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Abstract 
 

Metagenomic sequencing is an increasingly popular way of determining microbial diversity from 
environmental and clinical samples. By specifically targeting the 16S rRNA gene found in all bacteria, 
classifications of pathogens can be determined based on the variable and conserved regions found in 
the gene. Metagenomic sequencing can therefore highlight the vast difference in microbiological 
diversity between culture-dependent and culture-independent methods. Today, this has expanded 
into various next-generation sequencing platforms which can provide massively parallel sequencing of 
the target fragment. One of these platforms is Ion-torrent, which can be utilized for targeting the 16S 
rRNA gene and with the help of bioinformatics pipelines be able to classify pathogens using the 
bacteria’s own variable and conserved regions. The overall aim of the present work is to evaluate the 
clinical use of Ion-torrent 16S ribosomal RNA sequencing for determining pathogenic species from 
clinical samples, but also to set up a pipeline for clinical practice. Optimal DNA-extraction and 
quantification methods were determined towards each evaluated sample-type and DNA-eluates were 
sent for 16S rRNA Sanger and Next-generation sequencing. The result indicated that the next-
generation sequencing shows a concordance in results towards the culturing-based method, but also 
the importance of experimental design and effective quality trimming of the NGS data. The conclusion 
of the project is that the Ion-torrent pipeline provided by the Public Health Agency of Sweden shows 
great promise in determining pathogens from clinical samples. However, there is still a lot of validation 
and standardisations needed for the successful implementation into a clinical setting.  
 

  



 
 

Popular scientific abstract 
 

Have you ever wondered why food rots when left outside overnight or how you become sick without 
any foreboding? This is because of the presence of microscopical lifeforms who lives around us and on 
most animals, including humans. One of these lifeforms is bacteria, who can be found on all areas 
which has direct contact with the outside environment such as but not limited to, the skin, inside your 
nose, mouth, reproducible organs and stomach. Even though it is known that bacteria make us sick, 
the can also be very helpful by colonizing our gut and helping us digest the food we consume.  
 
Generally, when speaking of disease-causing bacteria, the collective term pathogen is often used to 
describe a bacterium which causes disease. The term infection is often something we relate to 
pathogens and it describes when a disease-causing bacteria has successfully colonized an area of our 
body and evaded our immune system. As a response, the body usually reacts to this by increasing the 
body temperature and a feeling of dullness will start setting in. It is at this point most people start 
thinking of contacting a doctor to receive some antibiotics so that they can return to their normal life 
as soon as possible. The generous use antibiotics have however led to many bacterial strains develop 
resistance towards certain antibiotics, meaning that they cannot kill the bacteria. In the future, a more 
careful approach is needed and antibiotics should only be given when we are dealing with life-
threatening infections caused by pathogens such as blood poisoning.    
 
Today, most bacteria are identified by the doctor taking a sample from the infection-site and send it 
to a microbiology laboratory for identification. These samples are often grown on jelly-like substance 
(agar) over the course of multiple days in order to visibly detect bacterial cultures. Even though this 
sounds easy enough, it is often that the bacteria are peckish and refuse to grow, or that the whole 
spectrum of bacteria is missed. Understandably, this can cause a problem if the infection is severe – 
since the identification of the pathogen steers which antibiotic that can be used to treat the infection.  
 
As a response to this, new and exciting ways of identifying pathogens have been under development 
during most of the 21st century. One of the most prominent methods is based on extracting all the 
genomic building blocks found in the sample using laboratory techniques. By using further laboratory 
techniques to remove all the human building blocks (DNA), the hope is that the leftover material 
belongs to pathogens. By focusing on a specific part, referred to as the 16S region and determine every 
unique building block respectively using sequencing, it is fully possible to determine the identity of the 
pathogen without even growing them. This is generally referred to as metagenomic sequencing and 
allows for a new and faster way of determining pathogenic identities. This project has been focusing 
on evaluating one of these metagenomic sequencing approaches (Ion-Torrent) to determine how 
effective it is in determining the identity of pathogens from real infection samples.  
 
The result from the project showed that this method was effective in determining the pathogenic 
species from clinical samples, as long as the extraction of all building blocks is adapted to each sample 
type. Also impressive was the fact that the results also showed a high similarity towards the growing-
based methods. This was great news since this would allow clinical staff working at the microbial 
facilities to quickly determine the pathogen causing the disease and provide a recommendation in 
treatment. The conclusion of the project is that this form of sequencing can act as a powerful 
complementary analysis for patients who are very ill and the correct treatment is a must to ensure the 
patient's survival. However, the scope of this project has been rather limited and further validation is 
emphasized before it can be taken into clinical use.    
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Introduction 
 

Microorganism is a general term which describes all single-celled organisms who inhabits the earth. 
These organisms are known to be the first life developed on earth approximately 3.4 billion years ago 
and have today been found living in all earth biomes (Schopf et al, 2018). Even though a quite recent 
discovery, the presence of a microscopical form of life has always been suspected but not verified until 
Robert Koch and Louis Pasteur presented their findings regarding microorganism’s ability to spoil food 
as well as causing disease (Schaechter, 2015). Today, the understanding that this organism can be 
found in the environment around and on us is common knowledge, but under the term microbiota 
(Schopf et al, 2018). A microbiota is therefore a community of bacteria, archaea, protists, fungi and 
viruses that lives in a commensal, symbiotic or pathogenic relationship with its host (Ursell et al, 2012).  
 
The human body is not an exception of being the home of a broad variety of microorganisms. In 
general, microorganisms can be found on all anatomical sites which are in direct contact with the 
environment, such as, but not limited to, the skin, conjunctiva nasal, oral cavity, reproducible organs 
and gut (Cui et al, 2013). Commensal relationships can usually be found on the skin, where a majority 
of bacteria acts in a prophylactic manner and deter colonization of other microbes thus working as the 
first line of defense. The skin flora also consists of fungi, which generally colonize scalps and around 
glands (Cui et al, 2013; Lam et al, 2018). A symbiotic and mutualistic relationship is often found within 
the intestinal system where the gut-flora ferments dietary fibers into fatty-acid chains, synthesizing 
vitamin B and K as well as metabolizing sterols and xenobiotics for the host (Quigley, 2013). The 
composition of the gut flora is therefore based on the dietary intake, and dysregulation of the gut flora 
can lead to disease (Shen and Wong, 2016).  
 
Pathogenic relationships with a host describe how disease-causing microorganisms colonize different 
tissues and organs, followed by a successful evasion of the immune system (Laupland et al, 2003). 
Disease-causing organisms or pathogens include virus, bacteria, fungi, parasites (protozoa) and can 
cause infections within its human host. During this phase, a broad range of virulence factors are 
produced by the pathogen which helps the pathogen colonize, evade and suppress the immune 
response as well as toxins, hemolysins and proteases which damages and cause disease for the host 
(Sherman et al, 2010). For bacteria, the toxins are divided into either endo- or exotoxins which triggers 
a strong inflammation or inhibit biochemical pathways causing for example paralysis, gangrene or food 
poisoning as a result (Henkel, 2010).  
 
Clinical microbiology is a field of science which focuses on the prevention, identification and treatment 
of infectious diseases caused by pathogens (Sabat et al, 2017). To identify infectious pathogens, the 
traditional clinical diagnostical cycle consists out of three phases: The pre-analytical phase, analytical 
phase and post-analytical phase. Initially, during the pre-analytical phase all the ground-work such as 
patient examinations and collection of sample is performed followed by a culture on different sources 
of growth medium in the analytical phase. If present, cultured pathogens can be isolated and identified 
using molecular or biochemical approaches (Karlberg and Hallberg, 2016; Dekker, 2017; Motro and 
Moran-Gilad, 2017).  During the post-analytical phase, the report of the pathogen identity, antibiotic 
susceptibility testing and patient treatment is determined and reported (Sabat et al, 2017; Vaz-Moreira 
et al, 2011). When the pathogen is determined, a targeted treatment with antibiotics is often the to-
go method utilized worldwide (Laupland, 2013).  
 
The generous usage of antibiotics as a prophylactic and curative treatment is a massive industry which 
is heavily incorporated into the agricultural and clinical industry worldwide. However, this has led to 
the growing issue of antibiotic resistance (Li and Webster, 2018).  Antibiotic resistance is a natural 
phenomenon which occurs when fundamental changes to the pathogen's genome have taken place 
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due to spontaneous mutation (thought to occur once every ten million cell-divisions) often as a direct 
response of being exposed to antibiotics or fighting off other bacteria. The mutation can thereafter be 
transferred between pathogens (primarily bacterium) by conjugation, a primitive mating process 
where genetic information rapidly can be transferred and incorporated into plasmids or transposons 
(Lerminiaux and Cameron, 2018). As a result, this has led to the generation of new pathogens such as 
Methicillin and vancomycin-resistant Staphylococcus aureus (MRSA and VRSA), vancomycin-resistant 
Enterococcus faecium (VRE) and extended spectrum β-lactamase-strains (ESBL) 
(Folkhälsomyndigheten, 2016a; Folkhälsomyndheten, 2016b, Folkhälsomyndheten, 2016c). Today, 
this poses a world-wide problem towards public health, food integrity and the development of new 
drugs. Moreover, the pathogens carrying the resistance can cause life-threatening symptoms which 
are becoming harder to effectively use since the antibiotic is losing its control in inhibiting bacterial 
growth (Ventola, 2015). In order to counter the microbial resistance, the World health organization 
(WHO) suggest a 5-point strategic project plan in their annual antibiotic resistance report GLASS 
(Global Antimicrobial Resistance Surveillance System). The gist of the global action plan implied that 
new and innovative methods are needed, which involves new types of antibiotics, new drugs and rapid 
ways of identifying pathogens (WHO, 2019). Since the conventional approach of identifying pathogens 
can take up to 72 hours, it creates an ethical issue facing clinicians worldwide - should antibiotics be 
handed out without knowing which primary pathogen is causing the disease? Generally, the usage of 
broad-spectrum antibiotics has increased exponentially world-wide as the default treatment. This is 
thought to be due to time constraints, inadequate tests or setting a primary diagnosis based on past 
expertise and experience, which leads to the unnecessary usage as well as exposure (Paterson et al, 
2016). 
 
In order to develop new methods focusing on the identification and diagnosis of pathogens, it is 
essential to understand the weaknesses of the conventional methods. The culturing of pathogens as a 
source of identification is generally referred to as culture dependent culture characterization and is 
heavily incorporated into clinical environments worldwide. Over time this form of wet-lab standard 
practice has developed into the golden standard of clinical microbiology (Sabat et al, 2017; Vaz-
Moreira et al, 2011). This has helped the market to align itself towards this form of analysis, leading to 
multiple companies providing materials for a competitive price – thus leading to this form of analysis 
to be relatively cost-effective. Culturing in itself is however highly insensitive, subjected for 
contaminations as well as long turnaround time (up to 72 hours with antibiotic susceptibility testing). 
This is primarily due to multiple factors, such as different sources of growth-media is required in order 
to identify the primary pathogen (if its sensitive enough to grow) and human-introduced 
contamination as well as bias in selection (Stewart, 2012; Laupland, 2013). By trying to move the 
golden standard away from culture as the primary identification method, it would allow clinicians to 
minimize the usage of antibiotics and lowering the prevalence of antibiotic-resistant pathogens as a 
whole (WHO, 2017). 
 
The first step in the right direction came with PCR-based methods during the 1990s, with the 
introduction of the first viable approach to detect pathogens without the use of bacterial culture 
methods. The method is however based on either knowing or suspecting which pathogen is causing 
the disease and targeting them with species-specific probes (Matsuda et al, 2011). The probes, which 
emits radioactivity or fluorescent light can therefore be utilized in order to verify if the suspected 
pathogen is present within the taken sample. The major drawback with the method is that the analysis 
is shallow – it provides no in-depth knowledge if multiple pathogens are presented within the sample 
or if the pathogens carry any interesting genetic traits such as antibiotic resistance (Matsuda et al, 
2011).  
 
New advancements within clinical microbiology have led to the introduction of metagenomic 
sequencing, which utilized the mindset that all types of pathogens can be detected by extracting all 
DNA from an environmental sample (Pallen, 2014). This methodology is based on advancements of the 
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conventional sequencing during the ’80s and 90’s, when the importance of the 16S ribosomal RNA 
started to be highlighted (Woese, 1987). By extracting DNA and thereafter running multiple PCR with 
16S specific primers huge difference in microbial diversity in culture dependent and culture-
independent approaches could be detected (Hugenholtz et al, 1998). The difference was due to 16S 
ribosomal RNA is shared, thus found within all bacteria, and constructed by conserved and variable 
regions. As a result, new ways of constructing phylogenetic trees was impended, which led to new 
classifications of microorganisms as well as detecting species-specific signatures (hypervariable 
regions) for identification (Woese, 1987). Metagenomic sequencing can therefore highlight the vast 
difference in microbiological diversity between culture dependent and culture-independent methods, 
with some studies highlighting 0.01-1 % shared pathogens found (Coenye and Vandamme, 2003). 16S 
rRNA gene sequencing has the potential to be more used in clinical microbiology as a rapid and cost-
effective method for identifying pathogens in patient-samples (Srinivasan et al, 2015; Abayasekara et 
al, 2017). However, one of the biggest limitations was the investment into technology with relatively 
low throughput, as well as high costs, in running the whole process in-house, thus leading to 
questionable clinical application even though it is considerably more effective than the conventional 
approach (Gueimonde, 2012; Dekker, 2018).  
 
Next-generation sequencing (NGS) is what is usually described as a “catch it all term”, describing the 
high throughput massively parallel sequencing of DNA fragments (Besser et al, 2018). During the last 
decade DNA sequencing technology has been heavily expanded and invested in, leading to an 
increased development over the years. The development has been rapid and competitive over the past 
20 years after the first sequencing initiative of the human genome (The human genome project) prices 
have fallen from 2 billion to approximately 150 USD for whole genome sequencing. Moreover, the time 
of completing the sequencing went down from 10 years till 24 hours (Brenner et al, 2018). NGS is today 
in a golden position with the possibility of introducing a new wave of “disruptive technology” causing 
major rework in the diagnostical cycle in place today, followed by less wet-lab dependency and turn-
around time (Laupland and Valiquette, 2013). The genome defines everything about what the 
pathogen is, and can therefore provide clinicians with vital information regarding identity (16S rRNA), 
antibiotic resistance as well as toxins. This is envisioned by sequencing each fragment multiple times 
and aligning the fragments created by the sequencing system towards a reference genome with the 
help of bioinformatical tools (Sabat et al, 2017). Despite the advancement in technology compared to 
equivalent clinical workflows (culture-independent and culture-based methods), there are still some 
major reservations in the integration of NGS, such as investment in the technology, cost per analysis, 
validation of results as well as amplification bias in the library preparation (Kozyreva et al, 2017).  
 
Ion-Torrent semiconductor sequencing is a technology which in 2014 took a whole new approach to 
sequencing by making the process faster, affordable and scalable to the high throughput sequencing 
field. The general idea with this form of sequencing is to translate the bases adenine, cytosine, guanine 
and thymine into a digital form (0 or 1) with the help of semiconductor chip loaded with a prepared 
DNA library (ThermoFisher Scientific, 2018). The prepared DNA library which consists of DNA-
fragments which has been in the case of 16S rRNA sequencing been specifically targeted using an 
amplicon-PCR. After PCR, it is often recommended to perform a sizing step to ensure uniformity and 
accuracy later on in the sequencing. The uniform fragments are then aligned with adapter sequences 
(Figure 1) and another run through PCR to ensure their successful incorporation onto the fragments. 
After another sizing step, the barcodes are attached to the adapter sequences by performing an Index 
PCR, this ensures that the multiple libraries can be “pooled” and the Ion-Torrent sequencing can now 
be performed (Figure 1) (Head et al, 2014).   
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Figure 1. The schematic strategy for creating a sequencing library. Overhang adapters are used for amplifying the 
target sequence, in this case, the 16S hypervariable regions 3 and 4. Unique dual-indexing barcodes are added 
into the mixture, which attaches towards the overhang adapters and allows for multiplexing as well as 
normalization of libraries. Figure inspired by Ion AmpliSeq Library kit 2.0 (ThermoFisher).   

The library is loaded onto a chip containing microwells which are flooded with the single-stranded 
template (DNA to be sequenced), DNA polymerase as well as deoxyribonucleotide triphosphate 
(dNTP). DNA polymerase has the ability to incorporate dNTP’s into the growing DNA strand regardless 
if it is complementary or not. However, if the incorporated dNTP is complementary, the subsequent 
incorporation will release hydrogen as well as pyrophosphate. If the reaction is not complementary 
the biochemical reaction does not take place (ThermoFisher Scientific, 2018). The release of hydrogen 
will in turn cause a pH-influx within the microwell solution, which can be detected and measured with 
the help of an ISFET-detector (ion-sensitive field-effect transistor) present on the semiconductor chip. 
The change in pH will cause an electric charge, thus telling the sequence system that a nucleotide has 
been added to the growing strand (reporting it as a 0 if complementary and 1 if not) (Lee and Kim, 
2009). The measured change is translated to a DNA sequence and sent to a computer for signal as well 
as DNA assembly analysis. Thereafter the unincorporated dNTPs are washed away – thus resetting the 
cycle and introducing a new batch of dNTPs with the start of the next cycle (ThermoFisher Scientific, 
2018). After all the cycles have been completed, the acquisition of raw-data can be performed. For 
Ion-Torrent, the raw-file is often referred to as a Binary Sequence Alignment/Map or BAM. This file 
format is compressed and presented in binary – and can be utilized for sequence alignment, indexing 
or derived into SFF or FASTQ-format according to the user interest (ThermoFisher Scientific, 2018).    
 
When Ion-Torrent hit the research and commercial market, it provided a new and exciting approach 
in the NGS-field. Several key factors stood out when compared to competitors sequencing systems 
such as increased accuracy, uniform coverage as well as increased throughput (Hsiao et al, 2016; Life 
Technologies, 2011). One of the strengths of the system which is often highlighted is the simplicity of 
the reaction and the chemistry behind it, which creates long reads in real-time with minimum bias 
involved, the reads can thereafter be assembled towards a reference genome or de novo (Figure 2) 
(Life Technologies, 2011; Fuente et al, 2014). However, one of the drawbacks by using this technology 
is that it cannot handle homopolymer repeats of the same nucleotide within the template to be 
sequenced. Homopolymer is a phenomenon which can affect the ISFET-detectors interpretation of 
successful complementary incorporation of multiple nucleotides – due to rapid pH-change since 
multiple hydrogen ions are released in one cycle (Fuente et al, 2014).  
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Figure 2. The schematic strategy for performing the assembly of reads using the Velvet-algorithm. The target 
amplicon is amplified with the help of overhang-adapters and later with barcodes (not fully represented in the 
figure). Thereafter, the high throughput sequencing is performed which yields raw-reads. After performed 
quality-trimming, the reads are run through the velvet-algorithm which has the ability of grouping the reads into 
contigs. The contigs consist out of multiple sequences aligned together into a consensus sequence. These can be 
extracted from the dataset and run through the NCBI’s BLAST-algorithm in order to determine their taxonomy.  

Aim of the thesis.  

 

This thesis project attempts to investigate the benefits of 16S metagenomic sequencing to determine 
pathogens in various patient sample types. The scope of this thesis will include nucleic acids extracted 
from positive blood culture, sterile body fluids, tissue and bacterial isolates with suspected or various 
degree of infection. Nucleic acids will be sequenced at Folkhälsomyndigheten (Public health agency of 
Sweden) using Ion-Torrent based sequencing but also using Sanger sequencing at KIGene. This allows 
for a direct comparison between methods, but also towards the conventional culture-based 
methodology from Unilabs microbiology facilities.  With the help of cloud-based software, raw data, 
as well as a format-report will be available from the bioinformatical workflow provided by this service. 
This project compared the data analysis provided by Folkhälsomyndigheten with results from publicly 
accessible software, performed manually. This study distinguishes itself from previous publications 
since it will focus on the streamlining of laboratory and bioinformatic workflows, a prerequisite of 
introducing an automated metagenomic-based workflow in the clinical laboratory at Unilabs, Skövde. 
This would allow clinicians to be proactive than reactive in their identification of pathogenic species, 
leading to faster treatment of critical pathogens without relying on culture-based methods.  
 
This thesis project has therefore two aims: 
- To evaluate the clinical use of 16S ribosomal RNA sequencing for determining pathogenic species in 
metagenomic samples. 
- To develop a pipeline for analysis of metagenomic samples for clinical practice.  
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Materials and methods 

Decontaminating and validating the MagNA pure compact 8 instrument 

The MagNA pure compact 8 (Roche Diagnostics) designated for handling the isolation of bacterial DNA 
from samples of sterile body fluids, was decontaminated and validated using the following protocol: 
  
The decontamination was performed by removing all movable parts from the machine, hand washing 
with hot-water and soap and left to air-dry.  The interior of the machine was thoroughly cleaned with 
RNaseZap (Ambion) followed by UltraPure™ Distilled water (ThermoFisher). After the 
decontamination, the conventional, as well as the recently cleaned MagNA pure, was prepared to run 
two identical extraction protocols on a virus and bacteria (Appendix A, Table 1). 
 
The tube containing eluted DNA was placed in a QIAgility (Qiagen) together with the premade master 
mix. An automated process pipetted master mix into each tube and the sample could was placed in 
the RT-PCR platform Rotor-Gene Q (Qiagen). Using predesignated viral and bacterial panels, the 
projected cycle threshold was compared with a threshold of 0.05 and it was deemed to pass if a 
similarity could be observed.  

Sample collection, microbial culture and analysis 

The collection of different sample types (positive blood culture, sterile fluids, tissue, fungi and bacterial 
isolates) was performed by the personnel working at Unilabs clinical microbiology facilities, parallel to 
their conventional analysis. All samples containing at least 1mL was stored in a refrigerator at 5 °-C for 
further usage.  In total 20 samples for each sample-type were collected and ran in quadruples (for each 
evaluated method), in total approximately 100 samples were analyzed in the span of this thesis.  

Evaluation of extraction methods   

Collected samples were transferred over to a MagNA pure tube (2.0 mL) up to a volume of either 400 
or 1000 µL and was evaluated in the outlined workflow (Figure 3). The only exception to this involved 
tissue samples, which had a separate pre-cell-lysis step by bead-beating in a MagNA lyser (Roche 
Diagnostics). The tissue was transferred to a MagNA lyser green bead tube (Roche Diagnostics), placed 
in the machine and initiated the bead-beating at 6000 rpm for 30 seconds. The contents of the tube 
were then transferred to a MagNA pure tube as previously described. 
 

 
 
Figure 3. The overall workflow for evaluating the effectiveness of the extraction methods. Four different 
extraction or pre-treatment methods were evaluated; the conventional extraction, pre-treatment with either 
MolYsis™, pellet-based or bacterial lysis buffer. All methods were however extracted using the MagNA pure 
compact 8. A measurement of quantity and quality using Biospec and Qubit 3.0 determine if the sample should 
be discarded or able to continue into the 16S-PCR protocol.  

The conventional extraction method was performed by pipetting 400 or 1000 µL of the sample into a 
MagNA pure tube (Roche Diagnostics). The sample was loaded into a MagNA pure compact 8 (Roche 
Diagnostics), together with reagent cartridges, sterile pipette-tips and elution-tubes (Figure 4). The 
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reagent cartridges used are dependent on the initial sample volume and protocol as described in 
Appendix A (Table 2). After loading the material into the machine, the individual barcodes present on 
the tubes as well as reagent cartridges were scanned, followed by a selection of protocol and starting 
volume. The protocol was initiated and run for approximately 30 minutes.  
 

 
Figure 4. The interior of the MagNA pure compact 8 (Roche Diagnostics) as well as the position of reagent 
cartridges (1), sterile pipette-tips (2), sample and elution tubes (3).    

The pre-lysis performed with the MolYsis™ Basic 5 kit (Molzym), was performed to minimize the 
background of human DNA and highlight the bacterial DNA in each sample. This was performed with 
no alterations to the manufacturers written protocol (Molzym, 2014) with the exception that 1000 µL 
of initial sample was used instead of 400 µL. The isolated DNA was then placed in the MagNA pure 
compact 8 (Roche Diagnostics) and followed the previously outlined extraction protocol. 
 
The pellet based pre-treatment was performed on 400-1000 µL of the initial sample, which was 
centrifuged at 2000 rpm for 10 minutes in a mini spin centrifuge (Eppendorf). The supernatant was 
transferred over to a new sterile MagNA Pure Tube (Roche Diagnostics), followed by adding 700 µl of 
ethanol and inverting the tube 15 times. The tube was left to incubate in room temperature for 5 
minutes, before being placed in the mini spin centrifuge at 10.000 rpm for 15 minutes. The supernatant 
was carefully removed and another 700 µl of 70 % ethanol was added before rerunning the previous 
step. The lid to the tube was left open for ~15 minutes allowing the ethanol evaporate and to air-dry 
the pellet. The pellet was resuspended by adding UltraPure™ Distilled water (ThermoFisher) and 
vortexing. The mixtures then followed the previously outlined MagNA pure compact 8 (Roche 
Diagnostics) protocol for extraction.  
 
The pre-lysis treatment was performed by pipetting 400 µL of the sample into a 1.5 mL Eppendorf tube 
and placing it in a mini spin centrifuge (Eppendorf) at 10.000 rpm for 10 minutes. The supernatant was 
carefully removed and the pellet was resuspended by adding 200 µL of UltraPure™ Distilled water 
(ThermoFisher), 180 µL Bacterial lysis buffer (Roche Diagnostics) and 20 µL of Proteinase K (Sigma 
Aldrich). The mixture was vortexed thoroughly and placed in a heat block for 25 minutes at 65° C.  After 
successful pre-lysis, the tube was be placed in the MagNA pure (Roche Diagnostics) and used the 
previously outlined extraction protocol.  
 
Quanitity and quality was checked with a Biospec nano-spectrophotometer (Shimadzu) and Qubit 3.0 
Fluorometer (ThermoFisher) with the Qubit™ dsDNA HS Assay Kit (Thermofisher), which was used 
according to the manufacturer’s recommendations. All the measured DNA-eluates were summarized 
in an Excel-file, which could be imported into R version 3.5.1 to create boxplots.   



8 
 

Evaluating lab developed 16S/ITS –PCR assay 

10 clinical samples were chosen to be used in the lab-developed assay for 16S/ITS, based on their 
quality and quantity of the DNA-eluate. For comparison, the samples were sent for both Sanger-
sequencing at KIGene and 16S Ion-Torrent sequencing, as shown in Figure 1.  
 

 
Figure 5. The overall plan for evaluating the effectiveness of the PCR-method. Extracted DNA is run together with 
universal 16S/ITS primers in a PCR. The visualization of PCR-products is performed by electrophoresis. If the 
product is visible, DNA were sent to both the Public health agency of Sweden for Ion-Torrent sequencing or 
cleaned up and undergoes a second PCR cycle to be sent for Sanger sequencing at KIGene. Afterwhich, the results 
were compared.  

The extracted nucleic acid was pipetted into KAPA PROBE FAST qPCR Master Mix (2X) (Kapa 
Biosystems) together with either bacterial (DPO) or fungal (ITS1) forward and reverse primers (Table 
1) in a PIKO thermocycler (ThermoFisher) (Internal document NM06458, Unilabs). 
 
Table 1. The primers used for the 16S and ITS amplification. The primers are used in pairs, forward and reverse 
respectively.  

Primer Sequence (5’-3’) 
16S: DPO-F AGAgTTTgATC,TGGCTCA-I-I-I-I-I-AACGCT 
16S: DPO-R CGCGGCTGCTGGCA-I-I-I-A-I-TTRGC 

ITS1: Fungi 18f TCCGTAGGTGAACCTGCGG 

ITS1: Fungi 5.8r CATTTCGCYGCGTTCTTATC 

 
The PCR-product was mixed with 2X loading dye (New England Biolabs) and run on a precast 2% 

agarose gel (ThermoFisher) containing SYBRGreen together with FastRuler Middle Range DNA Ladder 

(ThermoFisher). The electrophoresis is performed with an E-Gel Powerbase (Invitrogen) set for 30 

minutes to visualize PCR-product. The product was cleaned by following the protocol for QIAquick 

PCR purification kit (Qiagen), whereas the final product is stored in a freezer at -20° C or continue to 

be amplified in the next PCR-protocol.  

Sequencing protocol, Sanger sequencing  

The cleaned product was added to a master mix consisting of 2.5X sequencing RR-100 (Applied 
Biosystems), 5X sequencing buffer (Applied Biosystems) followed by either DPO F for bacteria or 18f 
and 28r for fungi (Table 1) within a PIKO Thermocycler (ThermoFisher).  The final product was 
precipitated and washed by adding 1 µL 3M NaAc (pH 5.2) and 29 µL 99.5 % ethanol to each PCR 
mixture. The total volume was transferred over to clean 1.5 mL Eppendorf tube and centrifuged at 
10.000 rpm for 30 minutes. The supernatant was carefully removed and 150 µL cold 70 % ethanol was 
added to the tube before the centrifugation, followed by removal of the supernatant. The tube 
containing the pelleted DNA was left to air dry for approximately 15 minutes, before being sealed with 
Parafilm (Sigma-Aldrich).  The DNA could then be stored or sent away for Sanger-sequencing at KIGene. 
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Sanger-sequenced DNA results were received by email from KIGene. The analysis of  these sequences 
was performed with the help of NCBI's BLAST-algorithm (Basic Local Alignment Search Tool) (Altschul 
et al, 1990). The search was conducted as a “Nucleotide BLAST”, with the exclusion of 
uncultured/environmental sample sequences followed by “optimize for highly similar sequences 
(megablast)”. The database for 16S ribosomal RNA sequences was chosen and BLASTed.  Classification 
results was based on the findings with the highest max-score, lowest e-value as well as the highest 
percentage identity.  

Next-generation sequencing and data-pipeline at Public health agency of Sweden 

The library preparation was performed by enzyme fragmentation of extracted DNA-samples, adding 
overhang-adapters and barcodes to the mixture. Binding of these adapter/barcodes was performed 
by fusion-PCR. The barcoded fragments were then mixed with beads carrying primers which facilitated 
primer attachment and a place of elongation for the fragments which was achieved by running an 
emulsion PCR. The beads carrying the elongated DNA were loaded onto a semiconductor chip together 
with A-adaptors and an enzyme. The chip is loaded into the Ion-Torrent sequencing machine and the 
sequencing is performed according to normal procedure.  
 
The raw-data output from the Ion-Torrent sequencing are BAM-files, which are transferred over to a 
Linux server for storage and data-analysis. Quality trimming and control was initiated by running a 
compilation-script referred to as 16SanalyzerGCC (V.0.0.2, Public Health Agency of Sweden, 
unpublished). The purpose of the script is to improve the overall quality of the dataset and removing 
low complexity reads present within each BAM-file (Figure 6 and Table 2).  
 

 
Figure 6. The general workflow for quality trimming, classification and alignment used by Public health agency of 
Sweden in order to provide an end-user report (Hallström and Karlberg, 2016). The raw-sequencing data was 
transferred over to a Linux-server where a compilation script was run in order to remove low-complexity reads. 
Classification was performed by Kraken which was mapped against the reference genome using an undisclosed 
too?l. The results were validated before being sent to end-user, via an excel-file and the web-tool Krona.  

 
Table 2. Disclosed packages contained in the compilation script with their intended purposes. For alignment RDP-
gold was used, removal of adapter sequences was performed by cutadapt, clustering of reads was performed by 
Usearch8 and SILVA performs the taxonomic framework. The order presented does not necessarily correlate to 
their working pipeline.   

 16SanalyzerGCC (V.0.0.2)  
Package/Tools Function Reference 

RDP-Gold Compilation package for ribosomal analysis – alignment, 
classifier, hierarchical browsing and phylogenetic tree. 

Wang et al (2007) 

Cutadapt Searches and removes all adapter sequences from the 
reads.  

Martin (2011) 

Usearch8 Search and clustering algorithms Edgar (2010) 



10 
 

SILVA  Taxonomic framework Quast et al (2013) 

 
The high-complexity reads were assigned a taxonomic label, usually through obtaining data from 
Kraken (Wood and Salzberg, 2014).  This aligns the reads against a reference genome and isolated 
contigs, were identified by NCBI's Basic Local Alignment Search Tool (BLAST) (Altschul et al, 1990). The 
finalized product was validated and reported in an Excel-document as well as metagenomic 
visualization in the Krona chart (Ondov et al, 2011) before being sent by a cloud-based transfer to the 
end user.  

Comparative data-analysis  

The raw BAM-files available by the cloud-based transfer from the Public Health Agency of Sweden 
enabled a comparative data-analysis against publically accessible software and also a manual 
bioinformatical pipeline. 
 
The manual analysis consisted of with the conversion of BAM-files into a FASTQ-format with the help 
of BamTools (V.2.5.1) on Linux Mint (Barnett et al, 2011). The raw-reads were quality controlled using 
FASTQC-software (V.0.11.8) also on Linux Mint (Andrews, 2010). Quality was scored based on assessing 
the basic statistics (BS), per base sequence quality (PBSQ), per sequence quality scores (PSQS), per 
base sequence content (PBSC), per base N content (PBNC), sequence length distribution (SLD), 
sequence duplication levels (SDL), overrepresented sequences (OS) and adapter content (AC) of each 
FASTQ-file (Andrews, 2010). 
 
Quality trimming of the raw reads was performed by Trimmomatic (V.0.36.5) for Windows 10 (Bolger 
et al, 2014). Adaptor sequences were removed using the ILLUMINACLIP-command with custom 
sequences added in fasta-format as well as palindrome read alignment set to 18. Removing all low-
quality reads was performed by using the SLIDINGWINDOW-command, sliding window of 4 bases with 
average quality below 15 was utilized as a clipping cutoff (Bolger et al, 2014). Thereafter a second 
FASTQC-report was generated on the trimmed dataset to determine improvement in quality.  
 
Assembly of the trimmed dataset was performed by Velvet sequence assembler (V. 1.2.10, Windows 
10) by running Velveth and velvetg. Commands used included “cov_cutoff”, “exp_cov” and 
“min_contig_lgth” arguments to optimize N50 (minimum contig length to cover half assembled 
genome) and read coverage to isolate the longest contigs present in the dataset.  
 
Species identification was performed by using the Kraken system (V 1.0) with the prebuilt 4GB 
MiniKraken database for Linux Mint with default settings (Wood and Salzberg, 2014). A visualization 
of the classified reads was performed using R version 3.5.1 (R-project, 2018) together with the 
interactive analysis of metagenomic data package Pavian (Breitwieser and Salzberg, 2016). 
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Results 

Evaluation of extraction methods. 

Optimal extraction or pre-treatment method was performed as previously outlined in Figure 3. All the 
DNA-eluates produced by each method was measured using both Biospec and Qubit. The output was 
summarised in an Excel-file and imported into R (V.3.5.1), where average values were calculated and 
box plots were created (Appendix B, Figure 1-6). 
 
Table 3. Extracted positive blood culture, tissue, and sterile fluid samples were measured with Biospec at A260/280 

and A260/230 and ng/µL. A Qubit 3.0 measurement was also conducted in order to determine and compare DNA-
measurements in ng/µL. The reported values are the average values, covering both quantity and quality 
respectively together with their standard deviation.   

Positive blood culture samples (n=40) 
Method Avg. Biospec DNA (ng/µL) Avg. Qubit DNA(ng/µL) Avg. A260/280  Avg. A260/230  

Conventional 61.8 ± 116.5 24.2 ± 17.4 1,7 ± 0.5 1.0 ± 0.5 
MolYsis™ 96.6 ± 62.4 44.8 ± 19.4 1.9 ± 0.2 1.7 ± 0.3 

Tissue samples (n=40) 
Method Avg. Biospec DNA (ng/µL) Avg. Qubit DNA(ng/µL) Avg. A260/280  Avg. A260/230  

Conventional 102.5 ± 45.2 25,7 ± 17.8 1.7 ± 0.2 0.9 ± 0.2 
MolYsis™ 77.8 ± 32.1 54,1 ± 21.4 1,9 ± 0.1 1.6 ± 0.3 

Sterile fluids (n =43) 
Method Avg. Biospec DNA (ng/µL) Avg. Qubit DNA(ng/µL) Avg. A260/280  Avg. A260/230  

Conventional 113,2 ± 29.2 50,9 ± 15.7 1,9 ± 0.2 1.6 ± 0.2 
MolYsis™ 76,1 ± 63.2 20,1 ± 26.2 1,6 ± 0.4 1.0 ± 0.5 

Pellet 53,5 ± 28.5 15,9 ± 18,7 1,4 ±0.4 0.9 ± 0.5 
Manual 75,9 ± 51.2 26, 4 ± 24.1 1,6 ± 0.4 1.1 ± 0.4 

 
The average concentrations and absorbance measurements from positive blood culture bottles are 
summarised in Table 3. However, the different data-points are only from the conventional extraction 
and MolYsis pre-treatment method, primarily due to the other methods showed an inconclusive or 
had a low DNA yield. When comparing the two methods, it was clear that the MolYsis method provided 
substantially higher average concentrations and absorbance than the conventional method. This 
method provided both higher quantities of DNA, but also higher purity than the conventional method. 
This trend could also be determined when observing the box-plots (Appendix B, Figure 1 and 2), by 
performing a Levene’s pairwise test it was determined that the Conventional method had a 
significantly greater variation than the MolYsis pre-treatment method (p = 0.0016) when measuring 
with a Biospec spectrophotometer, the same general trend was also found at both absorbance levels 
(p = 0.012 and p = 0.048). However, no significance could be determined when comparing the 
conventional and MolYsis methods using a Qubit 3.0 Fluorometer (p =0.56). Due to the significant 
difference in variability between the two methods, the MolYsis-method was concluded to be the 
optimal method for extraction of bacterial DNA from positive blood culture since it provided less 
variability and more reproducible results.  
  
Also presented in Table 3, are the average concentrations and absorbance measurements from tissue 
samples. The represented methods are the conventional extraction and the MolYsis pre-treatment 
method. The pellet pre-treatment and manual pre-lysis methods showed an inconclusive or had a low 
DNA yield.  Interestingly, when comparing the two evaluated methods it was clear that the MolYsis 
pre-treatment method showed a better overall result when both average DNA measurements and 
absorbance levels are taken into consideration. However, lower overall concentration was found using 
the Biospec, whereas higher could be detected using Qubit – followed by higher absorbance levels 
compared to the conventional method. This same general trend could be detected in the box-plots 
(Appendix B, Figure 3 and 4) followed by lower variability than the conventional method. However, the 
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only exception to this could be observed in the figure covering absorbance (Appendix B, Figure 4), 
where a no difference in variability could be determined using a Levene’s pairwise test between the 
conventional and MolYsis method using Biospec spectrophotometer and Qubit respectively (p=0.30 
and p=0.12). Applying the same variability test on the absorbance levels, no difference in variability 
were found between any method at their respective absorbance level (p= 0.19 and p= 0.23). However, 
a visually higher on average DNA quantity and quality could be observed in favour of the MolYsis-
method. Due to this, the MolYsis-method was concluded to be the optimal choice in order to isolate 
and extract bacterial DNA from tissue samples.  
 
Lastly, the average concentrations and absorbance measurements from sterile fluid samples are also 
compiled in Table 3. The results consist of average concentrations and absorbance measurements from 
sterile fluid samples. Interestingly, all four extraction and pre-treatment methods were found to be 
compatible with this sample type, leading to a wide array of data-points being both represented in 
Table 3, but also as bar-plots (Appendix B, Figure 5 and 6). While applying a Levene’s test it was found 
that the MolYsis method provided a significant difference in variation compared to the conventional, 
pellet and manual methods using a Biospec spectrophotometer (p=0.019). However, when measuring 
with a qubit, no significant difference in variation could not be determined between the methods (p = 
0.49). When determining the variance between the absorbance levels and respective method, it was 
determined that the MolYsis, Manual and pellet method showed a significantly greater variance than 
the conventional method at both absorbance levels (p= 0.0012 and p = 0.0001). In general, the 
conventional method provided less variability and more reproducible results, when comparing it 
towards the other methods whom showed a higher degree of variance.  
 
The bacterial and fungal isolate extraction has deliberately been omitted from the thesis. 
There was no need to perform a thorough evaluation of optimal extraction methods since this had 
already been validated through the existing lab developed 16S/ITS –PCR assay utilized by Unilabs for 
Sanger-sequencing (data not shown).  

Sequencing results from KIGene and Public health agency of Sweden 

A total of 10 clinical samples from various source material were prepared according to the 16S/ITS –
PCR assay workflow (Figure 5). In general, samples were picked randomly as long as a PCR-product 
could be determined from the assay and that the culture analysis showed a presence of any bacteria. 
Each sample was split in two so that one sample could be sent to KIGene for Sanger sequencing and 
the other sample to the Public health agency of Sweden for Ion-Torrent sequencing. This assured that 
the result from both sequencing methods could be evaluated and compared. The result of the 
sequencing is summarised in Appendix B (Table 1 and 2).  
 
The fasta-sequences from the Sanger-sequencing was available by mail from KIGene and was uploaded 
to NCBI's BLAST-algorithm. In general, the blasting results showed high consistency in identifying 
pathogens (Appendix B, Table 1) with a percentile match of over 97 % or higher. Notably, in 10 out of 
10 clinical samples, it was possible to identify a single pathogen, with one sterile fluid sample providing 
a zero hit result towards the 16S ribosomal RNA sequence database. Also noticeable was the fact that 
even though a high identity was achieved, most pathogens showed a high sequence similarity towards 
other subtypes of the same family and genus. Implying that some strains cannot be distinguished from 
each other with high certainty (e.g. Streptococcus pyogenes/agalactie/dysgalactie) due to the high 
similarity in the sequenced region as well as almost identical identity percentages.  

 
The projected taxonomical labelling of clusters from the Ion-Torrent sequencing was achieved through 
utilizing the Public health agency of Sweden’s automated data-pipeline, whereas one of these reports 
has been summarised in Appendix C (Table 1, Figure 1 and 2). The overall results also indicate a high 
consistency of determining pathogenic species (Appendix B, Table 2). However, this was not the case 
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with the bacterial isolates, where only 1 out of 3 samples had a species as it lowest taxonomical 
hierarchy, it was therefore more common to detect genus rather than species. Also notable was the 
presence of multiple pathogens detected in 2 out of 3 tissue samples, which could indicate that Ion-
Torrent sequencing has the possibility of distinguishing species to a greater extent than other methods 
evaluated in the span of this thesis. The previously undetected pericardium fluid sample (Table 3) could 
also be identified as a Pasteurella multocida. Also present in the table are the spike in-control, which 
is a way of determining the reliability and accuracy of the results. An optimal result is a percentage 
spike <2.0 %, which would indicate that sufficient starting material was present, this was the case in 
all samples except one (Appendix B, Table 2). 
 
The result from the clinical culture-based analysis performed by Unilabs microbiology laboratories has 
been summarised in Appendix B (Table 3). In general, the identification of pathogens was performed 
by visual assessment of potential pathogens and performing MALDI-TOF MS typing. The result showed 
a high similarity to both sequencing methods (Appendix B, Table 1 and 2). Interestingly, the Klebsiella 
pneumonia-strain detected in the culture analysis was not detected by any sequencing method.   

Quality control and trimming of reads 

The raw BAM files from the Ion-Torrent sequencing became available through a cloud-based transfer 
called “ownCloud” and was downloaded and stored on a local hard drive. The file conversion of the 
BAM-files into a Fastq-format was performed by BamTools and the code is available in Appendix D 
(Figure 1). 
 
The fastq files consisting out of raw sequencing data was assessed using the FastQC software. By 
loading each individual dataset into the software, a quick way of assessing and determine if quality 
issues are present and how they should be addressed before continuing the analysis. The output from 
the analysis is color-coded, whereas failed (red), warning (yellow) and pass (green) are the general 
marks the data is measured against, assuming a diverse library. In the generated report present in 
Appendix D (Figure 2), multiple fails are present in “per base sequence content”, “per sequence GC 
content”, “sequence duplication levels” and “overrepresented sequences”, whereas warnings are 
present in the “per  base sequence quality”, “per sequence quality scores” and “per sequence length 
distribution”. Due to multiple fails and warnings, it was suggested that the overall quality of the 
datasets was low. The whole report has been attached in Appendix D (Table 1), with a more in-depth 
explanation and analysis of the results. 
 
By using the Trimmomatic software, a general quality trimming and subsequent removal of adapter 
sequences were performed using the codes in Appendix D (Figure 3). The trimmed fastq-file was used 
in FastQC in order to generate a quality report. Following the trimming, it was determined the overall 
quality of the dataset had improved as indicated by “per sequence quality scores” (Appendix D, Table 
2). However, most of the warnings and fails persisted after trimming of the reads due to the nature of 
the 16s sequencing. 

Contig isolation performed by Velvet assembly 

The quality trimmed fastq-files were individually transferred over to the folder containing the velvet 
assembly algorithm. Using Cygwin, the Velveth and Velvetg-commands were accessed and utilized for 
the purpose of constructing the dataset by hashing the reads, but also extracting various information 
from the dataset, such as the contig and stats-file as illustrated in Appendix E (Figure 1 and 2). By 
running the Velvetg-command with the default setting, a low N50 and coverage of reads were achieved 
(Appendix E, Figure 1).  A more specified code was needed in order to improve the N50 and overall 
coverage of reads. This was envisioned by extracting the information from the stats-file by plot it as a 
histogram using R-studio as demonstrated in Appendix E (Figure 3). The distribution of Kmer coverages 
from the stats-file will give an indication on which coverage cutoffs should be used for the Velvetg 
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algorithm. The optimal coverage cut off values as well as N50, max and coverage of reads for each 
sample have been reported in Appendix E (table 1).  
 
By running the algorithm with optimal cut off values, a substantially higher N50 value was achieved 
with higher coverage of reads (Appendix E, Figure 4). In turn, this allowed a contig-file to be generated 
which contained contigs of various length (minimum length was r set to 100nt). The whole contig-file 
was uploaded to the NCBI's Basic Local Alignment Search Tool (BLAST) and run towards the 16S 
ribosomal RNA sequence database (Appendix E, Figure 5). Usually, a positive species determination 
was made from the longest contigs (>150nt) which generally showed the same identified species over 
the whole contig file. The findings have been summarised in Appendix E (table 2). 
The results showed a high similarity in pathogen identification towards the sequencing results found 
in Appendix A (Table 3 and 4). Moreover, there were some minor differences found, such as the Listeria 
species was found to be an L. welshimeri and not an L. monocytogenes nor L. innocua as previously 
found using other methods. Also highly interesting is the fact that only a single pathogen was 
detectable through the whole contig file, even with different Kmer and cut off values in the Velvetg 
algorithm.  

Taxonomical labeling with Kraken 

The taxonomical labeling of reads was performed using the Kraken-software with the pre-built 4GB 
miniKraken database. Both the contig-file from the Velvetg-algorithm and the “raw” trimmed file was 
loaded into the Kraken-software and classified respectively. The output containing the classified reads 
was visualized using the metagenomic data package Pavian.  
 
The classified contig-file (Appendix E, Figure 7), showed an inconclusive and misleading result. In total 
only 4 contigs (3.6 %) was classified as a bacteria with the lowest common taxonomy set to the origin 
Burkoholderiales. Interestingly, due to it being originated from proteobacteria it would suggest that 
the reads belong to a gram-negative bacteria which directly contradicts the previous BLAST-results 
(Appendix B, Table 1) that clearly identified all the contigs to belong to the gram-positive bacterium 
Staphylococcus aureus. Moreover, since a total of 96.4 % of the contigs remained unidentified it cannot 
be disclosed if S. aureus contigs are just unclassified due to faulty kmer-mapping or just limitations in 
assembly as well as MiniKraken database.   
 
Interestingly, when classifying the “raw” trimmed file (Figure 7) a better result could be determined. 
Kraken was able to classify 92.3 % of the reads as bacterial, with the lowest common taxonomy as 
Staphylococcus aureus (38, 989 reads). Moreover, a big portion of the reads (~87400) could not be 
classified towards a specific species but was instead limited to the genus Staphylococcus. One minor 
deviation can also be found at phylum, where a branch of bacteriodetes leading down to the genus 
Bacillus can be observed, which could be the result a miss-classification.   
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Figure 7. The taxonomical classification performed on the trimmed dataset was able to classify 92.3 % of the 
reads as bacterial reads, whereas 7.3 % remained unclassified.  

There were three clinical samples which lacked a secondary finding (19VBL05513, 19VSE01462 and 
19VSE01465). It was therefore necessary to run the trimmed datasets using Kraken, in order to see if 
their presence could be detected with the help of the software. In figure 8 below, the result from 
19VSE01462 shows a majority of the reads being classified as Proteus mirabilis (~18800 reads), which 
corresponds to the findings in Appendix A (Table 6). Moreover, there are two visible branches leading 
to the phylum Firmicutes or Bacteriodetes. Interestingly, in total 173 reads was classified as the genus 
Enterococcus, which could be the missing Enterococcus faecalis reads not present in Appendix A (Table 
6). The identified species Thermomicrobium roseum found from the Bacteroidetes phylum is a clear 
miss-classification since this form of bacteria lives in hot water springs.  
 
 

 
Figure 8. The taxonomical classification for the trimmed dataset1462 (19VSE01462). A big majority of the reads 
were classified to one bacterium, Proteus mirabilis. 
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Summary of results 

Ion-Torrent sequencing showed a high concordance towards the culture results, whereas Sanger-

sequencing showed to a higher degree inconclusive or misidentifications in its result, compared to the 

Ion-Torrent and culture based platforms. 

 
Table 4. The concordance results from all the sequencing and cultivate-methods 

Ion-Torrent sequencing Sanger-Sequencing Comperative analysis Cultivation results 
Pseudomonas aeruginosa Pseudomonas aeruginosa Pseudomonas aeruginosa Pseudomonas aeruginosa 

Streptococcus Streptococcus pyogenes Streptococcus pyogenes Streptococcus pyogenes 
Staphylococcus Staphylococcus aureus Staphylococcus aureus Staphylococcus aureus 

Proteus Mirabilis Proteus mirabilis Proteus mirabilis Proteus Mirabilis & Klebsiella pneumoniae 
Enterococcus faecium Enterococcus faecium Enterococcus faecium Enterococcus faecium 

Streptococcus agalactie Streptococcus agalactie Streptococcus agalactie Streptococcus agalactie 
Proteus mirabilis & 

Enterococcus faecalis 
Proteus mirabilis Proteus mirabilis Proteus mirabilis & Enterococcus faecalis 

Proteus mirabilis & 
Enterococcus faecalis 

Proteus mirabilis Proteus mirabilis Proteus mirabilis & Enterococcus faecalis 

Listeria monocytogenes Listeria innocua Listeria monocytogenes Listeria monocytogenes 
Pasteurella multocida No species identified Pasteurella multocida Pasteurella multocida 

 

Discussion 
 
In recent years, 16S rRNA sequencing has become an increasingly popular method, which offers a 
culture free way of identifying and determining microbial profiles found in clinical samples (Větrovský 
and Baldrian, 2013). However, until quite recently the mere costs and time investments denied this 
method to see routine laboratory use. Today, sequencing methods based on NGS has the ability to 
offer same-day results, thus removing any potential implications not to use it on highly complexed 
clinical samples (Watts et al, 2017). The present thesis was undertaken to evaluate the clinical use of 
a 16S ribosomal RNA sequencing pipeline based on the NGS platform Ion-Torrent and identify how 
well it was able to type pathogenic species in positive blood cultures, tissue samples, sterile fluid 
samples as well as bacterial isolates.   

Developing an extraction and quantification protocol for the clinical samples  

While many methods today are available for the purpose of DNA quantification, there is no clear cut 
golden standard available for quantifying DNA. During this study, both Biospec spectrophotometer, as 
well as Qubit technologies, were utilized due to their availability at Unilabs core facilities. As 
highlighted by the results, a difference in quantification and variability between identical samples 
proved to be problematic. Primarily, since this vastly overestimated the actual DNA-concentration 
found in the sample. This issue was first thought to be the result of unsuccessful lysis of bacteria but 
was rejected when DNA-eluate showed no growth on agar. Moreover, PCR-product could also be 
detected using the assay, indicating that bacterial DNA was present in the sample. Interestingly, 
multiple studies (Robin et al, 2016; Garcia-Elias et al, 2017 and Nelson et al, 2019) have emphasized 
that spectrometer technologies provide an overestimation of DNA quantitates with up to 40-70%, 
compared to fluorescence methods. The technology cannot distinguish between cellular residues and 
DNA/RNA since this is measured on the same wavelength (A260/280) (Robin et al, 2016; Nelson et al, 
2019). On the contrary, the fluorescent method utilizes a highly sensitive and accurate dye which bind 
DNA, leading it to be unaffected by contaminants present in the sample (Robin et al, 2016). A measured 
result using a Qubit 3.0, could, therefore, be considered to be highly representative of the actual 
amount of DNA present in the sample (Dang et al, 2016).  
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Vast amounts of DNA could be detected in positive blood cultures and tissue samples. Extracting DNA 
from these sample-types was never an issue, however, the issue lied in equalizing the fold difference 
between host and pathogenic DNA. This posed a significant problem since it proved impossible to know 
if successful isolation of pathogenic DNA has been performed since it was not possible to verify its 
presence in the sample using the assay (Appendix B, Figure 7). The extraction using solely MagNA pure 
compact 8 was thought to be “too good” in its role - to the point that it interfered and inhibited 
downstream molecular analyzes (Appendix B, Figure 7). According to several studies (McCann and 
Jordan, 2015; Loonen et al, 2013; Thoendel et al, 2018; Decuypere et al, 2016) the removal of human 
cells using MolYsis™ technologies vastly improved the sensitivity of their PCR-assays. However, this 
was only tested in blood and tissue heavily spiked with bacteria, rather than clinical samples (McCann 
and Jordan, 2015).  By using this technology on the samples, it was quickly determined that the 
extracted DNA showed a lower concentration than before, but of higher overall quality (Table 3). This 
would perhaps indicate that human genome DNA was in fact reduced, but did not necessarily correlate 
to the enrichment of the bacterial cells. However, using the MolYsis kit vastly improved the detection 
of bacterial DNA using the assay (Appendix B, Figure 7), an indication of increased sensitivity and 
removal of the disproportion of human DNA compared to bacterial DNA in the method (McCann and 
Jordan, 2015; Decuypere et al, 2016). 
 
The sterile fluid samples were rather complicated to extract DNA from. In general, most samples 
consisted of a clear, highly viscous fluid with a relatively low cell count (<200 WCB mm3) (Zhao et al, 
2018). In turn, this posed a challenge since the sample contained a low count of cells and bacteria in 
proportion to its volume and as a result, was hard to extract sufficient DNA from. Some of the samples, 
however, were clearly affected by growth or inflammatory response (by it being turbid) and were in 
contrast easy to extract DNA from. The issue lied in getting sufficient levels of DNA from the fluids 
which did not have this presence of “extra” cells. Hence, variable concentrations were achieved from 
all evaluated extraction methods followed by adherent sensitivity issue with the bacterial amplification 
using the assay. Even though the sensitivity issues persisted, the conventional method proved to yield 
a lower variability as well as concentration and purity (Table 3). However, due to the persistent lack of 
a PCR product, we could never be sure that bacterial DNA was successfully isolated (Appendix B, Figure 
7). As suggested by Martin Vondracek from Karolinska university hospital, it is a well-known fact that 
there are issues with broad range bacterial amplification since it lacks the necessary sensitivity of 
detecting low amounts of bacterial DNA (Personal communication, 14.03.2019). The strategy at 
Karolinska is based on extracting sterile fluids using the MagNA pure 96 (Roche) and if adequate 
quantitates was achieved (>25ng/µl) it was determined to be successful isolation. As a result, an 
adaptation of Karolinska Hospital strategy was implemented, with successful sequencing results 
(Appendix B, Table 1 and 2). 
   
The pellet pre-treatment and the manual lysis never worked at an adequate level in our pipeline, 
usually providing inconclusive or low DNA quantities with high variability. Both methods were however 
used with great success on spiked samples containing bacterial isolates. However, when applied on 
the clinical samples it quickly started to show inconsistencies. As mentioned earlier one major issue 
was the vast amount of background DNA in the clinical samples, which these methods never could 
resolve – instead, it lowered the sensitivity further by maximizing the background DNA (McCann and 
Jordan, 2015; Kalina et al, 2014; Tent et al, 2018). 

A comparison of sequencing platforms and the pipelines for determining pathogen 
identity  

During this study, the aim was to evaluate the accuracy, sensitivity, and specificity of Ion-Torrent 
sequencing. This was performed by comparing Ion-Torrent results to Sanger-sequencing (KIGene) and 
culture results from Unilabs microbial laboratory. Ion-Torrent sequencing showed a high concordance 
towards the culture results (Table 4). Three deviations could be determined, two of the bacterial 



18 
 

isolates could only be found on a genus level and a blood tissue sample lacked the ability to detect a 
second pathogen in a mixed culture. The lack of sensitivity found within the bacterial isolates could 
easily be explained by the lack of guidelines in preferable DNA-quantities and quality by Public health 
agency of Sweden. The sent DNA-eluates only showed a moderate quality compared to the later 
samples sent for sequencing. As indicated by various papers (Dang et al, 2016; Pollock et al, 2018) the 
quality of DNA is directly related to the quality of the sequence data and was changed accordingly. 
However, as for the blood sample, the results might have been influenced by the choice of DNA-
extraction method and the failure of separating the bacterial DNA from all the host background (Rubin 
et al, 2014).  
 
Sanger-sequencing showed limits in determining multiple pathogens in tissue samples and positive 
blood culture samples, but also the ability to sequencing relatively low DNA-concentrations found in 
sterile fluid samples. Most of the sterile fluid samples either showed inconclusively or 
misidentifications, compared to the Ion-Torrent and culture based platforms (Table 4). Sanger-
sequencing does not necessarily lack the ability to detect multiple pathogens in a sample, however, 
due to the 16S rRNA PCR-based nature of the sequencing method it might be skewed for amplification 
of certain regions (Stavnsbjerg et al, 2017). This might be further impacted by the fold-difference in 
pathogenic DNA, based on the accessibility of pathogenic cells present in the sample (Martínez-
Porchas, 2016; Hashavya et al, 2018).  
 
Culture-based methods are today the “gold standard” when it comes to identifying bacteria and fungi 
(Laupland and Valiquette, 2013). This was clearly represented by the number of bacteria and fungi 
identified. However, to perform a successful culture a high dependency still lies in various selective and 
differential media. Furthermore, the media is relying on incubation over at least 48-72 hours to yield 
an accurate result (Laupland and Valiquette, 2013) 
 
In summary, it is apparent that the Ion-Torrent pipeline provided by Public health agency of Sweden 
shows high sensitivity and similar results as towards the traditional culture-based method. However, 
the scope of this thesis has been very limited in its sample size with only 10 clinical samples sent for 
sequencing. This implies that there is still highly dependent on a comparison of culture-based methods 
in order to validate these results after each individual sequencing. With these limitations in mind, it 
can still act as a powerful complementary analysis for clinical samples which are hard to cultivate or 
heavily time-restricted such as suspected sepsis-samples (Gu et al, 2019).   

Ineffective quality trimming and limits in the experimental design  

When the assessment of quality was performed, it was quickly determined that even though some 
quality improvements could be observed, the vast majority of the previous warnings and failures found 
by the FastQC-software still persisted. Since the affected modules did not see any major improvements 
as a result of the quality-trimming, it could act as an indicator that there might be a problem 
implemented with the creation of the sequencing library.  
 
The DNA-eluates which were sent for sequencing can initially be considered to be of a diverse and 
complicated nature (Daley and Smith, 2013). During the creation of the sequencing library, the aim 
should be that the diversity would be replicated and kept intact throughout the process. A sequencing 
library is performed by amplifying a target region using overhang adapters. The attachment of adapter-
specific dual-barcodes is thereafter added and incorporated with the help of an index-PCR (Figure 1) 
(Schirmer et al, 2015). However, when performing this type of library preparation on a relatively small 
segment as the 16S rRNA gene, it introduces PCR-based bias, due to the intrinsic differences and 
efficiency of certain amplicons further amplification (Laursen et al, 2017). As a result, all reads from 
this type of library expect to be completely or partially identical, thus leading to less diversity and 
complexity being introduced into the library (Andrews, 2010). When assessing the quality, expected 
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results are the biased and narrow distribution of guanine and cytosine (per base sequence content, 
per base GC-content), but also less diversity (duplication levels) and overrepresented sequences 
(Laursen et al, 2017).  
 
Even though the warnings and failures persisted, these would not be possible to remove without 
performing a very substantial quality trimming or reconstructing the experimental design. This was 
thought not to really pose a problem, as long as the dataset is compatible with its setup goals – the 
classification and identification of pathogens. This is also a common issue with amplicon based 
sequencing overall and not specifically to NGS but does not impact the final results (Schirmer, 2015). 

De novo assembly and classification of contigs 

The velvet algorithm was utilized for the purpose of generating as long and overlapping contigs as 
possible using two commands velveth and velvetg (Figure 2). Initially, low N50 values were achieved 
by using the ‘auto’ coverage function built-in into the assembler. It was however suggested by Zerbino 
and Birney (2008), that optimal cut-off values could be determined (if unknown) from the velveth-
algorithm by plotting the data as histograms (data not shown). By determining optimal cut-off values 
(Table 10) substantially higher N50 values and coverage of reads could be observed (Zerbino and 
Birney, 2008).  
 
When the isolated contig-file was uploaded to the NCBI's Basic Local Alignment Search Tool (BLAST), it 
was observed that longer contigs showed a higher ability to accurately determine species with a high 
% identity (data not shown). On the contrary, small contigs resulted generally in inconclusive or lower 
% identity and were rendered to be of no interest. In general, the BLAST-algorithm is better at matching 
longer contigs since the probability is higher than unique regions are covered in the alignment (Altschul 
et al, 1990; Ye et al, 2006). Even though a positive identity was obtained, it should be noted that there 
today is no unified classification framework in place for clinical identification. There have been various 
papers (Yarza et al, 2014; Sabat et al, 2017) which argue that the identity range for species lies 
somewhere in between 94.5 – 99.0 % when using the BLAST-algorithm. However, there is a case to be 
made that there are some limitations in determining variations using BLAST, whereas it is generally 
impossible to determine and distinguish between interspecies as long as the percentage increments 
are minimal between similar species (Sabat et al, 2017). When it comes to genus, these variations are 
much larger and often easier separated, even at lower identities (Yarza et al, 2014; Sabat et al, 2017).   
 
A hierarchical classification using the 4GB MiniKraken database was also performed on the constructed 
de novo assembled contig, in order to compare the result. The database did not successfully identify 
pathogens in all the contig files, often leading to ambiguous classifications only set to the phylum or 
order level (Appendix E, Figure 7).  The creators behind MiniKraken (Wood and Salzberg, 2014) has 
demonstrated that an accurate classification is only possible if small contigs with a low k-mer count 
are utilized. When creating the contig files using the Velvetg function, the main objective was to create 
as big contigs as possible, in order to provide a high identity percentage and specificity in the result 
provided by the BLAST-algorithm (Lehri et al, 2017). As a result, misclassification of the individual reads 
is a problem for the consensus result (Appendix E, Figure 7). In contrast, when the quality-trimmed 
dataset was loaded into MiniKraken database a substantial increase and successful classification could 
be observed. Also noticeable, the achieved result corresponded to a high degree to both the Public 
health agency of Sweden’s pipeline (Appendix B, Table 2) as well as the culture results from Unilabs 
lab facilities (Appendix B, Table 3). It was concluded that creating longer contigs harm the classification 
using the MiniKraken database as previously highlighted by multiple papers (Wood and Salzberg, 2014; 
Siegwald et al, 2017). The most likely reason for misclassification of reads is due to the limitations with 
the MiniKraken database and using the 50GB version of the database might yield a completely different 
result as suggested by the Kraken-team (Wood and Salzberg, 2014).  
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Contribution to the field of systems biology 

This thesis-work has aimed to provide as big of an impact as possible to the fields of systems biology 

by investigating the use and creation of experimental and bioinformatical adapted towards clinical 

applications in clinical microbiology. During the span of this project, an evaluation of commercially 

available as well as a comparative pipeline (based on only publically available bioinformatical tools and 

databases) has been performed between and towards each other. This form of evaluation is essential 

to the field since it allows for the successful incorporation of otherwise overwhelming amounts of data 

generated from experimental approaches by using theoretical tools. By applying a system biology 

approach and mind set, this thesis has shown that it is for once possible to combine experimental and 

theoretical approaches to something useful. In turn, this has allowed the withdrawal of otherwise not 

accessible information from the datasets such as pathogenic identity. Even though this form of analysis 

is today somewhat new and exciting in a clinical setting, it stands clear that this form of analysis will 

play an even more prominent role in the future – since it allows clinicians to be able to give faster 

predictions of appropriate treatment should be and could, therefore, increase the patients quality of 

life in general compared to the conventional methods already in use today. Another important 

contribution this work has aimed to provide to the field is the ability to benchmark future pipelines 

towards this current pipeline, by fully disclosing which publically available tools, methodology and 

standardization measurement which took place during the span of this project.  

Conclusion 

In summary, it was apparent by the findings that successful sequencing is highly dependent on a good 
experimental design. Starting with optimal DNA-extraction and quantification methods in order to 
create diverse and complicated sequencing libraries. Although optimal DNA extraction and 
quantification methods were utilized, it could be found that using 16S-amplicon as the basis of our 
library preparation projected bias and caused low overall quality in the sequenced data-set. However, 
this did not impact the identification of pathogens, which could be determined using the NGS-pipeline 
from the Public health agency of Sweden as well as from the comparative data-analysis conducted in 
this project. The comparative and automated Ion-Torrent pipeline shows a high concordance towards 
the traditional culture-based method. These automated sequencing pipelines provides clinicians with 
a powerful complementary analysis which would allow microbiology laboratories to become more 
proactive than reactive in their identification of pathogenic species. Overall, based on the findings from 
this thesis, 16S rRNA sequencing can act as a powerful complementary analysis in order to determine 
pathogenic species in metagenomic samples.  

Ethical aspects and impact on society 
 
This thesis-project strives to introduce a next-generation sequencing pipeline with the focus on 16S 
metagenomic sequencing for pathogenic identification. New ways of identifying disease-causing 
bacteria from patients with suspected infection is a challenge, the pipeline needs to be applicable to 
all types of sample types as well as being cost-effective in order to be clinically relevant for use. In the 
case of suspected sepsis, an early identification (within 24hrs) can be the difference in survival or death 
since the correct antibiotic can be utilized. However, as for most ideas, there is a question regarding 
cost per patient as well as if the results can be trusted. The change will therefore only come when the 
market is ready to perform this shift. Cooperation between the academia and the industry is a natural 
way of developing new and interesting ideas, whereas the University of Skövde and Unilabs at 
Skaraborg hospital is no exception. Previous collaborations have focused on sepsis and its associated 
biomarkers and species identification, so a natural continuation of this is to initiate the pipeline project.  



21 
 

However, here the first moral and ethics possibly flare up, since there might be an underlying conflict 
of interest with monetary gain and providing a service versus providing availability for the Swedish 
healthcare system.  
 
Since this thesis project utilized samples collected from patients with suspected infection, the handling 
of the patient data was of utmost importance. Therefore, only consecutive numbers from the analysis 
were utilized in order to determine pathogen. Since the primary material used in this project has been 
bacterial DNA, then no consent is required from patients from whom the bacteria are isolated from.  
Personal data was accessible for each isolate, but since the consecutive numbers were used for sample 
identity, full anonymity of the patient identity could be maintained thus eliminating the need to access 
the journals.  The availability and reproducibility of the result is also an important aspect of the thesis-
work, meaning that open-source programs and full disclosure of packages have been included within 
the thesis.  
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Future perspectives 
 

Today, it is universally accepted that culture-based methods are the undisputed “golden standard” in 

determining bacterial diversity in clinical samples. However, in recent studies this role has been 

questioned, indicating that the detectable bacterial diversity is inherently limited in sensitivity, slower 

and has a relatively heavier workload compared to various 16S rRNA sequencing platforms (Cao et al, 

2016; Gu et al, 2019; Hashavya et al, 2018). Even though this study could not determine if 16S rRNA 

Ion-Torrent sequencing provides a more sensitive assessment of bacterial diversity, it was apparent 

that the method showed strong and correlating results and relatively low workload as soon as the 

experimental design was optimized.  This results, correlates well to previous clinical evaluations of 16S-

based NGS (Sabat  et al, 2017; Teng et al, 2018) which indicates on tangible benefits to the field of 

clinical microbiology in the form of fast and reliable identifications on pathogenic samples (Sabat  et 

al, 2017; Teng et al, 2018).  

 

NGS has over the last decade been advertised as cutting-edge technology which is to become the new 

cornerstone in clinical microbiology. However, with every new cutting edge paper or advancement in 

sequencing technology the issues with the platform is just put on hold - such as the lack of 

benchmarking and validation as well as standardization of methods. Future studies must focus on the 

standardization of 16S sequencing since the lack of coherence in the platform, primers, bioinformatic 

tools, and quality standards cause credibility issues when results cannot be reproduced (Osman and 

Neoh, 2018). As emphasized by Brandt et al (2018), introducing benchmarking and standardization 

would allow validation towards culture-based methods. This would also allow the sharing data and 

reproducing results, which would allow the removal of the biggest credibility issues with NGS in the 

future (Brandt et al, 2018). 
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Appendix A: Methodology 
 
Table 1. The species and protocols utilized for the validation in MagNA pure compact 8. Also present are the 
sample as well as elution volumes.  

Species Protocol used Sample volume Elution volume 

Respiratory syncytial virus (RS-V) Total NA plasma 100-400 v3-2 400 100 
Clostridium difficile (C. difficile) Bacteria V3-2 400 100 

 
 
Table 2. The reagent cartridges and their corresponding protocol and sample volume used for the thesis.  

Reagent cartridge (Roche Diagnostics) Protocol used Sample volume (µL) 

MagNA pure Compact Nucleic Acid Isolation 
kit I 

Bacteria V3-2 400 

MagNA pure Compact Nucleic Acid Isolation 
kit I – Large volume 

Total NA plasma 100-400 v3-2 1000 

 

  



32 
 

Appendix B: Evaluation of extraction methods and sequencing results 

 
Figure 1. The DNA-eluate measurements from positive blood culture has been summarised into boxplots, with 
their respective methodology represented on the X-axis and DNA-concentration in ng/ µL on the Y-axis. The 
colour-code represents the measurement method utilized - Biospec nano-spectrophotometer (red) and Qubit 
3.0 Flurometer (blue). The data represented in the box plot is made up by three quartile ranges: the black line 
represents the median (second quartile, Q2) whereas the bottom and top represents the first (Q1) and third (Q3) 
quartile respectively. Also found attached to the boxplots are box-whiskers, whom represents the max and min 
values respectively. The “*” found in the figure represents a significance in variance determined by Levene’s test. 

 
Figure 2. The absorbance levels from positive blood culture bottles has been summarised into boxplots, with 
their respective methodology represented on the X-axis and DNA-concentration in nm on the Y-axis. The colour-
code represents the absorbance levels A260/230 (red) and A260/280 (blue). The data represented in the box plot is 
made up by three quartile ranges: the black line represents the median (second quartile, Q2) whereas the bottom 
and top represents the first (Q1) and third (Q3) quartile respectively. The “*” and “o” found in the figure 
represents a significance in variance determine by Levene’s test or outliers found in the data-set respectively.  
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Figure 3. The DNA-eluate measurements from tissue samples has been summarised into boxplots, with their 
respective methodology represented on the X-axis and DNA-concentration in ng/ µL on the Y-axis. The colour-
code represents the measurement method utilized - Biospec nano-spectrophotometer (red) and Qubit 3.0 
Flurometer (blue). The data represented in the box plot is made up by three quartile ranges: the black line 
represents the median (second quartile, Q2) whereas the bottom and top represents the first (Q1) and third (Q3) 
quartile respectively. Also found attached to the boxplots are box-whiskers, whom represents the max and min 
values respectively. The “o” found in the figure represents an outlier found in the data-set respectively.  

 

Figure 4. The absorbance levels from tissue samples has been summarised into boxplots, with their respective 
methodology represented on the X-axis and DNA-concentration in nm on the Y-axis. The colour-code represents 
the absorbance levels A260/230 (red) and A260/280 (blue). The data represented in the box plot is made up by three 
quartile ranges: the black line represents the median (second quartile, Q2) whereas the bottom and top 
represents the first (Q1) and third (Q3) quartile respectively. The “o” found in the figure represents an outlier 
found in the data-set respectively. 
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Figure 5. The DNA-eluate measurements from sterile body fluids has been summarised into boxplots, with their 
respective methodology represented on the X-axis and DNA-concentration in ng/ µL on the Y-axis. The colour-
code represents the measurement method utilized - Biospec nano-spectrophotometer (red) and Qubit 3.0 
Flurometer (blue). The data represented in the box plot is made up by three quartile ranges: the black line 
represents the median (second quartile, Q2) whereas the bottom and top represents the first (Q1) and third (Q3) 
quartile respectively. Also found attached to the boxplots are box-whiskers, whom represents the max and min 
values respectively. The “*” and “o” found in the figure represents a significance in variance determined by 
Levene’s test and outlier found in the data-set respectively. 

 
Figure 6. The absorbance levels from sterile fluid samples has been summarised into boxplots, with their 
respective methodology represented on the X-axis and DNA-concentration in nm on the Y-axis. The colour-code 
represents the absorbance levels A260/230 (red) and A260/280 (blue). The black-line represents the mean value of all 
plotted data points. Standard deviation is represented as a whisker. The “*” and “o” found in the figure 
represents a significance in variance determine by Levene’s test or outliers found in the data-set respectively. 
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Figure 7. Showing how different methods either improved or decreased the sensitivity of the PCR-assay. Also 
present is how different methods enriched the presence of bacterium by minimising the background human 
DNA. The result showed that pre-treating blood and tissue samples with the MolYsis™ technologies vastly 
improved the sensitivity of their PCR-assays by enhancing the pathogenic DNA. In contrast, the sterile fluid 
samples showed no improvement in sensitivity even though its optimal method was utilized, but yielded 
adequate levels of extracted DNA for sequencing. 

 
Table 1. The result from the 10-clinical samples sent for Sanger Sequencing at KIGene. Each sample is presented 
with is unique sample ID, type of target amplicon, BLAST-results, identity and sample material. The bacterial 
isolates are laboratory reference strains (ATCC®) and does not have a correlating sample ID.  

Sample ID Amplicon Result from BLAST Identity (%) Material 

Lab. Ref. strain 16S Pseudomonas aeruginosa 97.15 Isolate 
Lab. Ref. strain 16S Streptococcus pyogenes 99.17 Isolate 
Lab. Ref. strain 16S Staphylococcus aureus 98.53 Isolate 

19VBL05513 16S Proteus mirabilis 99.78 Pos. blood culture bottle 
19VBL05764 16S Enterococcus faecium 99.80 Pos. blood culture bottle 
19VSE01542 16S Streptococcus agalactie 99.80 Tissue 
19VSE01462 16S Proteus mirabilis 99.58 Tissue 
19VSE01465 16S Proteus mirabilis 99.19 Tissue 
19VBL02100 16S Listeria innocua 98.77  Synovial fluid 
19VBL02504 16S No species identified - Pericardium fluid 

 
 
Table 2. The result from the 10-clinical samples sent for Ion-Torrent sequencing at Public health agency of 
Sweden. Each sample is presented with is unique sample ID, sequencing result, spike and sample material. The 
bacterial isolates are laboratory reference strains (ATCC®) and does not have a correlating sample ID. 

Sample ID NGS-result  Spike (%) Material 

Lab. Ref. strain Pseudomonas aeruginosa 0.00 Isolate 
Lab. Ref. strain Streptococcus 0.00 Isolate 
Lab. Ref. strain Staphylococcus 0.00 Isolate 

19VBL05513 Proteus Mirabilis 0.00 Pos. blood culture bottle 

19VBL05764 Enterococcus faecium 0.00 Pos. blood culture bottle 
19VSE01542 Streptococcus agalactie 0.00 Tissue 
19VSE01462 Proteus mirabilis & Enterococcus faecalis 0.00 Tissue 
19VSE01465 Proteus mirabilis & Enterococcus faecalis 0.00 Tissue 
19VBL02100 Listeria monocytogenes 8.29 Synovial fluid 
19VBL02504 Pasteurella multocida 0.95 Pericardium fluid 
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Table 3. Result from the culture-analysis performed by Unilabs microbial laboratory. The typing was performed 
using the MALDI-TOF MS MS method.    

Sample ID MALDI-TOF MS MS results Sample material 

Lab. Ref. strain Pseudomonas aeruginosa Isolate 
Lab. Ref. strain Streptococcus pyogenes Isolate 
Lab. Ref. strain Staphylococcus aureus Isolate 

19VBL05513 Proteus Mirabilis & Klebsiella pneumoniae Pos. blood culture bottle 
19VBL05764 Enterococcus faecium Pos. blood culture bottle 
19VSE01542 Streptococcus agalactie Tissue 
19VSE01462 Proteus mirabilis & Enterococcus faecalis Tissue 
19VSE01465 Proteus mirabilis & Enterococcus faecalis Tissue 
19VBL02100 Listeria monocytogenes Synovial fluid 
19VBL02504 Pasteurella multocida Pericardium fluid 
19VSE01149 Candida albicans Vaginal secretion 
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Appendix C: NGS-report from Public health agency of Sweden 
 
Table 1. Validated results from Public health agency of Sweden’s data analysis pipeline. the final result is 
summarised in an excel-file together with ID, barcodes used for the sequencing, spike control, number of reads 
present in cluster and the lowest common taxonomy identified within the cluster.  

Sample ID Barcode Spike 
No. 

Reads Lowest common taxonomy 

Unilabs-PA-
1-_471 

IonXpress_047
1 0.00% 306 

Pseudomonas aeruginosa 48%, Pseudomonas 
45%, Pseudomonadales 2% 

Unilabs-PA-
1-_479 

IonXpress_047
9 0.00% 512 

Pseudomonas 70%, Pseudomonas aeruginosa 
17%, Pseudomonadales 7% 

Unilabs-PA-
10-_472 

IonXpress_047
2 0.00% 372 

Pseudomonas 48%, Pseudomonas aeruginosa 
32%, Pseudomonadales 5%, Pseudomonas 

otitidis 5%, Pseudomonas sp. P86(2011) 3%, 
Pseudomonas sp. VITDM1 2% 

Unilabs-PA-
10-_480 

IonXpress_048
0 0.00% 374 

Pseudomonas 43%, Pseudomonas aeruginosa 
41%, Candidatus Hepatobacter penaei 11%, 

Acinetobacter 2% 

 
 

 
Figure 1. The identified clusters from running the pipeline. Each individual cluster has been summarised with 
number of reads, identity percentage towards the Silva-database, total length of the cluster as well as lowest 
common taxonomy. The list of ties show the full hierarchical data in text form.  
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Figure 2. Hierarchical data explored and visualised using the Krona multi-layered pie chart. The tool allow a fast 
and easy way of evaluating the abundances or confidences within the classified clusters.  
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Appendix D: Quality control and trimming of reads.  
 

 
Figure 1. BamTools (V.2.5.1) was used to convert the raw sequencing files from a bam to a fastq-format. This 
process was repeated with all 10 clinical samples covered by this thesis-work. 

 

 
Figure 2. Summary and basic statistics generated by the FastQC-software, the data shown the figure is from the 
raw recently converted data-set. The output is colour coded, as failed (red), warning (yellow) and pass (green) in 
quality. 

Table 1Results from the FastQC-report on the raw Fastq-files. Each module of the report is summarized with a 
colour to indicate its overall quality-status as well as an explanatory text. The consensus of the report indicates 
that some quality trimming might be needed in order to improve the overall quality.  

FastQC report on the raw reads 

Basic statistics The 469raw.fastq provided the following basic statistics: 
In total 109124 sequences are present within the dataset. 
Whereas none are immediately flagged as poorly. However, the 
sequence length covered in the set is not necessarily uniform 
and it seems like a broad range of sequence length can be 
determined (25-544bp). The GC-content (Guanin-Cytosine) is 
estimated to be 52%. 

This module cannot raise fails or warnings. 

Per base sequence quality 
 
 

BoxWhisker type plot that shows the interquartile range as well 
as the median values of all the reads. A warning has been 
initiated, due to some of the reads have a low quality score (<20). 
Generally, there are no need for concern as long as the reads are 
not under 10. 

Per sequence quality scores Provides an indication of how the mean quality of the reads are 
distributed. A warning has been initiated due to broad span of 
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quality distributed – 18 to 31. Which can be improved by 
trimming the dataset. 

Per base sequence content Large variations in the proportion of bases can be observed 
(multiple spikes which goes up and down, but more prevalent in 
the beginning of the set). In general, the lines should be parallel 
to each other, indicating on an equal proportion of the bases 
adenine, guanine, thymine and cytosine. However, this trend 
cannot be seen throughout the dataset. This is usually the case 
when a clear overrepresentation of reads are present in the 
dataset. 

Per sequence GC content The theoretical and actual GC count per read is distributed 
towards each other. However, it stands clear that the actual GC-
content is substantially deviating from the theoretical 
distribution (>30% of the reads) and thus provides a failure. This 
result coincides with the findings from the Per base sequence 
content. 

Per base N content An indicator of the proportion of N-classified reads present in the 
set. None has been detected, nor present within the dataset. 

Sequence length distribution The distribution of read length was observed to give a warning. 
Generally, an optimal result at this point would be a single peak, 
with a uniform read-length. However, multiple peaks are 
present, followed by a distribution of reads between 25 to 544 
bp. This can be solved by trimming the dataset, however by 
doing so a majority of the reads would be lost. 
 

Sequence duplication levels A high level of duplication is generally thought to occur when an 
enrichment bias has affected the dataset, such as PCR over 
amplification. This indicates that the library is not very diverse 
and at least 50% of the reads make up the total dataset. Not 
something that can be solved by trimming due to it being an 
incorporated step in the sequencing. 

Overrepresented sequences Overrepresented sequences are present in the set, which causes 
a failure if the overrepresented sequences represent more than 
1% of the total library. 

Adapter content None of the Ion-Torrent adapters can be detected. Needs to be 
removed using Trimmomatics ILLUMINACLIP custom command. 

 

 
Figure 3. Trimmomatic-code utilized for the quality trimming. The trimming was performed using ILLUMINACLIP 
set to remove a custom adapter sequence, SLIDINGWINDOW to remove all reads with a lower quality score than 
15 and MINLEN set to remove all reads smaller than 50 bp. Out of 109124 reads only 95822 reads meet the 
requirements of the quality trimming.  

Table 2. Results from the FastQC-report on the trimmed Fastq-files. Each module of the report has a colour to 
indicate its overall quality-status as well as an explanatory text. The consensus of the report indicates that the 
overall quality has improved, but that the introduced bias from the PCR causes failures for the dataset.  

FastQC report on the trimmed reads 
Basic statistics The 469trimmed.fastq provided the following basic statistics: 
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In total 95822 sequences are present within the dataset. None 
of the sequences was flagged as immediately poor. However, the 
sequence length had some changes (50-506) whereas no 
immediate differences could be determined for the GC-content 
(52%). 

Per base sequence quality 
 

 

BoxWhisker type plot that shows the interquartile range as well 
as the median values of all the reads. The warning still persists 
from the raw-file. However, some minor improvements can be 
observed from the quality trimming. Only a few reads have a 
quality score under 20. Generally, there are no need for concern 
as long as the reads are not under 10 and trimming to aggressive 
can lead to loosing too much information. 

Per sequence quality scores Provides an indication of how the mean quality of the reads are 
distributed. The previous warning has been replaced with a pass 
mark, however – the broad span of quality persists with 20-31.  
 

Per base sequence content The large variations previously observed can still be observed in 
the set. However, this trend is usually the consequence of when 
you have PCR-based pre-steps in the sequencing and a relatively 
small region to sequence.  

Per sequence GC content The same variations as previously determined for the raw-reads 
can still be determined. Which also coincides with the findings 
from the Per base sequence content. 

Per base N content An indicator of the proportion of N-classified reads present in the 
set. None has been detected, nor present within the dataset. 

Sequence length distribution The warning which was found in the previous FastQC-report still 
persisted. Multiple peaks are still present, followed by a 
distribution of reads between 1 to 506 bp. This is generally one 
of the issues when not performing a sizing step during library 
preparation. However, trimming away a majority of reads to 
have a uniform length causes such a big loss of reads. 

Sequence duplication levels The high level of duplication is still present in the dataset. As 
previously mentioned, it is generally a by-product of enrichment 
bias from PCR over amplification.  

Overrepresented sequences Overrepresented sequences are still present in the set, which 
causes a failure if the overrepresented sequences represent 
more than 1% of the total library. 

Adapter content None of the Ion-Torrent adapters can be detected. They was 
however removed using Trimmomatics ILLUMINACLIP custom 
command. 
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Appendix E: Comparative data-analysis  
 

 
Figure 1. The Velveth and Velvetg- algorithms used in the initial steps of the assembly. The Velveth-algorithm 
was used with Kmer-length set to 31 and long-read command, whereas the Velvetg was run with default 
settings in order to generate a contig and a stats file.   

 

 
Figure 2. Showing the generated contig as well as stats-file generated from the Velvetg-algorithm.  

 
Figure 3. The R-code used to plot the stats file as a histogram.   

Table 1. The result from running the Velvetg-algorithm for each individual sample. Every sample has been 
summarised with the optimal coverage cut off followed by achieved N50, Max and coverage of reads.   

Sample ID Coverage cut off N50 Max No. reads used 

Lab. Ref. strain 3 235 311 37494/113710 
Lab. Ref. strain 8 318 424 71786/95822 
Lab. Ref. strain 6 130 158 57718/63544 

19VBL05513 9 289 490 54454/426155 
19VBL05764 4 194 281 90932/279112 
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19VSE01542 4 156 301 10400/33282 
19VSE01462 3 240 319 23408/55256 
19VSE01465 12 278 347 47621/78581 
19VBL02100 2 96 213 2434/5405 
19VBL02504 7 131 370 7775/20257 

 

 

 
Figure 4. The Velvetg code used to produce the final contig-file. The coverage cut off value was set to 8 (Table 1). 
An automated expected coverage value was used with a minimum contig length set to 100nt. The final contig file 
was generated with a N50 value of 318, with a max of 424. The total contig overlap was found to be 90469 bases 
and used 71786 out of 95822 reads.  

 

 
Figure 5. Result from the NCBIs Basic Local Alignment Search Tool (BLAST) on the longest isolated contig (424nt). 
The result showed a 99.59% hit towards Staphylococcus aureus. The same general trend could be observed when 
blasting the whole contig file. 

Table 2. The result from running the longest isolated contig through NCBIs Basic Local Alignment Search Tool 
(BLAST) has been summarised for each of the 10 samples. The star (*) present within the table indicates on 
missing secondary pathogen, previously reported by Public health agency of Sweden’s data pipeline.  

Sample ID BLAST-result 

Lab. Ref. strain Staphylococcus aureus strain S33 R 16S ribosomal RNA 

Lab. Ref. strain Streptococcus pyogenes strain JCM 5674 16S ribosomal RNA 

Lab. Ref. strain Pseudomonas aeruginosa strain DSM 50071 16S ribosomal RNA 

19VBL05513 Proteus mirabilis strain YC801 16S ribosomal RNA gene (*) 

19VBL05764 Enterococcus faecium strain IMAU50279 16S ribosomal RNA gene, partial sequence 

19VSE01542 Streptococcus agalactiae ATCC 13813 strain JCM 5671 16S ribosomal RNA, partial 
sequence 
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19VSE01462 Proteus mirabilis strain NCTC 11938 16S ribosomal RNA, partial sequence (*) 

19VSE01465 Proteus mirabilis strain NCTC 11938 16S ribosomal RNA, partial sequence (*) 

19VBL02100 Listeria welshimeri strain SLCC 5334 16S ribosomal RNA, complete sequence 

19VBL02504 Pasteurella multocida strain 20N chromosome, partial sequence 

  

 
Figure 6. The taxonomical classification performed by MiniKraken on the contig-file was only able to classify 3.6 
% of the bacterial reads on an order-level (Burkoholderiales). 

 

 


