valuable information that could be used when the specific 
sequence types are observed in clinical samples (Shankar et al., 2018).  

The aim in sepsis research is to find better ways of identifying the causative pathogen, and thereby 
finding optimal treatment. The advantages of using NGS is that it has been found to only require 
minute rates of bacteria and thrives in areas where standard culture-based methods fail, where it does 
not rely on growth of bacteria (Berner et al., 2018). Continuous research is being performed on the use 
of NGS in clinical microbiology as a possible method for diagnosis and further studies in the area could 
resolve new ways of effectively diagnosing sepsis and identifying the causative pathogen and save 
lives. In this study, NGS was used to study the genome of the Klebsiella family of pathogens to elucidate 
their pathogenicity and find better ways to distinguish them from each other and decrease the risk of 
misidentification and the unnecessary use of antibiotics. 

Aim 
The primary aim of the study was to use data obtained from next-generation sequencing of clinical 
bacterial isolates and a systems biology approach to study the genome of the Klebsiella species and 
provide evidence of the advantages of using NGS and systems biology to increase knowledge on 
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pathogens. A secondary aim was to compare genotypic results to the clinical data obtained by standard 
methods in clinical laboratories from the “Sepsis study Skaraborg” (Ljungström, 2017). A pipeline for 
analysis of bacterial sequencing data, identification of resistance genes and plasmids, and prediction 
of phenotypic characteristics was created. Compared to previous research, this study provided greater 
knowledge on the diversity, pathogenicity and characteristics of the Klebsiella species.  

Materials and methods 

Isolate collection and epidemiological setting  
A prospective observational study, “Sepsis study Skaraborg”, was carried out in 2011 and 2012 
cooperatively between the Department of Infectious Diseases at Skaraborg’s hospital, clinical 
bacteriology and clinical microbiology at Unilabs laboratory medicine, and the Systems biology 
research team at the University of Skövde (Ljungström, 2017). The study was approved by the Regional 
Ethics Committee in Gothenburg (no. 37611) and consisted of 2,475 patients with suspected sepsis, 
from which blood, serum, urine and nasopharynx samples were collected and stored in a biobank. 
Approximately 1,800 bacterial isolates were collected and senior physicians in infectious diseases 
assessed clinical records of the patient and results of microbial findings (Tilevik et al., 2017 
(Manuscript)).  

From “Sepsis study Skaraborg”, a total of 105 Klebsiella bacterial isolates were collected from 82 
patients with suspected sepsis (Ljungström, 2017). The sample collection included Klebsiella 
pneumoniae (n=82), Klebsiella oxytoca (n=21), and Klebsiella variicola (n=2), as defined by MALDI-TOF 
MS. Twelve of the patients had two isolates, one patient had three isolates, one patient had four 
isolates, and one patient had five isolates. Two patients had isolates from both K. pneumoniae and K. 
oxytoca. Furthermore, two Klebsiella pneumoniae isolates originate from the same culture, but were 
considered independent due to differences observed in the lab. Nine patients had the final clinical 
diagnosis of sepsis, however all patients had suspected sepsis. Cultures were obtained from blood 
samples (n=28), urine (n=71), nasopharynx (n=4) and wound (n=1). Phenotypic antibiotic resistance 
was tested according to EUCAST (www.eucast.org) guidelines using disc diffusion. Results were 
compared to those obtained by genotypic tests using ResFinder.  

Culture and DNA extraction  
Cell culturing and DNA extraction was performed by the team at Clinical Microbiology at Unilabs, 
Skövde. Bacterial colonies were cultured on blood-agar plates overnight at 37oC, and colonies were 
picked and diluted in sodium chloride (physiological saline solution) to a turbidity of 2 McFarland. DNA 
extraction was performed using the MagnaPure 96 DNA and Viral NA Small volume kit (200 µl sample) 
on a MagnaPure 96 instrument using the Pathogen Universal 200 protocol (Roche Diagnostics, 
Switzerland). DNA-concentration and purity were measured using a Qubit 2.0 and NanoDrop 
spectrophotometer, respectively (Thermo Fisher Scientific, USA), and DNA-extracts were kept at -20oC.  

Quality control, library preparation and NGS  
Controls, preparations and sequencing were performed at SciLifeLab in Solna, Stockholm. Sample 
preparation was performed according to Illumina’s guidelines for Nextera XT DNA sample preparation. 
Measurement of double-stranded DNA concentration was performed with broad- and low range assay 
kits on a Qubit 2.0 (Thermo Fisher Scientific, USA) and previously extracted DNA from Klebsiella was 
used as positive control during sequencing.  

Library preparation with enzymatic tagmentation, PCR-clean-up, and index-ligation was performed 
according to Illumina’s guidelines for Nextera XT. Fragment analysis was formed using a Bioanalyzer 
(Agilent technologies, USA) on the PCR libraries to obtain abundances and average length of fragments 
for each sample. Next-generation sequencing was performed at SciLifeLab, Solna. Isolates were 
sequenced using the Illumina HiSeq 2500 platform using the high-throughput protocol for bacterial 
genomes. Fastq-files compressed in zip format (.gz) containing sequencing data were then downloaded 
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from SciLifeLab to the University of Skövde. The fastq-files contained information on sequence 
identifier, the sequence, and quality scores and were used as input for trimming.  

Quality control  
Quality control and all following steps of analysis of raw data took place at the University of Skövde. 
Primary quality assessment of fastq-files was performed using the FastQC software (version 0.11.5) for 
Windows. The quality of the fastq-files was determined by assessing the per base sequence quality 
(PBSQ), per sequence quality scores (PSQS), per base sequence content (PBSC), per sequence GC 
content (PSGCC), k-mer content (KC), and adapter content (AC) (see Appendix 1) (Andrews, 2010). 

Trimming and assembly  
Trimmomatic 
Quality- and adapter trimming was performed using the Trimmomatic tool (version 0.36) for Windows. 
The Nextera XT adapter sequences were trimmed off using the built-in Nextera XT adapter sequences 
and the “ILLUMINACLIP” option with parameters set so that no mismatches were allowed, a 
palindrome accuracy of 20, and a simple clip threshold of 12. Furthermore, the “SLIDINGWINDOW” 
option was used to trim the sequences by quality, with parameters were set so that a sliding window 
of four bases was used, clipping if the average quality Phred score was below 15. Sequences were 
dropped if the sequence length was below 50 bases using the “MINLEN” option (Appendix 1 Figure 4) 
(Bolger et al., 2014). 

SPAdes 
Assembly of quality-assessed and trimmed fastq-files was performed using the St. Petersburg genome 
assembler (SPAdes) genome assembler (version 3.11.1) for Linux (Bankevich et al., 2012). Default 
settings were used for assembly, allowing SPAdes to perform read error correction using the 
BayesHammer module embedded in the SPAdes pipeline (Nikolenko et al., 2013) (Appendix 1 Figure 
7).  

Quality Assessment Tool for Genome Assemblies 
As suggested by the manufacturers of SPAdes, the Quality Assessment Tool for Genome Assemblies 
(QUAST) assembly evaluation tool (version 4.6.0) for Linux was used to assess the quality of the 
assembled contigs. QUAST evaluation was performed using default settings with reference sequences 
obtained from National Centre for Biotechnology Information (NCBI). Reference sequence for 
Klebsiella pneumoniae subsp. pneumoniae (ID NC_016845.1) was used for K. pneumoniae and K. 
variicola isolates, and reference sequence for Klebsiella oxytoca (ID NZ_CP011636.1) for K. oxytoca 
isolates (Gurevich et al., 2013) An average value was calculated from the obtained boxplot of coverage 
depth (Appendix 1 Figure 8). 

Genotypic analysis  
Analysis of the fasta-files was performed using freely available tools at the Centre for Genomic 
Epidemiology website (https://cge.cbs.dtu.dk), including PlasmidFinder 1.3, PathogenFinder 1.1, 
ResFinder 3.0, and CSIPhylogeny 1.4. The tool PlasmidFinder was used with “Enterobacteriaceae” as 
selected database, with default settings for ID threshold (95%) and minimum length (60%) (Carattoli 
et al., 2014). For PathogenFinder, the “Automatic Model Selection” option was chosen for the model 
(Cosentino et al., 2013). The ResFinder tool was used with threshold ID of 90% and minimum length of 
60% (1Zankari et al., 2012).  

Species identification  
Kraken 
Taxonomic classification of the fasta-files was performed using the Kraken system (version 1.0) for 
Linux. The prebuilt 8GB MiniKraken database was used for the classification of the isolates and run 
with default settings (Wood and Salzberg, 2014).  
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Multilocus sequence typing 
Strain identification by multilocus sequence typing was performed using the MLST tool (version 1.8) 
available at the Centre for Genomic Epidemiology website (https://cge.cbs.dtu.dk), and was based on 
seven housekeeping genes (gapa, infb, mdh, pgi, phoe, rpob, and tonb). The selected MLST 
configuration for K. pneumoniae and K. variicola was “Klebsiella pneumoniae”, and “Klebsiella oxytoca” 
for the Klebsiella oxytoca isolates (Larsen et al., 2012). 

Prediction of microbial traits  
Prediction of phenotypic traits was performed using the Traitar software (Version 1.1.2). Traitar was 
used to predict the presence or absence of 67 phenotypes from the input genome of each isolate, 
including enzyme production, growth, morphology, oxygen requirements, product, and proteolysis 
(Weimann et al., 2016). The output from Traitar results in outputs from the two different algorithms, 
phypat and phypat + PGL. The combined results were used to create a heatmap of traits that were 
predicted as present or absent by the two algorithms.  

Statistical analysis 
Statistical analysis was performed using R version 3.3.1 (R core team, 2016) and IBM SPSS version 24.0 
(IBM crop., USA). Kruskal-Wallis was used to assess the differences between K. pneumoniae, K. 
variicola, and K. oxytoca. Subsequent post-hoc Mann-Whitney U test was performed to determine 
significant difference between groups. A two-sided p-value < 0.05 was considered statistically 
significant.  

Ethical approval  
The “Sepsis Study Skaraborg” was approved by the Regional Ethics committee in Gothenburg 
(reference number 376-11). All patients were given oral and written information about the research. 
To be included in the study, patients had suspected sepsis, received antibiotics within 48 hours of 
arrival to hospital, was 18 years of age or older and give a written informed consent before being 
enrolled (Ljungström, 2017; Tilevik et al., 2017). No personal data that could be tied to an individual or 
compromise personal integrity, such as social security number, have been used or published in this 
thesis work.  
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Results 
The FastQC-results presented in Appendix 1 (Figure 1) show the output from FastQC, reports that have 
received fails (red mark), warning (yellow mark) or a pass (green mark) can be observed. Furthermore, 
Figure 1 shows that the raw fastq-files had received warnings for “Per tile sequence quality”, “Per base 
sequence content”, “Per sequence GC content”, and “Kmer content”, and fail for “Adapter content”, 
this was a general pattern for all files. Figure 2 in Appendix 1 presents the “Per base sequence quality” 
report, where it can be observed that the overall quality of the read is good, however the boxes and 
whiskers are quite large at the end of sequencing.  

A quality-trimming and removal of adapter sequences was performed using Trimmomatic, and the 
code used is presented in Appendix 1 (Figure 4). Following adapter- and quality-trimming, there 
remained warnings for “Per base sequence content”, “Per sequence GC content”, “Sequence length 
distribution” and a fail for “Kmer content” for all files, which can be observed in Figure 5 of Appendix 
1. Furthermore, it can be observed from Appendix 1 (Figure 6) that all reverse-files received a fail for 
“Per tile sequence quality”, due to the area with low quality at the top right of the report.  

Assembly of the trimmed fastq-files was performed using SPAdes (code presented in Appendix 1 Figure 

7), and QUAST was used to assess the coverage of the fasta-files against reference genome. The results 

presented in Table 1 show the observed coverage depth for each phylogenetic group of Klebsiella (see 

also Appendix 1, Figure 8). One of the K. oxytoca isolates (KLP1469) was found to have a coverage of 

11 and was considered as having low coverage. Results of genome fraction (%), N50-values, coverage, 

total length, and number of contigs are presented in Appendix 1 Table 1. The results indicate that most 

of the K. oxytoca isolates have a low genome fraction (%). 

Table 1. Observed coverage depth of the fasta-files compared to reference genome using QUAST. 
Coverage depth ≤19 20-29 30-39 ≥40 

K. pneumoniae (n=52) 1 4 31 16 

K. variicola (n=25) - 3 17 5 

K. oxytoca (n=20) - 11 7 2 

K. quasipneumoniae (n=6)  1 2 3 

K. quasivariicola (n=1) - - 1 - 

Multi-locus sequence typing identified several sequence types (STs) among the isolates using a seven-
marker gene set (gapA, infB, mdh, pgi, phoE, rpoB, tonB), and the results are presented in Appendix 3, 
Table 1. Among the most common STs observed were ST-14 (n=5), ST-347 (n=4), ST-176 (n=4), and ST-
1478 (n=3). All isolates with ST-14 were K. pneumoniae, all ST-347 and ST-1478 were K. variicola, and 
all ST-176 were K. oxytoca. The nine patients with the clinical diagnosis of sepsis were infected with 
ST-697 (n=2), ST-347 (n=1), ST-14 (n=1), ST-1478 (n=1), ST-85 (n=1), ST-2221 (n=1), and two had an 
unknown STs. However, all patients had suspected sepsis.  

A total of 67.6% of the isolates were sampled from urine (n=71) and 26.7% from blood (n=28). 
However, no significant difference was observed in number of blood- and urine samples between K. 
pneumoniae, K. quasipneumoniae, and K. variicola (results not shown).  

Diagnosis and species identification 
Diagnosis of the patients was obtained from the “Sepsis study Skaraborg” and the most common 
diagnosis for the 82 patients included acute- and non-acute tubulo-interstitial nephritis (17.1%), 
pneumonia (13.4%), UTIs (9.8%), and sepsis (8.5%). Other diagnosis included infections caused by 
prosthetics of the urinary tracts (6.1%), tumours (6.1%), and pancreatitis (4.9%). Among the infection-
diagnosis that were given beside the clinical diagnosis, the most common were acute tubule-interstitial 
nephritis (31.7%), pneumonia (12.2%), infection caused by prosthetics and implants (8.5%), sepsis, 
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(7.3%), and UTIs (6.1%). It should be considered that all patients had suspected sepsis and may have 
still had sepsis even though the diagnosis was not given. Ten out of the 82 patients included in the 
study did not give written consent to be included, and the diagnosis for these patients is unknown 
(Ljungström, 2017). 

Species identification was performed due to the previously discussed difficulties in properly identifying 
and separating the different K. pneumoniae phylogroups by MALDI-TOF MS. The results from MALDI-
TOF MS performed at the clinical microbiology lab at Unilabs was compared to those obtained from 
MLST, Kraken, and PathogenFinder, and the results are presented in Appendix 2. Out of the 82 original 
K. pneumoniae isolates as identified by MALDI-TOF MS, a total of 30 isolates were misidentified. Of 
these, 23 were identified as K. variicola, six as K. quasipneumoniae, and one K. quasivariicola. Two of 
the samples were inconclusive in the identification (KLP92 and KLP94 as presented in Appendix 2) and 
were considered as K. pneumoniae. 

One of the isolates from the Klebsiella oxytoca group (as identified by MALDI-TOF MS) was excluded 
from the study due to misidentification of species. The sample was identified by MLST and Kraken to 
be Escherichia coli with 100% identity. The identification was further supported by ResFinder and 
PathogenFinder, where proteins and resistance genes found were also from E. coli.  

Resistance genes and plasmids 
Analysis of the presence and absence of resistance genes and plasmids were carried out using the 
freely available online-tools ResFinder and PlasmidFinder, respectively. A statistical summary of the 
results for each phylogroup of Klebsiella are presented in Table 2 (further information in Appendix 3).  

Table 2. Summary of the number of identified plasmids and resistance genes in K. pneumoniae, K. 
variicola, K oxytoca, K. quasipneumoniae, and K. quasivariicola.  

 Isolate n Median Mean 
(95% CI) 

No. of plasmids K. pneumoniae 52 2.00 1.63 
(1.30-2.02) 

 K. variicola 25 1.00 1.44 
(0.89-1.99) 

 K. oxytoca 20 0.00 0.80 
(0.16-1.44) 

 K. quasipneumoniae 6 0.50 0.83 
(-0.2-1.87) 

 K. quasivariicola 1 1.00 1.00 

No. of antibiotic resistance 
genes 

K. pneumoniae 52 4.00 4.46 
(4.08-4.88) 

 K. variicola 25 4.00 4.04 
(3.82-4.26) 

 K. oxytoca 20 1.50 1.95 
(1.25-2.65) 

 K. quasipneumoniae 6 5.00 4.83 
(3.61-6.06) 

 K. quasivariicola 1 4.00 4.00 

* Columns represent number of isolates from each phylogroup (n), the median number of plasmids and 
antibiotic resistance genes (median), and the mean number of plasmids and antibiotics resistance genes 
(mean). Values in parenthesis represent the 95% confidence interval of the mean. 

Kruskal-Wallis was used to observe if any differences were present in number of plasmids and 
resistance genes between the three phylogroups K. pneumoniae, K. variicola, and K. oxytoca, and a 
pairwise Mann-Whitney U test was then used to observe which groups that showed significant 
differences. No statistical tests were performed for K. quasivariicola and K. quasipneumoniae due to 
the low number of isolates to represent the group and were therefore excluded from pairwise tests. 
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The results from Mann-Whitney U test performed on number of plasmids can be observed in Table 3. 
The table shows that a significant difference (p<0.05) was observed in the number of plasmids between 
K. pneumoniae and K. oxytoca, and between K. variicola and K. oxytoca. No significant difference in 
number of plasmids was found between K. pneumoniae and K. variicola (p>0.05). The most common 
plasmids observed in all isolates where the FII and FIB plasmids (Appendix 3, Table 2). No significant 
difference was observed in the number of plasmids between sample types, e.g. blood vs urine (p>0.05) 
(results not shown). No correction for multiple testing was performed due to the low number of tests.  

Table 3. Pairwise Mann-Whitney U test of number of plasmids in each phylogroup (genetic 
identification as K. pneumoniae, n=52; K. variicola, n=25; K. oxytoca, n=20).  

 K. oxytoca K. pneumoniae 

K. pneumoniae 0.0046  - 

K. variicola 0.0423  0.3954  

* Significance level of p<0.05.  

The results in Table 4 show the differences found in the number of resistance genes between the three 
phylogroups K. pneumoniae, K. variicola, and K. oxytoca by statistical analysis with pairwise Mann-
Whitney U test. A significant difference (p<0.05) in number of resistance genes between K. 
pneumoniae and K. variicola compared to K. oxytoca. No significant difference was detected in number 
of resistance genes between K. pneumoniae and K. variicola (p>0.05). No significant difference was 
observed in number of resistance genes between sample-types, e.g. blood vs urine (p>0.05) (results 
not shown). No correction for multiple testing was performed due to the low number of tests 
performed.  

Table 4. Pairwise Mann-Whitney U test of number of resistance genes in each phylogroup (K. 
pneumoniae, n=52; K. variicola, n=25; K. oxytoca, n=20).  

 K. oxytoca K. pneumoniae 

K. pneumoniae 8.6e-9  - 

K. variicola 9.3e-7  0.31  

* Significance level of p<0.05.  

A general pattern was observed for isolates belonging to the same phylogroup of Klebsiella, where 
some of the resistance genes only occurred for a specific phylogroup. As presented in Table 5, the most 
common type of antibiotic resistance gene observed was against beta-lactams, as all samples were 
found to harbour different forms of beta-lactam resistance genes. Phenicol resistance was only present 
in two of the K. pneumoniae isolates (Table 5). When studying the mean values, K. pneumoniae and K. 
quasipneumoniae had the highest number of resistance genes (see also in Appendix 4, Table 1).  

Table 5. Number of isolates with respective antibiotic resistance gene found by ResFinder at the Centre 
for Genomic Epidemiology.  

Antibiotic 
resistance 

K. pneumoniae 
(n=52) 

K. variicola 
(n=25) 

K. oxytoca 
(n=20) 

K. quasipneumoniae 
(n=6) 

K. quasivariicola 
(n=1) 

Aminoglycoside 7 - 5 2 - 

Beta-lactam 52 
 

25 20 6 1 

Fluoroquinolone 49 25 1 6 1 

Fosfomycin 52 24 2 5 1 

Sulphonamide 6 - 3 2 - 
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Tetracycline 4 - 3 - - 

Trimethoprim 4 - 1 - - 

Phenicol 2 - - - - 

Mean 3.52 2.96 1.75 3.50 3.00 

A comparison between genotypic and phenotypic antibiotic resistance is presented in Appendix 4 
Table 2. Some of the isolates were not tested for phenotypic antibiotic resistance in the lab, as 
indicated in the table with a single + or - (only positive or negative by genotypic analysis). Furthermore, 
none of the isolates were tested for fosfomycin or tetracycline resistance. An agreement was observed 
in the phenotypic and genotypic beta-lactamase resistance, however, the genotypic antibiotic 
resistance toward fluoroquinolone observed by NGS was not observed by disc diffusion in clinical 
laboratory.  

It was further discovered that among the isolates that expressed resistance against aminoglycosides 
(n=14), 100% expressed resistance against beta-lactams, and 71% (n=10) also expressed resistance 
against sulphonamide (sul). The aminoglycoside-resistance was further observed in combination with 
resistance against tetracycline (tet), trimethoprim (drf), fluoroquinolones (oqxAB), phenicol (cml), and 
fosfomycin (fosA). Aminoglycoside-resistance was conferred by the aph(3’)-la, aadA6, aph(3’’)-lb, 
aph(6)-ld, aadA1, and aadA2 genes.  

PathogenFinder and Traitar 
All isolates (n=105) from all phylogroups were considered by PathogenFinder as “Potential Human 
Pathogen”. With the results, a list of both pathogenic and non-pathogenic proteins was obtained, and 
among the non-pathogenic proteins nif-proteins (nitrogen-fixation protein) and regulatory proteins 
were used to support the differences between the phylogroups (Appendix 5). The presence of nif 
proteins was observed in all K. variicola (n=25) and K. quasivariicola isolates (n=1), where five K. 
variicola isolates expressed all four of the used nif proteins, whilst 17 of the isolates expressed three 
out of the four proteins and two isolates expressed two of the nif proteins. Furthermore, the presence 
and absence of lipopolysaccharide O-antigen transport system component was analysed and are 
presented in Appendix 5. It was observed that 52% (n=27) of the K. pneumoniae isolates expressed this 
component, and the only other phylogroup expressing lipopolysaccharide was the K. quasivariicola 
isolate (n=1).   

Traitar was used to compare predicted traits of the different phylogroups. A representation of the 
results is presented in Appendix 1 Figure 9-11. As can be observed in  Figure 9, the K. oxytoca isolates 
have a positive prediction from both algorithms (as indicated by dark blue shade) for indole 
production. When comparing indole production in all phylogroups, it was found that K. oxytoca was 
the only group with an agreement between both phypat and phypat + PGL for all samples. The results 
in Appendix 1 Figure 9-11 further provides results of the differences in indole production and yellow 
pigment observed between the phylogroups. Other results found were as expected by literature, such 
as Gram-negativity, growth on blood agar, lysine decarboxylase (positive), and positive for Voges-
Proskauer test (Brisse et al., 2014).  
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Discussion 
The data obtained from NGS contains useful information such as antibiotic resistance, plasmids, 
virulence factors and pathogenic proteins. When considering the pros and cons of both standard 
laboratory methods and next-generation sequencing, continuing the development and advancement 
of sequencing and optimizing data-processing seems like a bright future in research. Just imagining all 
the things that would still remain unknown without sequencing is itself proof enough of the 
importance of systems biology and using the information of how different ‘omics’ relate to each other. 
In this thesis, genomics was the major component, and provided a variety of valuable information of 
the human pathogen Klebsiella. If the choice had to be made to either develop MALDI-TOF MS or NGS, 
the use of NGS provide much more information. Only in this thesis, several different tools have been 
used that are freely available and that can provide vast amounts of information on anything from 
plasmids to resistance genes, to sequence types and traits. The possibilities with NGS are endless and 
imagine if every time it is used in combination with diagnosis, new information is obtained, thus 
continuously expanding the information and knowledge that we have on pathogens.  

The information from sequencing must be extracted from the multiple megabytes of data and requires 
the tools to perform this in an effective way, which is where systems biologists are incredibly 
important. In this master thesis, analysis of presence or absence of resistance genes was performed 
using ResFinder. The tool identifies acquired antimicrobial resistance genes from the assembled fasta-
files created using SPAdes (1Zankari et al., 2012). The ResFinder tool has been found to have a high 
agreement with phenotypic antibiotic resistance (99.74%) and is therefore a useful tool for predicting 
resistance from genomes (2Zankari et al., 2012). A species identification of the isolates was performed, 
since two separate studies found that an infection with K. variicola had been misidentified (Berry et 
al., 2015; Seki et al., 2013). The pros and cons of MALDI-TOF MS in identification of microbes and 
support of diagnosis have previously been discussed, where for example the low costs, high speed and 
simplicity make it a preferred method (Ledeboer et al., 2015; Clark et al., 2013; Rahi et al., 2016). 
However, it has also been found that the method has difficulties in distinguishing the different 
Klebsiella phylogroups (Patel, 2015; 1Long et al., 2017).  

A combination of results from Kraken, PathogenFinder, ResFinder, and “Species” at Centre for 
Genomic Epidemiology (CGE) were used for the genotypic identification of species, as presented in 
Appendix 2. The tool SpeciesFinder at CGE could not be used, since it was discovered that it was unable 
to distinguish many of the Klebsiella isolates from other bacteria such as Yersinia pestis. Similar findings 
were obtained in another study, where E. coli isolates could not be distinguished from Shigella (Tilevik 
et al., 2017 (manuscript)). A batch-upload to the CGE-website was performed, where a result of 
“species” was obtained. Using this method, most of the K. pneumoniae and K. variicola isolates could 
be identified, however many of the K. oxytoca and K. quasipneumoniae isolates had an unknown 
species.  

Both K. variicola and K. quasipneumoniae have been found to be very similar to K. pneumoniae, making 
them difficult to distinguish from each other (1Long et al., 2017; Maatallah et al., 2014; 2Bialek-Davenet 
et al., 2014; Chen et al., 2015). The phylogroups K. pneumoniae subsp. pneumoniae, K. variicola, and 
K. quasivariicola all belong to the KpI subspecies, whilst K. oxytoca creates its own subspecies, which 
is likely a reason why the three firstly mentioned phylogroups are more closely related. As presented 
in Appendix 2, many of the isolates that had been identified as K. pneumoniae by MALDI-TOF MS were 
identified from analysis of NGS-data to be K. variicola. Other isolates were further identified as K. 
quasivariicola and K. quasipneumoniae. A total of 30 isolates from K. pneumoniae had been 
misidentified, as presented in Appendix 2. 

All samples belonging to the K. pneumoniae and K. variicola (as identified by MALDI-TOF) expressed 
resistance against beta-lactams, fluoroquinolone and fosfomycin. When observing the results from 
ResFinder (Appendix 5), it can be observed that almost half of the K. pneumoniae isolates expressed 
the blaLEN type, which is conserved to K. variicola. It was further observed that some of the K. 
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pneumoniae isolates expressed the blaOKP type of beta-lactamase, suggesting that the isolates 
belonged to another phylogroup. This finding has previously been made, where isolates that were 
thought to belong to K. pneumoniae were re-identified as K. quasipneumoniae by the expressing of the 
OKP-type beta-lactamase (Shankar et al., 2018; 1Long et al., 2017; Becker et al., 2018). The results from 
ResFinder and Kraken were compared, and a consistency was found between beta-lactamase 
expression and species identification by Kraken, where all K. pneumoniae samples expressed blaSHV, K. 
variicola and K. quasivariicola expressed blaLEN, K. quasipneumoniae expressed blaOKP, and K. oxytoca 
expressed blaOXY.  

The association of the different class A beta-lactamases in the phylogroups of Klebsiella has previously 
been shown and has later been suggested to be used as molecular marker to differentiate between 
the species (Nicolás et al., 2018). The limitations are the presence of SHV beta-lactamase genes 
encoded in the plasmids, and the expression of OKP instead of LEN in K. variicola (Hæggman et al., 
2004; Nicolás et al., 2018). Another study has found similar results, but where a strain identified as K. 
variicola carried the chromosomal OKP-type. An example of such a case was observed with isolates 
KLP92 and KLP94 presented in Appendix 2. MALDI-TOF MS and Kraken identified the two samples as 
K. pneumoniae, however the isolates expressed the blaOKP-type beta-lactamase, as presented in 
Appendix 4 Table 2, suggesting that they have obtained the gene by transfer from K. quasipneumoniae, 
that a recombination has occurred, or that they have been misidentified as K. pneumoniae.  

The agreement between species identification and the expression of beta-lactamases, implicates the 
possibility of using the expression-patterns of the phylogroup as a means of efficient diagnosis (Becker 
et al., 2018). This has been suggested in a study published by Fonseca and colleagues in 2017, where 
they found that the three beta-lactam genes are flanked by the chromosomally-encoded deoR and a 
gene coding for an ATPase, that are part of the bacterial stable genome. Based on this, primers can be 
designed to target each specific bla and the chromosomal gene flanking them, thereby avoiding 
recovery of plasmid-borne blaSHV alleles, and only chromosomal species-specific bla genes (Fonseca et 
al., 2017). It was also proposed by another study that the relationship between the presence of the 
OKP-type enzyme and the K. quasipneumoniae phylogroup could be used as identification (Harada et 
al., 2016). As mentioned previously, proper identification of the causative pathogen is crucial for 
choosing the appropriate treatment, and thus, using these differences among the phylogroups in 
further studies may be a way to avoid misidentification (Ani et al., 2015). 

Interestingly, the K. pneumoniae KLP1248 isolate was identified as K. quasivariicola (Appendix 2), a 
novel Klebsiella phylogroup. In a study from 2017 performed by Long and colleagues, isolates of 
Klebsiella were sequenced and strain identification was performed. The group found that some of the 
isolates were very similar to K. variicola, but however differed slightly from the reference genome. 
From the study, it was discovered that the K. quasivariicola strain expressed the blaLEN-type beta-
lactamase on its chromosome, a gene often observed in K. variicola, whilst no other beta-lactamase 
gene was detected (2Long et al., 2017). These findings are consistent with those found in this thesis 
work, and as presented in Appendix 5, the KLP1248 isolate that was identified as K. quasivariicola by 
Kraken expressed the blaLEN beta-lactamase. 

In the clinical laboratory, antibiotics susceptibility testing is routinely performed using disc diffusion. 
This is a method where bacteria are grown on agar plates and antibiotic discs are placed in different 
parts of the plate. The plates are then incubated and the diameter surrounding the disc where the 
bacteria has not grown is measured. Antibiotic resistance is observed if the bacteria is not affected by 
the disc and can grow in the area surrounding it (Hombach et al., 2017). It should be kept in mind that 
the resistances presented when analysing presence of resistance genes, is not the same as observing 
a phenotypic resistance in the lab.  

As shown in Appendix 4 Table 2, the phenotype of beta-lactamase resistance did not completely 
coincide with that seen from resistance gene analysis. In some cases, isolates that had shown the 
presence of resistance genes against beta-lactams did not show the phenotype for this resistance. This 
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is further presented in the results in Appendix 4 Table 1, where none of the isolates that had the 
presence of antibiotic resistance genes against fluoroquinolone presented the phenotypic antibiotic 
resistance. Furthermore, in some cases, including the KLP139, KLP257, KLP749, and KLP923, a 
phenotypic resistance was observed against trimethoprim when performing disc diffusion, however 
the isolates did not harbour the genes for this antibiotic resistance. Another example can be observed 
for the KLP933, where a phenotypic antibiotic resistance was observed for KLP933 against phenicol, 
which was not observed by genotypic analysis.  

One way for the bacteria to harbour phenotypic antibiotic resistance without the genes for the 
resistance is by non-inherited resistance, or persistence. This can for example be seen with antibiotic 
treatments that are effective on dividing cells by disrupting translation of mRNA. However, if the cells 
are not dividing and are non-growing, the antibiotic will have no effect. This type of resistance will not 
be seen genotypically, and therefore cases can occur where a phenotypic resistance is observed in the 
lab, but not genotypically (Gardner et al., 2007). Non-inherited antibiotic resistance could therefore 
explain the previously discussed cases of isolates that did not harbour a specific antibiotic resistance 
gene but did however present antibiotic resistance in the clinical lab.  

In two cases is was observed that the isolates expressed both blaSHV or blaOXY, and blaTEM-1B-type of beta-
lactamase (KLO1516 and KLP1043). The blaTEM-1B beta-lactamase has been considered a marker for 
resistance against broad-spectrum cephalosporins, and the presence of blaTEM is associated with ESBL-
strains (Ku et al., 2017). The two different patients from which these isolates were sampled, were both 
diagnosed with pneumoniae. Furthermore, the 1516 isolate was found to be the K. oxytoca isolate 
with the highest number of antibiotic resistance genes (n=7), including two resistance genes against 
aminoglycoside, two against beta-lactams, and one for each of sulphonamide, tetracycline, and 
trimethoprim. However, the only resistance observed by phenotype was against trimethoprim, but 
none of the other antibiotics tested.  

When comparing the results in number of resistance genes and plasmids, there is a significant 
difference in resistance genes and number of plasmids between K. pneumoniae compared to K. 
oxytoca, and between K. variicola and K. oxytoca. However, no significant difference was seen between 
K. pneumoniae and K. variicola in neither resistance nor plasmids. Interestingly, Klebsiella pneumoniae 
has previously been said to be the most common strain to be associated with infection, and that K. 
variicola and K. quasipneumoniae are less common and less virulent (Hagiwara et al., 2013; Holt et al., 
2015). These statements are interesting since this study provides evidence of the opposite, and that K. 
variicola is highly underrepresented. Out of the 105 starting isolates, it was thought that only two 
isolates belonged to the K. variicola phylogroup. However, it was later found that the true number was 
25 isolates. Furthermore, out of the nine patients that were diagnosed with sepsis, five of these had 
infections caused by K. variicola. This suggests that previous statements made that K. pneumoniae is 
the most common phylogroup, may be due to misidentification of both K. variicola and K. 
quasipneumoniae.   

A list of antibiotic tests performed in the Unilabs laboratory (Skövde) was obtained and it was observed 
that none of the samples were tested for fosfomycin-resistance. This may be due to this antibiotic not 
being routinely tested in the lab, if this is not one of the options considered for treatment. Despite this, 
as seen in the results in Table 4 and in Appendix 4 Table 1, K. pneumoniae (100%), K. variicola (96%), 
K. oxytoca (10%), K. quasipneumoniae (83%), and K. quasivariicola (100%) expressed resistance against 
fosfomycin. Furthermore, the K. oxytoca isolate (KLO429) that expressed resistance against 
fluoroquinolone according to ResFinder, was found to be sensitive to this antibiotic in the lab.  

In Sweden, according to the Swedish pharmaceutical website “Farmaceutiska Specialiteter i Sverige”, 
or FASS (available at www.fass.se), it can be read that fosfomycin should only be used when other 
antimicrobial agents are considered inappropriate or when they are found to be ineffective. This 
includes treatment of infection such as UTIs, nosocomial infections of the nasopharynx, bacterial 
meningitis, and bacteraemia. Furthermore, it is seldom used as a monotherapy (used on its own) in 



15 
 

Sweden, to avoid development of resistance (1FASS, 2018). Studies have been performed on the 
effectiveness of fosfomycin on Klebsiella and other bacteria, including MDR strains. One study found 
that a high resistance to fosfomycin was observed in Klebsiella and the treatment was less effective 
than against E. coli in UTIs (Matthews et al., 2016). Since all patients included in the study had 
suspected sepsis, and fosfomycin is not a first-in-line treatment in Sweden for severe infections, this 
can explain the lack of testing for this antibiotic.  

It can further be observed from Appendix 4 Table 1 that antibiotic resistance against tetracycline was 
not tested in the clinical laboratory. This may also be due to the same reasons as with fosfomycin, since 
it is not the primary treatment of suspected sepsis in Sweden. According to FASS, tetracycline is more 
commonly used to treat severe acne vulgaris, pneumonia caused by mycoplasma pneumoniae, 
chlamydia psittaci, or chlamydia pneumoniae. Furthermore, it is used to treat chronic bronchitis, and 
borrelia (2FASS, 2018). Thus, the tetracycline may not be considered an appropriate treatment, and is 
therefore not tested. As opposed to fosfomycin, where a high prevalence of genotypic resistance was 
observed, the lack of testing for tetracycline resistance is interesting due to the low prevalence of 
resistance. As presented in Appendix 4 Table 1, only six isolates harboured antibiotic resistance genes 
against tetracycline. Previous studies in USA have found that the resistance towards tetracycline has 
not increased at the same rate as resistances to other antibiotics. Furthermore, the study suggested 
that tetracyclines can prove to be useful in treatment of carbapenem-resistant Klebsiella pneumoniae 
(Sanchez et al., 2013).   

Five patients were diagnosed with different forms of tumours, and four of these patients received an 
infection-diagnosis as well. The patient with a malignant tumour in the gallbladder had an infection-
diagnosis of sepsis caused by K. variicola, and three other patients with tumour in the urinary tract, 
pancreas, and prostate were diagnosed with infections caused by K. pneumoniae, including acute 
tubulo-interstitial nephritis in two cases, and an unspecified bacterial infection. In a previous study it 
was found that carbapenemase-producing K. pneumoniae increased the mortality rate when they 
infected cancer patients in hospitals, and that K. pneumoniae was one of the most common pathogens 
found to infect cancer patients. The increased mortality rate has been suggested to be due to that 
cancer patients are immunocompromised, meaning that they often do not show as many signs of 
infection as healthy individuals, and the signs can be confused with progression of the cancer. This may 
lead to treatment being administered too late, thereby allowing the infection to grow and spread 
before appropriate treatment is given (Freire et al., 2015). Furthermore, if the patients have previously 
been diagnosed with tumours or cancer and have been treated with chemotherapy, this would have 
affected the immune system, thus giving the opportunistic Klebsiella the opportunity to infect the 
patients.  

It was previously discussed that aminoglycoside-resistance is often observed in combination with 
resistance to other antibiotics, since the genes encoding AMEs and 16s rRNA methylases are located 
along with ESBLs and carbapenemases (Haldorsen et al., 2014). In this study, it was found that all 
isolates expressing resistance against aminoglycosides, also expressed resistance against at least one 
other form of antibiotic (Appendix 4 Table 1). Furthermore, aminoglycoside-resistance was always 
observed in combination with β-lactamase resistance, which is a major concern since as discussed 
previously, aminoglycosides are commonly used in combination with beta-lactams (Haldorsen et al., 
2014). It has been discovered that the resistance against aminoglycoside and beta-lactams is highly 
transferable between bacteria, thereby increasing the risk of MDR strains (Xue et al., 2014).  

In Appendix 3, Table 2, the different plasmids expressed by the isolates can be observed. As discussed 
in the results, the most common plasmid among all phylogroups were the IncFII and IncFIB plasmids. 
The IncFII and IncFIB plasmids have previously been reported to be the predominant plasmids found 
in Klebsiella (Cao et al., 2014; 1Long et al., 2017). A study observed that plasmid-mediated quinolone 
resistance was predominantly determined by the presence of the oqxAB genes (Cao et al., 2014). By 
comparing these findings to those obtained in this thesis, all K. pneumoniae, K. variicola, K. 
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quasipneumoniae and K. quasivariicola exhibiting resistance against fluoroquinolone also harboured 
the oqxAB gene.  

Among the isolates, one was identified as ST-11, which has been associated with ESBL and KPC 
production. The diagnosis of the patient infected with the ST-11 K. pneumoniae is unknown, however 
it can be compared to previous studies. It has been found that the sequence type harbours IncFII 
plasmids in combination with IncFII(k) and IncN plasmids. Furthermore, they observed that ST-11 
presented antibiotic resistance genes against several antibiotics, such as beta-lactams, 
aminoglycoside, trimethoprim, chloramphenicol, fosfomycin, fluoroquinolone, sulphonamide and 
tetracycline. In this study, the isolate harboured the IncFII(k) plasmids and presented antibiotic 
resistance genes against beta-lactams, fluoroquinolone, and fosfomycin. It was however non-KPC-
producing. The previous study does however also suggest that the ST-11 K. pneumoniae has a strong 
ability to acquire antibiotic resistance genes, and more isolates from clinical samples are found to be 
KPC-producing, suggesting that this could occur with the current isolate (Liu et al., 2018).  

The core genome of K. pneumoniae and K. variicola share some virulence-associated genes, encoding 
for example fimbriae that enable the bacteria to attach to the host cells, form biofilms, antibiotic 
tolerance, and evasion of the host immune system. A difference that was identified between the two 
species is the presence of the nif cluster in K. variicola, enabling nitrogen fixation (Andrade et al., 2014). 
The presence of nif genes has previously been shown to be a way to distinguish between the Klebsiella 
species, since the expression is often higher among K. variicola samples than in K. pneumoniae, and K. 
quasipneumoniae. From a study by Chen and colleagues, it was found that the three species had very 
different levels of nitrogen-fixation, the highest being observed in K. variicola and the lowest in K. 
pneumoniae. Using the nitrogen-fixing property, they could also identify 11 K. pneumoniae strains that 
had been misidentified and had a 99% average genome identity (ANI) to K. variicola (Chen et al., 2016; 
1Long et al., 2017).  

Similar findings have been reported in another study, where it was found that all the K. variicola 
isolates expressed nif genes, whilst only half of the K. quasipneumoniae and one of the K. pneumoniae 
isolates expressed the genes (Holt et al., 2015). By comparing these previous findings to those shown 
in Appendix 5, it was observed that all e K. variicola isolates expressed nif genes, however no 
expression was observed in any of the K. pneumoniae, K. quasipneumoniae, or K. oxytoca samples. It 
can also be seen that the K. quasivariicola sample expressed nif genes, further implicating the 
relationship and similarity between K. variicola and K. quasivariicola as previously suggested.  

Furthermore, it was observed that K. pneumoniae and K. quasivariicola were the only phylogroups that 
expressed the lipopolysaccharide (LPS) O-antigen ABC transport system transmembrane component 
(Appendix 5). As previously discussed, LPS is expressed by Gram-negative bacteria and is one of the 
first parts that interacts with the host immune system (Chaplin, 2010). The natural AMPS produced by 
the innate immune system is important for the defence against pathogens. Histones have also been 
shown to play an important role in the immune response, and it has been found that histones are 
found in the cytoplasm of neutrophils – one of the AMP-producing cells (Greenfield and Whitfield, 
2012). Furthermore, histones can be found in the mucosal surfaces of the human stomach and has 
shown to be released to the bloodstream during sepsis. It has been suggested that the LPS O-antigen 
is partly responsible for protecting the bacteria from the host immune system, especially against 
histone activity (Chaput et al). Klebsiella pneumoniae is dependent on the ABC-transport system, since 
this enables transportation of components for biosynthesis of the LPS (Greenfield and Whitfield, 2012). 

Furthermore, LPS has been shown to be a crucial component of the outer membrane to ensure 
stability, permeability, and protection of the membrane. The presence of LPS is also important for the 
production of outer membrane vesicles (OMVs), which is a means for pathogens to secrete virulence 
factors such as toxins. Alterations of the LPS was found to affect protein sorting in K. pneumoniae and 
the contents of the OMV secreted, as well as highly impact the structure of the outer cell membrane 
(Cahill et al., 2015). It was found in a study by O’Donoghue in 2017 that when OMVs from E. coli were 
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purified and injected in mouse models, they could cause severe sepsis even in the absence of bacterial 
cells (O’Donoghue et al., 2017). The fact that the K. quasivariicola isolate was the only other isolate 
apart from K. pneumoniae that expressed LPS ABC transport component may explain the 
misidentification of the phylogroup, since this might be an implication that the two groups are 
phenotypically similar, and the differences may not be observed in laboratory settings.   

The results from Traitar presented in Appendix 1 Figure 9 indicated differences in predicted traits 
between the groups. Traitar uses two different algorithms for trait prediction, including one purely 
phyletic algorithm (phypat) that considers the evolutionary development, and another algorithm that 
also considers the phylogeny (phypat+PGL), that considers the ancestral protein family gains and 
losses. The combination of evolutionary and ancestral prediction (phypat+PGL) has been found to 
predict traits more accurately compared to the pure phyletic algorithm (Weimann et al., 2016).  

It was observed that K. oxytoca was the only group with an almost 100% agreement in indole 
production for both algorithms (as indicated by dark blue boxes in Appendix 1 Figure 9-11). These 
findings have been provided by previous studies, where it was found that indole production was a way 
to distinguish K. oxytoca from K. pneumoniae (Maslow et al., 1993; Alves et al., 2006). Furthermore, it 
was observed that K. oxytoca was the only group where none of the isolates produced yellow pigment 
during growth (as indicated by white boxes in Appendix 1 Figure 8. Other predicted traits were as 
expected, including Gram-negativity, non-motile, lysine decarboxylase (positive), and positive for 
Voges-Proskauer test.  

One of the patients (no. 10) included in this thesis had five separate bacterial isolates (KLP918, 
KLP1259, KLP1263, KLP1269, KLP1809) from urine, blood, and nasopharynx sampled at three different 
occasions. The first sample was taken from the urine, at which point the patient was diagnosed with 
aplastic anaemia and unspecified fever. The sample KLP918 was isolated from this first sample and was 
identified as K. pneumoniae by clinical laboratory. However, as seen in Appendix 2, based on the 
genotypic analysis, this isolate was identified as K. variicola with complete agreement between the 
different tools. A month later, the patient was sampled from blood, urine, and nasopharynx. The 
patient was given the same diagnosis as previously, and the three isolates were identified as K. 
pneumoniae by both MALDI-TOF MS and NGS. At the last appointment, four months after the first, the 
patient gave a urine-sample which was positive for K. pneumoniae. At this point, the patient had 
developed sepsis and acute tubulo-interstitial nephritis, or acute kidney-failure.  

In the case of the patient in this thesis, most likely a regime of antibiotics was given after the first 
positive urine-sample with Klebsiella. Interestingly, the first sample was positive for K. variicola, whilst 
the following samples were positive for K. pneumoniae, which could indicate on a double-infection 
with both phylogroups, but that only one was successfully grown from the first sample. As presented 
in Appendix 5, the K. pneumoniae samples from this patient expressed LPS. This may also be a causative 
factor for the survival of the K. pneumoniae and the development of sepsis, whilst K. variicola – which 
did not express LPS – could not evade neither the host immune system nor be protected against 
antibiotics. As discussed previously, the expression of LPS by K. pneumoniae in this patient may explain 
why sepsis developed, since the immune system is activated, but the pathogen is protected (Hsieh et 
al., 2012; Bahar and Ren, 2013).  

In a study from 2014, it was found that 28% of cases with acute tubule-interstitial nephritis were 
caused by drugs, where antibiotics was one of the most common causes and was often seen in 
association with other manifestations such as fever (Raghavan and Eknoyan, 2014). Antibiotics can also 
become harmful when the infecting pathogen expresses LPS. It has been found that the reduced 
inflammatory response that the natural AMPs ensure does not occur with antibiotics. This means that 
during the infection, secretion of LPS can cause the immune system to overreact, which itself can lead 
to sepsis (Bahar and Ren, 2013).  
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It was further observed by MLST that the four K. pneumoniae isolates responsible for the development 
of sepsis in this patient (no. 10) belonged to the sequence type 14 (ST-14), that is associated with the 
K2 serotype. In a previous study, this ST was resistant to serum-killing and was found to be 
hypervirulent. A higher lethality in mice infected with the type was also observed (Mei et al., 2017; 
Anes et al., 2017). These findings present additional possibilities for the survival of the bacteria in the 
patient, despite administration of antibiotics.  

The coverage depth obtained from QUAST presented in Table 1 of the results show that one of the 
isolates (KLP1469) had a coverage of 11 (additional information in Appendix 1 Table 1). Furthermore, 
it was observed that all other K. pneumoniae files obtained from SciLifeLab had a size of somewhere 
between 70-120 kB. The 1469 isolate however had file-sizes of only 35-40 kB, suggesting that either 
not as much DNA was obtained from that sample in the first steps, or that sequencing was not as 
successful. This can be further studied from the results in Table 1 of Appendix 1, where the information 
indicates that a greater number of contigs (n=170) was created from this alignment, but a full-length 
genome was assembled when compared the length to the reference genome. However, the reliability 
of the results is affected by the low coverage and high number of contigs, this this generally means 
that a greater number of small segments were assembled, rather than finding larger contigs that align 
with the reference – hence giving a higher reliability of the true genome being assembled.  It was 
however still included in the study, and the coverage should be kept in mind. Furthermore, the 
coverage depth of all isolates was manually interpreted, and should not be considered a definitive 
value, but should be compared to the other values presented in Appendix 1 Table 1. The ST of the 
isolate as well as presence of plasmids and resistance genes could still be found, however the results 
may not be as reliable considering the low coverage.  

Previous studies have used various thresholds of coverage depth, including coverages of at least 50, 
85, and as high as 250 (Villa et al., 2014; Runcharoen et al., 2017). Compared to other studies, the total 
length of the obtained contigs following assembly agrees with what has been found previously and 
agrees with the reference (Runcharoen et al., 2017). It can be observed from the results in Appendix 1 
Table 1 that most of the K. oxytoca isolates had a very low genome fraction compared to the reference. 
The genome fraction is the total number of aligned bases in the reference divided by the genome size, 
or simply an average of the number of aligned bases (Gurevich et al., 2013). This means that only a 
minute portion of the isolates belonging to K. oxytoca aligned against the reference of K. oxytoca. This 
was observed from many of the reports from QUAST, suggesting that there may be faults in the 
methodology and parameters used in either trimming or assembly, or alignment against reference 
with QUAST. Other software for both purposes could have been tested to ensure that the results seen 
were not due to methodology, as well as using other parameters for the analysis. 

The percent GC content and the total length of the genomes agree well with the reference, and the 
N50-values are not considerably lower for the isolates with lower genome fraction. The N50 value is a 
way to interpret the average length of the contigs and compared to another study of K. pneumoniae 
the total length corresponds well, however the N50 in this thesis is smaller (Runcharoen et al., 2017). 
This could be explained by the higher number of contigs produced, causing them to become shorter 
instead. Furthermore, the mentioned study used another software for the assembly than what was 
used in this thesis, which may explain the differences between the results. It can further be considered 
that the genome fraction (%) presented in Appendix 1 Table 1 is rather low for all isolates not belonging 
to K. pneumoniae – including those that had been misidentified. This could either suggest that the 
sequencing was not successful, however since this is seen as a pattern over all samples of K. variicola 
and K. pneumoniae, it may also point to the differences in the genomes of the different phylogroups. 
Furthermore, the results seen from the low genome identity may be due to faults in the methodology 
and may have been caused along the way of trimming, assembly, and alignment against reference 
genome. The reference genome for K. pneumoniae was used for K. variicola samples, and even though 
the use of a better reference could have given better results,  this most likely would not affect the 
outcome since the two are very similar genetically. This further suggests that faults may have been 



19 
 

caused in previous steps.  As mentioned, most other studies work with a higher coverage depth than 
that observed in this study, which should be kept in mind when considering the results, keeping the 
low genome fraction and coverage in mind.  

Ethical aspects and impact on society 
The “Sepsis study Skaraborg” was approved by the Regional Ethics committee in Gothenburg. All 
patients were given both oral and written information about the research and what it would mean to 
be enrolled. Only patients over the age of 18 could be enrolled in the study, and even so, all patients 
had to a written consent that they wanted to be included (Ljungström, 2017; Tilevik et al., 2017). An 
important factor to consider when assessing the ethical aspects of this thesis, is that no information or 
data that can be tied to an individual have been used. The supervisors and persons handling the 
personal information have made sure that the patient’s integrity was not compromised, meaning that 
only those with authorisation to view personal records, including social security number, could read 
this information. Furthermore, as previously mentioned, in a few cases the final diagnosis of the 
patients was unknown, which may be due to the patient not giving consent to be included or that the 
patient was deceased before being able to give consent. The patient was respected in such cases, and 
therefore was not enrolled and information not used in this thesis work. 

All research must be performed without conflict of interest, and following ethics and laws minimizes 
the risk of misconduct. Honesty is one of the most important parts of any research, meaning that 
results cannot be changed or skewed to make them seem better than they are, or to confuse a person 
reading it that may not be as educated in the subject. Furthermore, in no way should research be 
misrepresented to the patients who are willingly contributing to science. This is ensured by for example 
by getting a written consent from the patients and ensuring that they are completely aware of the 
topic of the research and what information that will be used, as was done in this thesis (Stankovic and 
Stankovic, 2014).  

Ethics goes hand-in-hand with impact on society by consider why a study is performed, and in what 
way it can do good. In this study, the use of clinical samples from patients with suspected sepsis has 
led to evidence that standard laboratory methods are unable to distinguish one of the major sepsis-
causing pathogens. It has further led to findings that can improve diagnosis in the future by identifying 
ways in which the phylogroups of Klebsiella differ from each other. The understanding of the 
pathogenicity of the underestimated K. variicola and K. quasipneumoniae will in the future lead to 
efficient and correct diagnosis, and eventually an improved organism-specific treatment. Furthermore, 
identification of the antibiotic resistances harboured by the different phylogroups has increased the 
knowledge in the high number of antibiotic resistances that occur, and in the treatments that the 
bacterial isolates in Sweden are not resistant against and may yet function as efficient treatment. 

Future perspectives 
Recent studies have made observations of cases where K. pneumoniae isolates were unexpectedly 
discovered to be K. variicola and K. quasipneumoniae, suggesting that the two phylogroup have been 
highly underestimated and may occur more often than is thought (Berry et al., 2015; Seki et al., 2013; 
Patel, 2015; 1Long et al., 2017). This thesis study provides strong evidence of the misidentification of 
Klebsiella variicola and K. quasipneumoniae by standard clinical laboratory methods in Sweden as well, 
and the relationship between expression in nif genes and the type of beta-lactamase expressed in the 
core genome to the phylogroup of Klebsiella was demonstrated. Similar findings in other studies have 
suggested the use of this relationship to aid in diagnosis, as this could prove to be an efficient way of 
distinguishing the phylogroups from each other (Shankar et al., 2018; 1Long et al., 2017; Becker et al., 
2018; Nicolás et al., 2018).  

No significant difference was observed in the number of antibiotic resistance genes and plasmids 
between K. pneumoniae and K. variicola, suggesting the potential pathogenicity of the K. variicola 
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phylogroup, which may carry resistance genes on its chromosome, as suggested by the low number of 
plasmids required to harbour a great number of antibiotic resistance genes. Future studies should be 
performed on both K. variicola and K. quasipneumoniae and the infections that they cause, keeping in 
mind the history of misidentification. In the future, studies on Klebsiella should be kept open-minded, 
with the consideration that the phylogroups are very similar in order to elucidate the differences that 
can be used to distinguish them from each other. By elucidating the antibiotic resistances genes 
harboured by the different phylogroups and gaining more information on both pathogenicity and 
virulence, the high mortality rates observed in Klebsiella-caused sepsis may be drastically decreased, 
and Klebsiella may no longer be known as one of the most difficult pathogens to control.  
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Appendix 1: Method pipeline 
The results in Figure 1 represent the summary of the quality assessment of a raw FastQ-file of K. 

pneumoniae (KLP205) performed using FastQC.   

 
Figure 1. Summary report and Basic Statistics report from FastQC of raw FastQ-files (before quality- and adapter 

trimming). Green marks represent a “normal” result on the report, a yellow mark represents a “slightly 

abnormal” result on the report, and the red mark represents a “very unusual” result.  

Figure 2 presents the per base sequence quality reported by FastQC for a raw FastQ-files of K. 

pneumoniae (KLP205). Yellow boxes represent the 25-75% interquartile range of the quality values, 

upper and lower whiskers represent 10% and 90% of the points, respectively, and the blue line 

represents the mean quality. The red dashed line represents the median quality. Quality scores on the 

y-axis are represented by the Phred score (Andrews, 2010).  
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Figure 2. Per base sequence quality report from FastQC of a K. pneumoniae isolate. The x-axis 
represents the base position in each read, and the y-axis represents the quality score (Phred score). 
The green area of the diagram indicates bases with an average quality score of >28 over all sequences, 
orange area for quality scores of 20-28, and red area indicated quality scores <20. Bars represent 10% 
and 90% quality values. 

The files obtained from SciLifeLab consisted of two forward files and two reverse files. In order to use 
the full content of the files, the forward files were merged as well as the reverse files. The code used 
in this step can be observed in Figure 3.  

 
Figure 3. Code used to merge the two forward files and the two reverse files obtained from sequencing.  

The code in Figure 4 was used to trim the merged fastq-files according to quality tresholds in the form 
of a for-loop. The code will trim the files with the names ending with *1.fastq.qz and *2.fast.qz 
according to chosen thresholds and remove unpaired files.  
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Figure 4. For-loop used for quality-trimming using Trimmomatic software.  

After quality-trimming, the files are checked to ensure an improvement in quality and that the adapter-

sequences have effectively been removed (as indicated by green mark for “adapter content”) and the 

results are shown in Figure 5. As the Figure presents, the overall quality of the data is improved after 

trimming.  

 
Figure 5. FastQC report of Per base sequence quality. A) Quality after quality trimming and removal 
of adapter-sequences. B) Quality of raw FastQ files.  

The problem encountered with reverse-files is presented in Figure 6, with an area of lower quality 
observed in all reverse files. The numbers represented on the y-axis show the tile-number, and the 
numbers on the x-axis represent the base-pair position in the sequence. The heatmap is presented by 
colours, where cold colours (such as the blue observed in Figure 6) are tiles with a quality of average 
quality or more for that specific base. Warmer colours (such as the green) indicated that the quality 
of the tiles is worse than other tiles. This means that if all tiles and bases have a high quality, a blue 
heatmap will be seen (Andrews, 2010).  
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Figure 6. Per tile sequencing quality report from FastQC of the reverse file.  

 

Quality- and adapter-trimmed files were assembled using SPAdes with the code presented in Figure 7. 

The default settings for assembly were used, with the input “careful” to lower the miss-assemblies 

added (optional). The pe1-2 and pe1-2 indicate that there are two files that are related to each other, 

which are chosen in the <input>.  

 
Figure 7. Code used for assembly of trimmed FastQ-files using SPAdes software.  

The quality of the assembly was checked using QUAST, and the results are presented in Figure 8, 

representing the output for coverage depth, as well as in Table 1 with summaries of the output values. 

An average value of quality is not given from QUAST, and an interpretation has to be performed of the 

quality.  
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Figure 8. Histogram showing the distribution of total contig length at different coverage depth. The x-

axis represents the coverage depth and y-axis represents the total contig length.  

Traitar was used to compare the traits between K. pneumoniae, K. variicola, K. oxytoca, K. 

quasipneumoniae, and K. quasivariicola. The results are presented in Figures 9-11.   
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Figure 9. Results from Traitar-analysis of K. oxytoca. A positive prediction from both predictors 
(phypat/phypat+GPL) is represented by dark blue box, a positive prediction from phypat + GPL is 
indicated by green box, positive phypat prediction is represented by light blue box, and a negative 
result in indicated by white boxes.  



36 
 

 
Figure 10. Results from Traitar-analysis of isolates from K. oxytoca and K. pneumoniae. A positive 
prediction from both predictors (phypat/phypat+GPL) is represented by dark blue box, a positive 
prediction from phypat + GPL is indicated by green box, positive phypat prediction is represented by 
light blue box, and a negative result in indicated by white boxes. 
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Figure 11. Results for Traitar-analysis of  K. variicola. A positive prediction from both predictors 
(phypat/phypat+GPL) is represented by dark blue box, a positive prediction from phypat + GPL is 
indicated by green box, positive phypat prediction is represented by light blue box, and a negative 
result in indicated by white boxes.  
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Tabell 1. QUAST results of coverage depth, %GC, total length, number of contigs, N50-value, and 
genome fraction compared to the respective reference.  

Isolate Phylogenetic group Coverage 
depth 

(average) 

% GC Length 
(Mbp) 

# contigs N50 Genome franction 
(%) 

NZ_CP011636.1 
(reference) 

K. oxytoca   55.75 6.26    

KLO25 K. oxytoca 32 55.96 6.10 99 173,878 85.44 
KLO75 K. oxytoca 27 55.08 6.01 113 117,410 8.15 
KLO143 K. oxytoca 29 55.00 6.12 93 167,885 7.79 

KLO255 K. oxytoca 31 55.11 6.11 56 223,258 7.83 
KLO320 K. oxytoca 32 55.08 6.10 113 122,527 8.15 
KLO321 K. oxytoca 25 55.08 6.15 70 170,509 7.92 
KLO411 K. oxytoca 24 55.21 6.10 78 151,789 8.44 
KLO429 K. oxytoca 31 55.09 6.42 94 222,618 9.10 
KLO431 K. oxytoca 24 54.73 6.26 81 201,766 7.75 

KLO551 K. oxytoca 25 56.09 6.03 61 210,392 85.74 
KLO962 K. oxytoca 25 55.09 6.13 102 186,800 8.44 
KLO1097 K. oxytoca 26 55.09 6.11 106 189,362 8.44 
KLO1332 K. oxytoca 28 55.05 6.10 67 222,964 8.00 
KLO1345 K. oxytoca 21 55.05 6.04 72 195,456 8.14 

KLO1508 K. oxytoca 33 55.79 6.02 70 307,994 81.51 
KLO1516 K. oxytoca 28 55.01 6.44 94 228,817 7.87 
KLO1695 K. oxytoca 35 55.79 6.29 58 270,579 84.23 
KLO1880 K. oxytoca 45 55.22 5.92 61 277,048 7.96 
KLO1922 K. oxytoca 48 55.07 6.18 73 181,834 8.07 
KLO1944 K. oxytoca 32 55.06 6.25 75 181,471 8.21 
NC_016845.1 
(reference) 

K. pneumoniae  57.48 5.33    

KLP9 K. variicola 31 57.35 5.74 56 304,221 38.36 
KLP13 K. variicola 37 57.37 5.66 42 310,194 38.34 
KLP15 K. variicola 36 57.21 5.94 101 226,623 39.02 
KLP41 K. variicola 40 56.64 6.24 49 3342,015 37.02 
KLP189 K. variicola 40 57.11 5.90 70 275,386 40.79 

KLP307 K. variicola 38 57.02 5.81 65 263,579 40.95 
KLP434 K. variicola 27 57.23 5.93 98 186,166 39.03 
KLP468 K. variicola 34 57.14 5.83 50 329,993 39.82 
KLP474 K. variicola 35 57.14 5.86 52 328,980 39.81 
KLP488 K. variicola 35 57.00 6.00 77 328,534 39.31 
KLP798 K. variicola 28 57.31 5.64 50 175,688 37.94 

KLP918 K. variicola 35 57.49 5.68 51 224,270 39.99 
KLP923 K. variicola 36 57.17 5.88 75 175,385 38.74 
KLP933 K. variicola 30 57.13 5.92 77 191,713 38.46 
KLP1025 K. variicola 40 57.41 5.74 55 220,801 42.24 
KLP1257 K. variicola 30 57.53 5.70 50 262,589 40.28 
KLP1266 K. variicola 25 57.33 5.83 67 235,500 40.43 

KLP1399 K. variicola 30 56.80 6.56 1054 12,296 42.832 
KLP1420 K. variicola 30 57.18 5.93 68 245,052 39.21 
KLP1442 K. variicola 42 57.39 5.61 42 273,160 38.56 
KLP1926 K. variicola 40 56.99 6.10 106 221,467 38.50 
KLP1935 K. variicola 37 57.44 5.56 92 117,718 39.06 

KLP1958 K. variicola 35 57.12 6.02 80 216,766 40.68 
KLV1115 K. variicola 32 57.26 5.73 55 273,439 92.17 
KLV1451 K. variicola 32 57.33 5.82 60 230,465 92.31 
KLP92 Inconclusove 30 57.57 5.71 77 271,634 17.28 
KLP94 Inconclusive 25 57.57 5.70 81 220,546 17.23 
KLP139 K. pneumoniae 33 57.15 5.87 85 211,093 89.52 
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KLP166 K. pneumoniae 46 57.06 5.39 184 80,940 82.85 
KLP174 K. pneumoniae 30 57.09 5.65 70 192,987 90.66 
KLP188 K. pneumoniae 37 57.37 5.62 121 152,683 88.68 
KLP205 K. pneumoniae 35 57.41 5.53 70 252,745 91.25 

KLP212 K. pneumoniae 33 57.57 5.33 46 230,503 90.48 
KLP245 K. pneumoniae 40 57.41 5.49 71 216,229 90.30 
KLP257 K. pneumoniae 38 57.52 5.33 62 200,211 87.90 
KLP269 K. pneumoniae 33 57.21 5.45 90 164,742 89.48 
KLP422 K. pneumoniae 36 57.22 5.73 57 194,538 92.04 
KLP450 K. pneumoniae 33 57.07 5.81 74 200,083 90.97 

KLP459 K. pneumoniae 35 57.07 5.88 77 217,027 90.97 
KLP462 K. pneumoniae 35 57.43 5.50 54 186,490 89.04 
KLP518 K. pneumoniae 40 57.35 5.52 60 208,607 90.65 
KLP540 K. pneumoniae 35 57.62 5.31 54 257,189 91.50 
KLP556 K. pneumoniae 40 57.24 5.64 78 165,921 89.89 
KLP560 K. pneumoniae 42 57.24 5.65 76 176,585 89.89 

KLP577 K. pneumoniae 30 57.11 5.77 93 172,419 90.41 
KLP596 K. pneumoniae 39 57.14 5.66 105 152,577 88.51 
KLP671 K. pneumoniae 38 57.25 5.62 77 177,875 89.89 
KLP816 K. pneumoniae 40 57.54 5.32 53 189,533 89.70 
KLP823 K. pneumoniae 36 57.33 5.56 62 217,733 89.55 

KLP898 K. pneumoniae 35 57.37 5.60 83 206,555 89.82 
KLP904 K. pneumoniae 27 57.33 5.56 96 170,521 89.08 
KLP916 K. pneumoniae 40 57.32 5.56 99 170,521 89.08 
KLP938 K. pneumoniae 35 57.32 5.61 96 183,675 89.20 
KLP987 K. pneumoniae 25 57.41 6.68 97 168,497 89.00 
KLP1043 K. pneumoniae 35 57.37 5.51 87 172,512 89.79 

KLP1057 K. pneumoniae 36 57.26 5.53 52 210,561 88.92 
KLP1122 K. pneumoniae 32 57.24 5.58 72 180,296 89.93 
KLP1122nr2 K. pneumoniae 36 57.23 5.69 74 190,379 89.95 
KLP1259 K. pneumoniae 25 57.32 5.66 67 243,588 88.74 
KLP1263 K. pneumoniae 30 57.33 5.63 67 211,625 88.75 

KLP1269 K. pneumoniae 35 57.33 5.62 61 238,891 88.76 
KLP1289 K. pneumoniae 32 57.24 5.66 120 141,801 89.55 
KLP1293 K. pneumoniae 35 57.08 5.77 110 156,166 91.85 
KLP1433 K. pneumoniae 36 57.08 5.72 70 187,064 88.52 
KLP1439 K. pneumoniae 30 56.91 5.70 156 109,176 89.34 
KLP1443 K. pneumoniae 36 57.29 5.54 126 122,543 88.89 

KLP1469 K. pneumoniae 11 56.91 5.73 170 109,005 89.31 
KLP1591 K. pneumoniae 35 57.05 5.58 98 150,970 89.96 
KLP1593 K. pneumoniae 50 57.06 5.62 107 141,904 89.52 
KLP1600 K. pneumoniae 45 57.42 5.52 65 194,973 89.89 
KLP1600nr2 K. pneumoniae 40 57.60 5.39 47 209,935 89.30 
KLP1809 K. pneumoniae 45 57.33 5.65 69 211,625 88.75 

KLP1815 K. pneumoniae 40 57.05 5.72 206 99,413 86.89 
KLP1882 K. pneumoniae 45 57.59 5.31 59 185,664 89.96 
KLP1947 K. pneumoniae 48 57.46 5.45 60 194,282 89.44 
KLP1951 K. pneumoniae 48 57.38 5.51 100 173,706 88.84 
KLP1996 K. pneumoniae 45 57.53 5.36 90 158,452 89.16 

KLP749 K. quasipneumoniae 34 58.01 5.49 95 128,619 18.37 
KLP999 K. quasipneumoniae 25 57.88 5.55 54 281,316 20.46 
KLP1290 K. quasipneumoniae 37 57.76 5.46 43 337,986 19.92 
KLP1812 K. quasipneumoniae 40 57.79 5.44 52 261,609 18.36 
KLP1818 K. quasipneumoniae 40 57.80 5.45 45 267,121 18.35 
KLP2020 K. quasipneumoniae 50 58.00 5.41 62 226,892 18.62 

KLP1248 K. quasivariicola 32 57.03 5.88 141 99,243 33.33 
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Appendix 2: Species identification of K. pneumoniae 

Table 1. Species identification of K. pneumoniae (n=32) according to the phenotypic method (MALDI-TOF MS) 
and the four different gene-based methods used. Isolates were found to be K. variicola (n=23), K. 
quasipneumoniae (n=6), K. quasivariicola (n=1), and inconclusive (n=2, KLP92 and KLP94).  

Isolate MALDI-TOF MS KRAKEN Species (CGE) PathogenFind
er (CGE) 

ResFinder 
(CGE) 

KLP9 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP13 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP15 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP41 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP92 K. pneumoniae K. pneumoniae Unknown K. variicola K. quasipneumoniae 

KLP94 K. pneumoniae K. pneumoniae Unknown K. variicola K. quasipneumoniae 

KLP189 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP307 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP434 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP468 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP474 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP488 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP749 K. pneumoniae K. quasipneumoniae Unknown Unknown K. quasipneumoniae 

KLP798 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP918 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP923 K. pneumoniae K. variicola K. pneumoniae K. variicola K. variicola 

KLP933 K. pneumoniae K. variicola K. pneumoniae K. variicola K. variicola 

KLP999 K. pneumoniae K. quasipneumoniae Unknown K. Unknown K. quasipneumoniae 

KLP1025 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP1248 K. pneumoniae K. quasivariicola Unknown K. variicola K. variicola 

KLP1257 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP1266 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP1290 K. pneumoniae K. quasipneumoniae Unknown Unknown K. quasipneumoniae 

KLP1399 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP1420 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP1442 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP1812 K. pneumoniae K. quasipneumoniae Unknown Unknown K. quasipneumoniae 

KLP1818 K. pneumoniae K. quasipneumoniae Unknown Unknown K. quasipneumoniae 

KLP1926 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP1935 K. pneumoniae K. variicola K. variicola K. variicola K. variicola 

KLP1958 K. pneumoniae K. variicola K. pneumoniae K. variicola K. variicola 

KLP2020 K. pneumoniae K. quasipneumoniae Unknown Unknown K. quasipneumoniae 
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Appendix 3: MLST, plasmids, and resistance genes 

Table 1. Information on sample type, MLST, number of plasmids and resistance genes, and phylogenetic group 

for each isolate (n=105).  

Isolate no. Sample 
type 

Phylogenetic group  MLST No. of plasmids 
>95% 

No. of 
resistance 

genes >90% 

KLO75 Urine K. oxytoca  Unknown No plasmids 1 
KLO143 Urine K. oxytoca  ST-36 2 1 

KLO255 Urine K. oxytoca  ST-37 No plasmids 2 
KLO320 Urine K. oxytoca  Unknown No plasmids 2 
KLO321 Urine K. oxytoca  ST-176 No plasmids 1 

KLO411 Urine K. oxytoca  Unknown No plasmids 1 
KLO431 Urine K. oxytoca  Unknown No plasmids 1 
KLO551 Urine K. oxytoca  ST-194 No plasmids 2 

KLO962 Urine K. oxytoca  Unknown No plasmids 4 
KLO1097 Urine K. oxytoca  Unknown No plasmids 4 
KLO1332 Urine K. oxytoca  Unknown No plasmids 2 

KLO1508 Urine K. oxytoca  Unknown 1 1 
KLO1695 Urine K. oxytoca  ST-85 2 1 

KLO1922 Urine K. oxytoca  ST-176 1 1 
KLP139 Urine K. pneumoniae  ST-294 4 4 

KLP174 Urine K. pneumoniae  ST-187 2 4 
KLP188 Urine K. pneumoniae  ST-14 4 6 
KLP205 Urine K. pneumoniae  ST-45 1 4 
KLP212 Urine K. pneumoniae  ST-37 No plasmids 4 
KLP245 Urine K. pneumoniae  Unknown No plasmids 4 
KLP257 Urine K. pneumoniae  ST-462 No plasmids 8 
KLP269 Urine K. pneumoniae  ST-678 1 4 
KLP422 Urine K. pneumoniae  ST-11 1 4 
KLP450 Urine K. pneumoniae  ST-873 3 8 
KLP462 Urine K. pneumoniae  ST-1948 2 5 
KLP518 Urine K. pneumoniae  ST-485 1 4 
KLP540 Urine K. pneumoniae  ST-45 No plasmids 4 
KLP556 Urine K. pneumoniae  Unknown 2 4 
KLP577 Urine K. pneumoniae  ST-20 2 5 
KLP596 Urine K. pneumoniae  Unknown 1 4 
KLP816 Urine K. pneumoniae  ST-966 No plasmids 4 
KLP898 Urine K. pneumoniae  Unknown No plasmids 4 
KLP916 Urine K. pneumoniae  ST-2856 2 4 
KLP938 Urine K. pneumoniae  ST-29 2 9 
KLP987 Urine K. pneumoniae  ST-1114 2 6 
KLP1057 Urine K. pneumoniae  ST-685 No plasmids 4 
KLP1122 Urine K. pneumoniae  Unknown 3 4 
KLP1122nr2 Urine K. pneumoniae  Unknown 2 4 
KLP1263 Urine K. pneumoniae  ST-14 2 4 
KLP1289 Urine K. pneumoniae  Unknown 2 4 
KLP1433 Urine K. pneumoniae  ST-220 2 4 
KLP1469 Urine K. pneumoniae  ST-240 3 2 

KLP1593 Urine K. pneumoniae  ST-163 1 4 

KLP1600 Urine K. pneumoniae  ST-133 1 4 
KLP1600nr2 Urine K. pneumoniae  Unknown No plasmids 4 
KLP1809 Urine K. pneumoniae  ST-14 2 4 
KLP1882 Urine K. pneumoniae  ST-30 No plasmids 4 
KLP1947 Urine K. pneumoniae  ST-788 1 5 

KLP1951 Urine K. pneumoniae  ST-870 3 4 
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KLP13 Urine K. variicola  ST-347 No plasmids 4 

KLP15 Urine K. variicola  ST-250 3 4 

KLP41 Urine K. variicola  ST-712 1 4 
KLP189 Urine K. variicola  Unknown 4 4 

KLP474 Urine K. variicola  ST-347 2 4 

KLP488 Urine K. variicola  Unknown 2 4 

KLP918 Urine K. variicola  Unknown 2 4 
KLP923 Urine K. variicola  ST-938 No plasmids 4 
KLP1025 Urine K. variicola  ST-1478 1 5 

KLP1266 Urine K. variicola  ST-1478 1 4 
KLP1399 Urine K. variicola  Unknown 2 2 
KLP1420 Urine K. variicola  Unknown 1 4 
KLP1935 Urine K. variicola  ST-197 No plasmids 4 

KLP1958 Urine K. variicola  Unknown 2 4 
KLV1115 Urine K. variicola  ST-1485 1 5 
KLV1451 Urine K. variicola  Unknown 2 4 

KLP749 Urine K. quasipneumoniae  Unknown 2 6 
KLP999 Urine K. quasipneumoniae  Unknown 2 6 
KLP1290 Urine K. quasipneumoniae  Unknown 1 4 
KLP1812 Urine K. quasipneumoniae  Unknown No plasmids 5 
KLO25 Blood K. oxytoca  Unknown No plasmids 2 
KLO1345 Blood K. oxytoca  Unknown No plasmids 2 

KLO1880 Blood K. oxytoca  Unknown No plasmids 1 

KLO1944 Blood K. oxytoca  ST-176 2 1 
KLP459 Blood K. pneumoniae  ST-873 3 8 
KLP560 Blood K. pneumoniae  Unknown 2 4 

KLP671 Blood K. pneumoniae  Unknown 2 4 
KLP823 Blood K. pneumoniae  ST-215 2 7 

KLP904 Blood K. pneumoniae  ST-2856 2 4 
KLP1043 Blood K. pneumoniae  ST-39 1 6 
KLP1259 Blood K. pneumoniae  ST-14 2 4 
KLP1293 Blood K. pneumoniae  ST-309 2 4 

KLP1439 Blood K. pneumoniae  ST-240 2 2 

KLP1443 Blood K. pneumoniae  Unknown 2 2 
KLP1591 Blood K. pneumoniae  ST-163 2 4 
KLP1996 Blood K. pneumoniae  ST-29 No plasmids 5 
KLP9 Blood K. variicola  ST-347 1 4 
KLP307 Blood K. variicola  ST-1899 5 5 

KLP434 Blood K. variicola  ST-250 3 4 
KLP468 Blood K. variicola  ST-347 2 4 
KLP798 Blood K. variicola  ST-2221 No plasmids 4 
KLP933 Blood K. variicola  ST-938 No plasmids 4 

KLP1257 Blood K. variicola  ST-1478 No plasmids 4 

KLP1442 Blood K. variicola  ST-697 No plasmids 4 
KLP1926 Blood K. variicola  ST-697 1 4 
KLP1248 Blood K. quasivariicola  Unknown 1 4 

KLP1818 Blood K. quasipneumoniae  Unknown No plasmids 5 
KLP2020 Blood K. quasipneumoniae  Unknown No plasmids 3 
KLP166 Airway K. pneumoniae  ST-381 3 4 

KLO429 Airway K. oxytoca  Unknown 3 2 
KLP1269 Airway K. pneumoniae  ST-14 2 4 
KLP1815 Airway K. pneumoniae  ST-872 6 4 
KLO1516 General K. oxytoca  ST-176 5 7 
KLP92 Urine Inconclusive  ST-1647 No plasmids 4 

KLP94 Urine Inconclusive  ST-1647 No plasmids 4 
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Table 2. Different plasmids found in the three phylogenetic groups of Klebsiella.  

Patient no. Isolate no. 100% (>95%) Phylogenetic group 

3 KLO1508 (FIB) K. oxytoca 
 KLP556 (FIB, FII) K. pneumoniae 
 KLP560 (FIB, FII) K. pneumoniae 
 KLP1122 (FIB, FII, FII) K. pneumoniae 
 KLP1122nr2 (FIB, FII) K. pneumoniae 
5 KLP9 (FII) K. variicola 
 KLP13 No plasmids K. variicola 
6 KLP15 (FIB, FII, N) K. variicola 
 KLP434 (FIB, FII, N) K. variicola 
7 KLP450 FIB, FII (N) K. pneumoniae 
 KLP459 FIB, FII (N) K. pneumoniae 
8 KLP468 FII (L/M) K. variicola 
 KLP474 FII (L/M) K. variicola 
9 KLP904 (X1, FIB) K. pneumoniae 
 KLP916 (X1, FIB) K. pneumoniae 
10 KLP918 ColBS512 (FIB) K. variicola 
 KLP1259 (FIB, FII) K. pneumoniae 
 KLP1263 (FIB, FII) K. pneumoniae 
 KLP1269 (FIB, FII) K. pneumoniae 
 KLP1809 (FIB, FII) K. pneumoniae 
12 KLP1257 No plasmids K. variicola 
 KLP1266 (FIB, FII) K. variicola 
13 KLP1439 (FIB, FII) K. pneumoniae 
 KLP1469 (FIB, FII, Col156) K. pneumoniae 
14 KLP1591 (FIB, ColMG828) K. pneumoniae 
 KLP1593 (FIB) K. pneumoniae 
17 KLO143 (R, FII) K. oxytoca 
21 KLO429 (FII, Col3M, FIB) K. oxytoca 
26 KLO1516 FII, Q1 (FII, FIA, FIB) K. oxytoca 
27 KLO1695 (FII, FIB) K. oxytoca 
28 KLO1922 (FIB) K. oxytoca 
29 KLO1944 (FII, FIB) K. oxytoca 
30 KLP41 (FIB) K. variicola 
31 KLP139 FII (FIB, FIB, FII) K. pneumoniae 
32 KLP166 (FII, R, FII) K. pneumoniae 
33 KLP174 (FIB, HI1B) K. pneumoniae 
34 KLP188 FIB, FI, FII, FIA K. pneumoniae 
35 KLP189 ColBS512 (FIB, FII, FIB) K. variicola 
36 KLP205 FIB K. pneumoniae 
40 KLP269 (FIB) K. pneumoniae 
41 KLP307 (FIA, FIB, FII, FIB, FII) K. variicola 
42 KLP422 (FII) K. pneumoniae 
43 KLP462 FII (FIB) K. pneumoniae 
44 KLP488 (ColMG828, FIB) K. variicola 
45 KLP518 (N) K. pneumoniae 
47 KLP577 Col8282 (ColMG828) K. pneumoniae 
48 KLP596 (R) K. pneumoniae 
49 KLP671 (FIB, FII) K. pneumoniae 
50 KLP749 (R, FII) K. quasipneumoniae 
53 KLP823 FIB, FII K. pneumoniae 
55 KLP938 FIB (Y) K. pneumoniae 
56 KLP987 FII (FIB) K. pneumoniae 
57 KLP999 FII (FIB) K. quasipneumoniae 
58 KLP1025 (FIB) K. variicola 
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59 KLP1043 (FIB) K. pneumoniae 
61 KLP1248 (Col156) K. quasivariicola 
62 KLP1289 (HI1B, FIB) K. pneumoniae 
63 KLP1290 (FIB) K. quasipneumoniae 
64 KLP1293 (FII, FIA) K. pneumoniae 
65 KLP1399 FII (FIB) K. variicola 
66 KLP1420 (FIB) K. variicola 
67 KLP1433 (FIB, FIA) K. pneumoniae 
69 KLP1443 (FII, FIB) K. pneumoniae 
70 KLP1600 (FIA) K. pneumoniae 
 KLP1600nr2 No plasmids K. pneumoniae 
71 KLP1815 FIB (FIB, FII, FIB, Col156, FIA) K. pneumoniae 
73 KLP1926 (FIA) K. variicola 
75 KLP1947 (FIB) K. pneumoniae 
76 KLP1951 (FIB, FII, FII) K. pneumoniae 
77 KLP1958 FII (R) K. variicola 
80 KLV1115 (FIB) K. variicola 
81 KLV1451 (FIB, FII) K. variicola 
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Appendix 4: Resistance genes  

Table 1. Genotypic antibiotic resistance identified in each isolate by ResFinder (>90% identity) and by 
disc diffusion for phenotypic antibiotic resistance.  

Isolate no. Amino-
glycoside 

Beta-
lactam 

Fluoro-
quinolone 

Fosfomycin Phenicol Sulphon-
amide 

Tetra- 
cycline 

Trimeto- 
prim 

KLO25 + - + - - - - - - - 
KLO75 - + - - - - - - 
KLO143 - + + - - - - - - 
KLO255 - + + - - - - - - 
KLO320 - + - - - - - - 
KLO321 - + + - - - - - - 
KLO411 - + + - - - - - - 
KLO429 - + - + - - - - - - 
KLO431 - + + - - - - - - 
KLO551 + + - - - - - - 
KLO962 + - + + - - - + - +  - 
KLO1097 + -  + + - - - + - +  - 
KLO1332 - + + - +  - - - - 
KLO1345 - + - - +  - - - - 
KLO1508 - + + - - - - - - 
KLO1516 + - + - - - - + - +  + + 
KLO1695 - + + - - - - - - 
KLO1880 - + - - - - - - 
KLO1922 - + + - - - - - - 
KLO1944 - + - - - - - - - 
KLP9 - + + + - + - - - - 
KLP13 - + + + - + - - - - 
KLP15 - + + + - +  - - - - 
KLP41 - + + + - +  - - - - 
KLP92 - + + + - +  - - - - 
KLP94 - + + + - + - - - - 
KLP139 - + + + - +  - - - - + 

KLP166 - + - + - +  - - - - 
KLP174 - + + + - +  - - - - 
KLP188 + - + + + - +  - + - - - 
KLP189 - + + + - +  - - - - 
KLP205 - + + + - +  - - - - 
KLP212 - + + + - - - - 
KLP245 - + + + - +  - - - - 
KLP257 - + + + - +  - + + - - + 
KLP269 - + + + - +  - - - - 
KLP307 - + + + - +  - - - - 
KLP422 - + + + - +  - - - - 
KLP434 - + - + - +  - - - - 
KLP450 + - + + + - +  +  + - - + + 
KLP459 + - + + + - + + + + + - + + 
KLP462 - + + + - + - - - - 
KLP468 - + - + - + - - - - 
KLP474 - + + + - +  - - - - 
KLP488 - + + + - + - - - - 
KLP518 - + + + - + - - - - 
KLP540 - + + + - + - - - - 
KLP556 - + + + - + - - - - 
KLP560 - + - + - + - - - - 
KLP577 + - + + + - + - - - - 
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KLP596 - + + + - +  - - - - 
KLP671 - + + + - - - - 
KLP749 + - + + + - + - + - - - + 
KLP798 - + - + - + - - - - 
KLP816 - + + + - + - - - - 
KLP823 + + + + - + + - 
KLP898 - + + + - + - - - - 
KLP904 - + - + - + - - - - 
KLP916 - + + + - + - - - - 
KLP918 - + + + - + - - - - 
KLP923 - + + + - + - - - - + 
KLP933 - + - + - + - + - - - 
KLP938 + - + + + - + - + + - + + 
KLP987 + - + + + - + - - +  - 
KLP999 + + + + - + - + - - - 
KLP1025 - + + + - + - - - - 
KLP1043 - + - + - + - - + - 
KLP1057 - + + + - + - - - - 
KLP1122 - + + + - + - - - - 
KLP1122nr2 - +  + + - - - - 
KLP1248 - + - + - + - - - - 
KLP1257 - + + + - - - - 
KLP1259 - + - + - + - - - - 
KLP1263 - + + + - + - - - - 
KLP1266 - + + + - - - - 
KLP1269 - + - + - + - - - - 
KLP1289 - + + + - + - - - - 
KLP1290 - + + + - + - - - - 
KLP1293 - + - + - + - - - - 
KLP1399 - + + - - - - - 
KLP1420 - + + + - + - - - - 
KLP1433 - + + + - + - - - - 
KLP1439 - + - + - - - - 
KLP1442 - + - + - + - - - - 
KLP1443 - + - - + - - - - 
KLP1469 - + - + - - - - 
KLP1591 - + - + - + - - - - 
KLP1593 - + + + - + - - - - 
KLP1600 - + + + - + - - - - 
KLP1600nr2 - + + + - - - - 
KLP1809 - + + + - + - - -  
KLP1812 - + + + - + - - - - 
KLP1818 - + - + - + - - - - 
KLP1815 - + + + - - - - 
KLP1882 - + + + - + - - - - 
KLP1926 - + - + - + - - - - 
KLP1935 - + + + - + - - - - 
KLP1947 - + + + - + - - - - 
KLP1951 - + + + - + - - - - 
KLP1958 - + + + - + - - - - 
KLP1996 - + - + - + - - - - 
KLP2020 - + + - - - - - 
KLV1115 - + + + - + - - - - 
KLV1451 - + + + - + - - - - 

* Genotypic + phenotypic antibiotic resistance is indicated by ++, only genotypic resistance is indicated by + -, only phenotypic 

resistance is indicated by - +, genotypic resistance but not tested phenotypically indicated by +. No resistance indicated by -.  
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Table 2. Expression of beta-lactamase genes as identified by ResFinder (98% similarity) compared to phenotypic 
beta-lactamase resistance observed in clinical lab. 

Isolate no. Phylogenetic group blaOXY blaSHV blaLEN blaOKP blaTEM Beta-lactam 
(Phenotype) 

KLO25 K. oxytoca + - - - - - 
KLO75 K. oxytoca +  - - - -  
KLO143 K. oxytoca + - - - - + 
KLO255 K. oxytoca + - - - - + 
KLO320 K. oxytoca + - - - -  
KLO321 K. oxytoca + - - - - + 
KLO411 K. oxytoca + - - - - + 
KLO429 K. oxytoca + - - - - - 
KLO431 K. oxytoca + - - - - + 
KLO551 K. oxytoca + - - - -  
KLO962 K. oxytoca + - - - - + 
KLO1097 K. oxytoca + - - - - + 
KLO1332 K. oxytoca + - - - - + 
KLO1345 K. oxytoca + - - - - - 
KLO1508 K. oxytoca + - - - - + 
KLO1516 K. oxytoca + - - - + - 
KLO1695 K. oxytoca + - - - - + 
KLO1880 K. oxytoca + - - - -  
KLO1922 K. oxytoca + - - - - + 
KLO1944 K. oxytoca + - - - - - 
KLP9 K. variicola - - + - - + 
KLP13 K. variicola - - + - - + 
KLP15 K. variicola - - + - - + 
KLP41 K. variicola - - + - - + 
KLP189 K. variicola - - + - - + 
KLP307 K. variicola - - + - - + 
KLP434 K. variicola - - + - - - 
KLP468 K. variicola - - + - - - 
KLP474 K. variicola - - + - - + 
KLP488 K. variicola - - + - - + 
KLP798 K. variicola - - + - - - 
KLP918 K. variicola - - + - - + 
KLP923 K. variicola - - + - - + 
KLP933 K. variicola - - + - - - 
KLP1025 K. variicola - - + - - + 
KLP1257 K. variicola - - + - -  
KLP1266 K. variicola - - + - -  
KLP1399 K. variicola - - + - -  
KLP1420 K. variicola - - + - - + 
KLP1442 K. variicola - - + - - - 
KLP1926 K. variicola - - + - - - 
KLP1935 K. variicola - - + - - + 
KLP1958 K. variicola - - + - - + 
KLV1115 K. variicola - - + - - + 
KLV1451 K. variicola - - + - - + 
KLP139 K. pneumoniae - + - - - + 
KLP166 K. pneumoniae - + - - - - 
KLP174 K. pneumoniae - + - - - + 
KLP188 K. pneumoniae - + - - - + 
KLP205 K. pneumoniae - + - - - + 
KLP212 K. pneumoniae - + - - -  
KLP245 K. pneumoniae - + - - - + 
KLP257 K. pneumoniae - + - - - + 
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KLP269 K. pneumoniae - + - - - + 
KLP422 K. pneumoniae - + - - - + 
KLP450 K. pneumoniae - + - - - + 
KLP459 K. pneumoniae - + - - - + 
KLP462 K. pneumoniae - + - - - + 
KLP518 K. pneumoniae - + - - - + 
KLP540 K. pneumoniae - + - - - + 
KLP556 K. pneumoniae - + - - - + 
KLP560 K. pneumoniae - + - - - - 
KLP577 K. pneumoniae - + - - - + 
KLP596 K. pneumoniae - + - - - + 
KLP671 K. pneumoniae - + - - -  
KLP816 K. pneumoniae - + - - - + 
KLP823 K. pneumoniae - + - - -  
KLP898 K. pneumoniae - + - - - + 
KLP904 K. pneumoniae - + - - - + 
KLP916 K. pneumoniae - + - - - + 
KLP938 K. pneumoniae - + - - + + 
KLP987 K. pneumoniae - + - - - + 
KLP1043 K. pneumoniae - + - - + - 
KLP1057 K. pneumoniae - + - - - + 
KLP1122 K. pneumoniae - + - - - + 
KLP1122nr2 K. pneumoniae - + - - -  
KLP1259 K. pneumoniae - + - - - - 
KLP1263 K. pneumoniae - + - - - + 
KLP1269 K. pneumoniae - + - - - - 
KLP1289 K. pneumoniae - + - - - + 
KLP1293 K. pneumoniae - + - - - - 
KLP1433 K. pneumoniae - + - - - + 
KLP1439 K. pneumoniae - + - - -  
KLP1443 K. pneumoniae - + - - - - 
KLP1469 K. pneumoniae - + - - -  
KLP1591 K. pneumoniae - + - - - - 
KLP1593 K. pneumoniae - + - - - + 
KLP1600 K. pneumoniae - + - - - + 
KLP1600nr2 K. pneumoniae - + - - -  
KLP1809 K. pneumoniae - + - - - + 
KLP1815 K. pneumoniae - + - - -  
KLP1882 K. pneumoniae - + - - - + 
KLP1947 K. pneumoniae - + - - - + 
KLP1951 K. pneumoniae - + - - - + 
KLP1996 K. pneumoniae - + - - - - 
KLP92 Undetermined - - - + - + 
KLP94 Undetermined - - - + - + 
KLP749 K. quasipneumoniae - - - + - + 
KLP999 K. quasipneumoniae - - - + - + 
KLP1290 K. quasipneumoniae - - - + - + 
KLP1812 K. quasipneumoniae - - - + - + 
KLP1818 K. quasipneumoniae - - - + - - 
KLP2020 K. quasipneumoniae - - - + -  
KLP1248 K. quasivariicola - - + - - - 

*Expression of the genes is indicated by a +, no expression is indicated by a -. Blank rows represent isolates that 

have not been tested in the lab.  
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Appendix 5: nif genes and lipopolysaccharide 
 

Table 1. Summarized table of the presence and absence of nif genes and lipopolysaccharide 
expression in all isolates from the different phylogroups.  

Isolate no. Phylogenetic group nifW nif-regulatory  
protein 

nifX     nifZ Lipopolysaccharide 
O-antigen ABC 

transport component 

KLO75 K. oxytoca - - - - - 
KLO320 K. oxytoca - - - - - 
KLO1332 K. oxytoca - - - - - 
KLO1345 K. oxytoca - - - - - 
KLO1508 K. oxytoca - - - - - 
KLP556 K. pneumoniae - - - - - 
KLP560 K. pneumoniae - - - - - 
KLP1122 K. pneumoniae - - - - - 
KLP1122nr2 K. pneumoniae - - - - - 
KLO1880 K. oxytoca - - - - - 
KLP92 K. pneumoniae - - - - - 
KLP94 K. pneumoniae - - - - - 
KLP9 K. variicola + + + + - 
KLP13 K. variicola + + + + - 
KLP15 K. variicola + + - + - 
KLP434 K. variicola + + - + - 
KLP450 K. pneumoniae - - - - - 
KLP459 K. pneumoniae - - - - - 
KLP468 K. variicola + + + + - 
KLP474 K. variicola + + + + - 
KLP904 K. pneumoniae - - - - - 
KLP916 K. pneumoniae - - - - - 
KLP918 K. variicola + - + + - 
KLP1259 K. pneumoniae - - - - + 
KLP1263 K. pneumoniae - - - - + 
KLP1269 K. pneumoniae - - - - + 
KLP1809 K. pneumoniae - - - - + 
KLP923 K. variicola + - + + - 
KLP933 K. variicola + - + + - 
KLP1257 K. variicola - + + + - 
KLP1266 K. variicola - + + + - 
KLP1439 K. pneumoniae - - - - + 
KLP1469 K. pneumoniae - - - - + 
KLP1591 K. pneumoniae - - - - + 
KLP1593 K. pneumoniae - - - - + 
KLP1812 K. quasipneumoniae - - - - - 
KLP1818 K. quasipneumoniae - - - - - 
KLO25 K. oxytoca - - - - - 
KLO143 K. oxytoca - - - - - 
KLO255 K. oxytoca - - - - - 
KLO321 K. oxytoca - - - - - 
KLO411 K. oxytoca - - - - - 
KLO429 K. oxytoca - - - - - 
KLO431 K. oxytoca - - - - - 
KLO551 K. oxytoca - - - - - 
KLO962 K. oxytoca - - - - - 
KLO1097 K. oxytoca - - - - - 
KLO1516 K. oxytoca - - - - - 
KLO1695 K. oxytoca - - - - - 
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KLO1922 K. oxytoca - - - - - 
KLO1944 K. oxytoca - - - - - 
KLP41 K. variicola - - + + - 
KLP139 K. pneumoniae - - - - + 
KLP166 K. pneumoniae - - - - + 
KLP174 K. pneumoniae - - - - - 
KLP188 K. pneumoniae - - - - + 
KLP189 K. variicola + + + - - 
KLP205 K. pneumoniae - - - - + 
KLP212 K. pneumoniae - - - - - 
KLP245 K. pneumoniae - - - - - 
KLP257 K. pneumoniae - - - - - 
KLP269 K. pneumoniae - - - - - 
KLP307 K. variicola + + + - - 
KLP422 K. pneumoniae - - - - + 
KLP462 K. pneumoniae - - - - + 
KLP488 K. variicola + + + - - 
KLP518 K. pneumoniae - - - - - 
KLP540 K. pneumoniae - - - - + 
KLP577 K. pneumoniae - - - - + 
KLP596 K. pneumoniae - - - - + 
KLP671 K. pneumoniae - - - - - 
KLP749 K. quasipneumoniae - - - - - 
KLP798 K. variicola + + + - - 
KLP816 K. pneumoniae - - - - - 
KLP823 K. pneumoniae - - - - + 
KLP898 K. pneumoniae - - - - - 
KLP938 K. pneumoniae - - - - + 
KLP987 K. pneumoniae - - - - - 
KLP999 K. quasipneumoniae - - - - - 
KLP1025 K. variicola - + + + - 
LP1043 K. pneumoniae - - - - + 
KLP1057 K. pneumoniae - - - - - 
KLP1248 K. quasivariicola + - + - + 
KLP1289 K. pneumoniae - - - - - 
KLP1290 K. quasipneumoniae - - - - - 
KLP1293 K. pneumoniae - - - - - 
KLP1399 K. variicola + + - - - 
KLP1420 K. variicola + + + - - 
KLP1433 K. pneumoniae - - - - + 
KLP1442 K. variicola + + + + - 
KLP1443 K. pneumoniae - - - - - 
KLP1600 K. pneumoniae - - - - + 
KLP1600nr2 K. pneumoniae - - - - + 
KLP1815 K. pneumoniae - - - - + 
KLP1882 K. pneumoniae - - - - + 
KLP1926 K. variicola - + + + - 
KLP1935 K. variicola - + + + - 
KLP1947 K. pneumoniae - - - - - 
KLP1951 K. pneumoniae - - - - + 
KLP1958 K. variicola + + + - - 
KLP1996 K. pneumoniae - - - - + 
KLP2020 K. quasipneumoniae - - - - - 
KLV1115 K. variicola + + + - - 
KLV1451 K. variicola + - - + - 

*Expression of the genes is indicated by a +, no expression is indicated by a -. 


