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Abstract 
Sepsis is one of the life-threatening illnesses defined by tissue damage and organ failure 
caused by a dysregulated host response to infection. Blood culture is the golden standard 
and the first-line tool for detecting infections. It takes several days to identify pathogens, 
their sensitivity, and resistance to antibiotics. Early diagnosis of sepsis is thereby crucial 
to improving the patient's life. This study evaluates metagenomic sequencing using 
MinION and Flongle flow cells to detect bacterial species and antibiotic resistance genes. 
The DNA was extracted from the spiked whole human blood from a healthy individual 
with microbial DNA. This project focused on evaluation of the amount of spike-in to be 
used in the whole human blood, bacterial identification, and the detection of 
antimicrobial genes that confer antibiotic resistance.  The obtained data from the 
nanopore sequencing was analysed using EPI2ME. The further analysis was performed 
using the BV-BRC taxonomic classification and metagenomic read mapping. The higher 
DNA concentration and consistent absorbance values were obtained from both DNA 
extraction kits. The results from nanopore sequencing showed the difference in classified 
reads and average sequence length depending on the DNA extraction kit as well as the 
flow cell used. The difference in the bacterial identification and antimicrobial genes 
identification could also be seen between the flow cells used. The results indicated that 
nanopore sequencing with the MinION flow cell could be more valuable in the early 
diagnosis of sepsis, but further research is required to make it more efficient and faster 
for sepsis treatment. Improving the detection of gram-positive bacteria and optimizing 
DNA extraction and nanopore sequencing protocols is needed for rapid and accurate 
identification of pathogens in the early stages of sepsis.  
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1 Introduction 
Infectious diseases remain a major global health concern, contributing to human 
morbidity and mortality (Rudd et al., 2020). Sepsis is one of the life-threatening, 
potentially fatal illnesses defined by tissue damage to organ failure carried through a 
dysregulated host response to infection (World Health Organization, n.d.). Sepsis can 
cause different signs and symptoms such as fever, difficulty in breathing, high heart rate, 
low urine output, and extreme body pain (World Health Organization, n.d.). When 
sepsis-induced multi-organ dysfunction (MOD) occurs, the lung is the first and most 
vulnerable target organ (Bone 1993; Hao et al., 2021). Mortality rates among patients 
with acute respiratory distress syndrome (ARDS) developed after sepsis were 10.5% for 
mild, 11.6% for moderate, and 18.1% for severe ARDS (Liang et al., 2024). 

To improve identification of microorganisms, blood culture is the golden standard and 
the first-choice tool for detecting infections. Studies show that blood cultures can fail to 
detect pathogens in up to 50% of sepsis cases (Lamy et al., 2016; Cheng et al., 2019). The 
blood culture requires 24-72 hours to yield results. Such delays can be critical in the 
management of sepsis, where early and appropriate antimicrobial therapy is needed.  
Early diagnosis of sepsis is crucial to improving the patient's life and chances of survival. 
The early diagnosis and timely interventions can reduce mortality rates. Sepsis, which is 
a potentially deadly response to an infection, requires early treatment and recognition. 
Studies have shown that delayed diagnosis of sepsis can lead to serious complications, 
which include multiorgan failure (Kumar et al., 2019). Effective diagnostics are essential 
to detect early sepsis. Studies have shown that a delay in each hour in administering 
effective antibiotics reduces survival in septic shock by approximately 7.6% (Kumar et 
al., 2006).  

The role of more than 200 biomarkers in sepsis has been determined for timely 
diagnosis, as no single biomarker is sufficient because of the heterogeneous nature of 
sepsis (Saxena et al.,2024). In addition to diagnosing, these biomarkers can help clinics 
direct anti-microbial treatment and stewardship. Studying the kinetics of biomarkers is 
important and plays a crucial role in sepsis (Kumar et al.,2024; Saxena et al., 2024). 
Understanding how the levels of different biomarkers change over time after 
inflammation or infection is essential to monitoring and diagnosis of sepsis. Due to its 
rapid kinetics, IL-6 is useful for early detection and monitoring of the inflammatory 
response (Cotoia et al., 2024). 

1.1 Antimicrobial Resistance 
Antimicrobial resistance occurs when bacteria, viruses, fungi, and parasites resist the 
medications designed to kill them. The treatment of this infection is complicated by this 
resistance, which makes it challenging for the health professionals to choose the 
appropriate antibiotics. According to studies, AMR has a direct impact on sepsis patients 
and can lead to longer hospital stays as well as higher mortality rates (Naghavi et al., 
2024; Okeke et al., 2024). In case of sepsis, where immediate intervention is essential, 
the increasing number of multi-resistant organisms poses a critical challenge in health 
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care. Patients with sepsis caused by these resistant organisms are at greater risk of 
negative outcomes, requiring urgent treatment and guidelines for care (Kumar et al., 
2024). The interaction between antimicrobial resistance and sepsis management reveals 
a significant challenge in health care. Accurately and quickly detecting antimicrobial 
resistance (AMR) is essential for sepsis management. Current diagnostic techniques play 
a significant role in this process. Traditional blood culturing takes several days to identify 
the pathogens and their sensitivity and resistance to antibiotics, which can delay the 
treatment with an appropriate drug. To perform blood culturing higher volume of blood 
is required, which is challenging, especially in neonates and children (Ali, Johansen, & 
Ahmad, 2024). Therefore, the early detection of bacteria-associated AMR is crucial for 
effectively treating sepsis and limiting the spread of AMR. Nanopore sequencing is a 
useful tool for AMR detection and offers advantages over traditional methods such as 
selective plating, cultures, and sensitivity tests, which can be time-consuming. 

 

1.2 Metagenomic sequencing 
The scientific area of metagenomic sequencing examines the genetic material of 
microbes collected from natural environments to improve taxonomic and physiological 
understanding. Metagenomic sequencing is essential to understanding microbial 
diversity, and it also helps researchers identify microbes in several environments without 
further need of growing them in the laboratory. Since metagenomic sequencing can 
detect harmful pathogens and support personalized medicine, it generally offers great 
potential to impact health and disease management (Nagarajan., 2017). 

Metagenomic next-generation sequencing (mNGS) is a pathogen-detection technology 
and has been widely applied in clinical settings. This technology offers advantages such 
as having a broad pathogen spectrum, high efficiency, and sensitivity, which makes it 
suitable for detecting emerging pathogens. As compared to conventional methods such 
as blood culturing, mNGS can identify pathogens more quickly and accurately (Zhao et 
al., 2024). It allows for the identification of DNA and RNA sequences of pathogenic 
microorganisms from clinical samples, potentially revealing the presence of resistance 
genes. mNGS offers demonstrate high concordance with conventional culture results and 
yield reliable outcomes. Pathogen and drug-resistance gene distributions detected by 
mNGS can serve as a valuable reference for early and accurate diagnosis, offering critical 
insights for clinical management regarding antimicrobial therapy (Peng et al., 2024). 

The development of metagenomic sequencing techniques has allowed for a deeper 
understanding of microbial communities and their roles in human health. The following 
study by Jabeen et al. (2022) highlights the application of Oxford Nanopore sequencing 
in identifying bacterial infections in patients with stable severe asthma. This study 
supports the assertion that metagenomic tools can detect and characterize complex 
microbial communities more effectively than traditional methods, such as blood 
culturing leads to a time delay. 
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Moreover, a study conducted by Nielsen et al. (2024) introduced a method called rapid 
Nanopore metagenomic sequencing to diagnose sepsis. This observational investigation 
showed the viability of Oxford Nanopore sequencing in clinical settings. By evaluating 
several positive blood cultures, the research indicated that this approach could quickly 
detect the presence of infectious agents and suggested a critical capability for detecting 
pathogens in asymptomatic individuals. This efficiency in rapid diagnostics may 
drastically change how healthcare professionals approach infections in healthy 
populations, where early intervention can be the key to preventing severe illness. 

 The use of metagenomic sequencing, with MinION, identified AMR determinants and 
antimicrobial-related mutations in pathogens such as Neisseria gonorrhoeae (Zhang et 
al., 2022). Oxford Nanopore sequencing showed great potential in the field of antibiotic 
resistance. To manage the risk that resistant bacteria pose for public health, it is essential 
to be able to identify the gene that causes antibiotic resistance. The study conducted by 
Freeman et al. (2022) illustrated this point in their research involving chronically ill 
feedlot cattle. The study compared the performance of nanopore metagenomic 
sequencing to sensitivity methods and diagnostic methods, such as blood culturing, 
which leads to a time delay in diagnosing sepsis. They evaluated the potential of third-
generation metagenomic sequencing to detect genetic determinants of antimicrobial 
resistance. The findings support technology’s applicability not only in veterinary 
medicine but also in monitoring the resistance patterns within microbes in the human 
population.  

In another relevant study, (Zhang et al.,2023) emphasized the capacity of nanopore-
targeted sequencing to improve diagnosis and treatment in serious infections. Their 
study showed that physicians may successfully modify their treatment methods by 
accurately identifying specific resistance genes and infections. This adaptability in 
treatment aligns well with the ongoing need to combat antibiotic-resistant infections in 
both clinical and community settings. The BV-BRC tool hosts all publicly accessible 
bacteriophage genome sequences and their bacterial host metadata. The BV-BRC hosts 
over 600,000 bacterial genomes, 8.5 million viral genomes, and 11,000 archaeal 
genomes, including over 6 million SARS-CoV-2 genomes, 10 eukaryotic host genomes, 
and 22,000 phage genomes (Olson et al., 2023).  

The BV-BRC provides Metagenomic read mapping that uses the Komodo Mlipir 
Algorithm (KMA) to align reads against antibiotic resistance genes. This aligns the k-
mers to nucleotide sequences from the Comprehensive Antibiotic Resistance Database 
(CARD) for antimicrobial resistance genes (Wattam et al., 2024). EPI2ME is a collection 
of bioinformatics workflows that facilitate the taxonomic classification and analysis of 
shotgun metagenomic data derived from nanopore sequencing. EPI2ME is crucial for 
processing the sequencing data and extracting biological insights, specifically for 
classifying the diversity of organisms present within complex metagenomic samples such 
as blood samples (Hunter, Cromwell, & Shim, 2025). 
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1.3 Research aim and objective 
The research question in this study was: How effective can the metagenomic sequencing 
approach be in detecting microbial species and genes conferring resistance in blood 
samples from healthy individuals spiked with Zymobiomic microbial community (ZMC) 
and microbial DNA stored at the University of Skövde? 

The aim of the study was to investigate the use of metagenomic sequencing, particularly 
the Oxford Nanopore technique, in identifying microbial species and antibiotic 
resistance genes using extracted DNA from blood samples from healthy individuals 
spiked with ZMC and microbial DNA stored at the University of Skövde. The objectives 
were to  

• Extract DNA from blood spiked with Zymobiomic microbial community and 
microbial DNA stored at the University of Skövde using QIAGEN and 
ZYMBIONICS kits 

• Perform nanopore sequencing with the ONT MinION device 

• Do bioinformatics analyses to identify the bacterial species and antibiotic 
resistance genes 

• Evaluate the sensitivity and accuracy of the Oxford nanopore technologies. 

2 Materials and methods 
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Figure 1. The overview of the project and analysis performed. Stage 1 – Lab work, the DNA was 
extracted using the spiked whole human blood. The quality and quantity were measured. The 
nanopore sequencing was performed on the MinION device and the Flongle flow cell. Stage 2 – 
the obtained data was analysed using the EPI2ME and the BV-BRC tool. 

2.1 Collection of whole blood 
The blood withdrawal was conducted at the University of Skövde by the nurse on January 
29. K2E K2EEDTA (Greiner Bio-one) tubes of fresh blood were filled and stored at +4°C. 

2.2 Spike-in and DNA Extraction 
Extractions of DNA were performed using the whole human blood samples using Quick 
DNA Miniprep Plus Kit (Zymoresearch) and QIAamp UCP Pathogen Mini Kit (Qiagen). 
The fresh blood was spiked in with the Zymobiomic microbial community (ZMC) 
standard and Corynebacterium CO951 and CO609 (DNAour). Different amount of spike-
in was used to imitate infection and to check whether it is possible to identify microbial 
species using nanopore sequencing. Additionally, the Corynebacterium C0609 DNA 
from bacterial isolates from sepsis patients was used to check whether it is possible to 
identify the microbial species using nanopore sequencing of DNA originating from septic 
patients. The theoretical composition of the Microbial Community DNA Standard 
(Zymoresearch) can be found in Table 1. Before each DNA extraction, the fresh blood 
samples were removed from storage at +4°C   and subsequently incubated at room 
temperature for 15 minutes to ensure proper processing after inverted the tubes 3 times. 

The Corynebacterium, Haemophilus, and Enterococcus faecalis DNA used in the spike-
in was extracted from the bacterial isolates collected from adult patients with 
community-onset sepsis as part of a prospective observational study conducted between 
September 2011 and June 2012 at Skaraborg Hospital in southwest Sweden, in 
collaboration with Unilabs Skövde and the University of Skövde (Ljungström et al., 
2019). The study received ethical approval from the Regional Ethical Review Board of 
Gothenburg (permit 376-11). Approximately 1,800 bacterial isolates from various clinical 
samples were collected and cryopreserved at -80 °C in Microbank vials (Pro-Lab 
Diagnostics). Genomic DNA was later extracted from Corynebacterium DNA CO951 and 
CO609, Enterococcus faecalis DNA EN1792, and Haemophilus DNA HA702 by the 
University of Skövde. The extraction was performed using the QIAcube system (Qiagen) 
in combination with the QIAamp DNA Mini and Blood Mini Kit protocols. To remove 
PCR inhibitors, the DNeasy® PowerClean® Pro Cleanup Kit (Qiagen) was used, with 
the cleanup process also automated on the QIAcube. DNA concentrations before and 
after cleanup were quantified using a Qubit 4.0 Fluorometer (Thermo Fisher Scientific) 
and the Qubit® dsDNA BR Assay Kit (Thermo Fisher Scientific). 

DNA extraction followed the QIAamp UCP Pathogen Mini Kit protocol (Qiagen), 
resulting in 12 DNA extractions.  Six out of these 12 DNA extractions were included using 
Zymobiomic Microbial Community (ZMC) as a spike, with three blood samples 
containing 50 ng of ZMC and three containing 100 ng of ZMC. An additional six 
extractions were performed including 100 ng of ZMC supplemented with 50 ng of 
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Corynebacterium CO951 DNA. According to the QIAamp UCP Pathogen Mini Kit 
(Qiagen), a total of 30 µL of nuclease-free water was added to elute the DNA, followed by 
incubation at room temperature for 1 minute. The sample was centrifuged at maximum 
speed for 1 minute to facilitate DNA elution. A second additional elution step was 
performed by adding 30 µL of nuclease-free water, resulting in a final elution volume of 
60 µL.  

A total of 12 DNA extractions were performed using the Quick-DNA Miniprep Plus Kit 
(Zymo Research). Three extractions were conducted including 50 ng of ZMC (Zymo 
research), and another three extractions including using 100 ng of Zymobiomic 
Microbial Community (ZMC). The remaining six extractions were carried out using 100 
ng of Zymobiomic Microbial Community (ZMC) combined with 50 ng of 
Corynebacterium CO609 (DNAour). A total of 50 µL of nuclease-free water was added 
for DNA elution during the first incubation step. The eluate was re-applied, and during 
the second incubation, resulting in a final elution volume of 50 µL. 

The DNA concentration was measured with the Qubit 4 fluorometer (Invitrogen), 
Thermo Fisher Scientific Qubit 1 x ds DNA HS assay kit, and NanoDrop 
spectrophotometer (Thermo Fisher Scientific). The Purity of the DNA extractions was 
assessed using a Nanodrop spectrophotometer DS-11 series (DeNovix). 

Table 1. Theoretical composition of microbial DNA in the Microbial Community DNA 
Standard (Zymoresearch). 

Bacterial species Spike-in composition (%) 

Pseudomonas aeruginosa 12 

Escherichia coli 12 

Salmonella enterica 12 

Lactobacillus fermentum 12 

Enterococcus Faecalis 12 

Staphylococcus aureus 12 

Listeria monocytogenes 12 

Bacillus subtilis 12 

Saccharomyces cerevisiae 2 

Cryptococcus neoformans 2 
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2.3 Statistical analysis 
Statistical analyses were performed for the obtained data using the IBM SPSS Statistics 
program (version 29.0.2.0). A Shapiro-Wilk test of normality was performed with a 
significance cut-off value at 0.05 (P value < 0.05) on the values for DNA extractions, the 
purity for 260/230 and 260/280 to check if the data is normally distributed. The t-test 
was performed if the data were normally distributed to compare the mean values of the 
two different kits. The Mann-Whitney U test was performed if the data were not normally 
distributed to compare the median values of the two different kits. 

2.4 Library Preparation and Nanopore Sequencing 
DNA extracted from the fresh blood samples was diluted in nuclease-free water to a final 
concentration of 20–25 ng/µL before library preparation. The diluted DNA extractions 
and controls were used in each sequencing test. The nanopore sequencing for the 
prepared library was performed using different flow cells (Table 2). The libraries were 
prepared with the Rapid Barcode kit and protocol (SQK-RBK114.24, SQK-RBK114.96, 
Oxford Nanopore Technologies, 2025). For the MinION sequencing, 200-250 ng of 
extracted DNA was used for each barcode sample to prepare the library according to the 
suggestions in the protocol. The Rapid Barcode Kit 24 and Rapid Barcode Kit 96 were 
used; all the steps in the Rapid sequencing DNA V14-barcoding protocol (SQK-
RBK114.24, SQK-RBK114.96 Oxford Nanopore Technologies, 2025) were followed. The 
concentration of the prepared library was measured using a Qubit 4 fluorometer 
(Invitrogen), Thermo Fisher Scientific Qubit 1 x DNA HS assay kit, and purity ratio using 
a NanoDrop spectrophotometer (Thermo Fisher Scientific). The nanopore sequencing 
was run for different durations for each sequencing test (Table 3). The results from 
nanopore sequencing and base calling were obtained in MinKNOW (version 24.11.10). 
The MinION MK1 b device was used for 20-24 hours for the different nanopore 
sequencing runs.   

Table 2. Summary of the Sequencing tests, DNA extractions, and flow cell used. 

Sequencing tests Number of diluted 
DNA extractions and 
controls 

Flow cell 

T1QMS 8 DNA extractions and 1 
control 
(Corynebacterium) 

MinION (R9.4.1) 

T2QMS 2 DNA extractions and 1 
control (Enterococcus 
Faecalis) 

Flongle (R10.4.1) 
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T3QUS 2 DNA extractions and 1 
control (Haemophilus 
spp.) 

Flongle (R10.4.1) 

T4QUSNS 5 DNA extractions and 1 
non-spike as a control 

Flongle (R10.4.1) 

 

Table 3. The information about the setup and duration of each sequencing test. 

Sequencing test Sequencing 
duration 

DNA Extraction Kit Flow Cell 

T1QMS 22 hours Quick DNA Miniprep 
Plus Kit  & QIAamp 
UCP Pathogen Mini Kit  
(n=9) 

R9.4.1 MinION 

T2QMS 23 hours   Quick DNA Miniprep 
Plus Kit (n=3) 

R10.4.1 Flongle 

T3QUS 21 hrs 25 min  QIAamp UCP 
Pathogen Mini Kit 
(n=3) 

R10.4.1 Flongle 

T4QUSNS 17 hours 25 min QIAamp UCP Pathogen 
Mini Kit (n=6) 

R10.4.1 Flongle 

 

2.5 Sequencing analysis 
The sequencing data obtained from the MinION flow cell through the high-accuracy 
bascalling process was transformed using the MinKNOW software (version 24.11.10). 
The FASTQ files from the basecalling were analyzed using the EPI2ME Desktop Agent 
(Version 5.1.10) and the wf metagenomic workflow to obtain nanopore sequencing 
results and to identify bacterial species to perform taxonomic analysis. The collected data 
from nanopore sequencing was further analysed for taxonomic classification by using 
different bioinformatic tools such as EPI2ME, which used the wf-metagenomic 
(workflow) and BV-BRC tool. Using the Linux operative system, the FASTQ files from 
base-calling were compressed to merged Fastq.gz for further analysis. The default 
threshold q-score of 9 was used to classify the reads into Fastq pass 9 and Fastq fail 9. 
The bioinformatics program EPI2ME (version 3.7.3) was used to identify the species. The 
FASTQ files were compressed and uploaded in the Bacterial and Viral Bioinformatics 
Research Centre (BV-BRC) (Version 3.47.17) to perform metagenomic read mapping to 
find antimicrobial resistance genes that confer antibiotic resistance with the CARD. 
Additionally, the taxonomical classification was performed to provide a taxonomic 
overview and the flow chart of microbial taxa using Kraken2 in the BV-BRC by using the 
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default database with a 0.1 confidence limit. The EPI2ME does not allow a FASTA file as 
input. So, it was not used to detect antimicrobial resistance genes. The Python software 
(Version 3.13.2) was used to create a heatmap for the relative abundance of microbial 
species. 

3 Results 

3.1 DNA concentration and quality control 
The DNA concentrations for DNA extractions were measured (Table 1 in the Appendix). 
The concentration and quality of DNA varied depending on the DNA extraction kit used. 
The means and standard deviation of the DNA concentration for the two different kits 
were measured (Table 4). A Shapiro-Wilk test indicated that the data from the DNA 
concentration of both kits were normally distributed (Table 3 in the Appendix). 

Table 4. The values were obtained from the DNA concentration and quality control. 

Extraction Kits DNA Concentration (ng/µl) 

Quick DNA Miniprep Plus Kit (n=12) Mean ± SD 

 75.2 ± 20.7 

QIAamp UCP Pathogen Mini kit (n=12) Mean ± SD 

74.2 ± 25.9 

*Median and Interquartile range are shown instead of mean and standard deviation. 

To compare the DNA concentration between two kits, an independent samples t-test was 
conducted, and Levene’s Test for Equality of Variances was performed to assess the 
assumption of homogeneity of variances. The results showed a p-value of 0.662, 
indicating that the variances between the two groups were not significantly different. The 
p-value for the t-test of equality showed 0.921, which means no statistically significant 
difference in DNA concentration between the two different kits. 

The quality of the DNA extractions for both kits was expected. In this study, no statistical 
analysis was performed for the quality of the DNA extractions. 

3.2 Library preparation and nanopore sequencing 
The library preparation using DNA extractions for sequencing test T1QMS, T2QMS, 
T3QUS, and T4QUSNS was successfully prepared. The quantity of the library was as 
expected after the dilution of all the DNA extractions to 25 ng/µl (Table 5). Hardware 
checks and pore scans were performed on the MinION flow cell and Flongles to check 
the number of pores and the device's functionality. The findings of the hardware checks 
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and pore scans were as expected. The sequencing tests T2QMS and T3QUS had above 50 
available pores on the FLongel out of 120 pores, and the sequencing test 1 with the 
MinION flow cell had 420 available pores out of 2000 pores. The library preparation for 
nanopore sequencing tests using the MinION flow cell and Flongle was successful. The 
DNA concentration and purity of the library for sequencing tests were measured (Table 
5).  

Table 5. Quality and quantity of the prepared libraries for the tests T1QMS, T2QMS, T3QUS, and 
T4QUSNS sequencing on the MinION flow cell and Flongles. 

Tests DNA Concentration 
(ng/µl) 

260/230 260/280 Flow cell 

T1QMS 552.00 2.38 1.83 R9.4.1 

MinION 

T2QMS 76.27 2.42 1.86 R10.4.1 

Flongle 

T3QUS 79.00 2.3 1.8 R10.4.1 

Flongle 

T4QUSNS 70.60 2.63 1.85 R10.4.1 

Flongle 

 

The diluted DNA extractions were used in the nanopore sequencing tests (Appendix, 
Table 2). T1QMS and T2QMS, and T4QUSNS showed more than 80 % of the reads 
identified eukaryotes predominantly Homo sapiens, with a smaller fraction representing 
fungi. On the other hand, T3QUS showed 64.5% reads. The rest of the reads were 
unclassified. No viruses or archaea were detected in any of the sequencing tests. The 
sequencing tests had comparable Q-score distribution (Table 6). The average Q-score 
was 10.73, with an average sequencing length of 1.8 kbases for sequencing tests. On 
average, 77.51% of the reads were classified. In T4QUSNS, the non-spike DNA extraction 
from human blood, which was used as a control, classified 85.56% of human reads and 
14.22% unclassified reads. In T1QMS, the Corynebacterium DNA was used as a control, 
in T2QMS, the Enterococcus faecalis DNA, and in T3QUS, the Haemophilus DNA was 
used as a control. No human DNA was found in any of the controls in the sequencing 
tests. The sequencing test T3QUS resulted in lower classified reads and average sequence 
length than the other sequencing tests (Table 6). 

In sequencing test T3QUS and T4QUSNS, the different elution method of one of the DNA 
extraction kits was used, but no such difference has been observed in the nanopore 
sequencing results. 
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Table 6. Results for nanopore sequencing using MinION flow cell and Flongle and basecalling in 
MinKNOW for sequencing tests T1QMS, T2QMS, T3QUS, and T4QUSNS. 

Parameter T1QMS T2QMS T3QUS T4QUSNS 

 

Flow Cell 

R9.4.1 

MinION 

R10.4.1 

Flongle 

R10.4.1 

Flongle 

R10.4.1 

Flongle 

Total amount of 
reads 

20.777 6300 10619 20753 

Reads classified % 75.56 87.98 64.50 81.99 

Q-score 10 11.3 10 11.6 

% Eukaryotes 73 56.45 40.45 79.00 

% Bacteria 10.00 31.53 24.05 2.98 

Average sequence 
length 

2kbases 2kbases 0.9kbases 2,6kbases 

Total yield 41.5Mbases 16.3Mbases 12.7Mbases 28.94Mbases 

 

3.3 Sequencing analysis 

3.3.1 Results from EPI2ME and wf-metagenomic (workflow) 

The results from the nanopore sequencing were further analysed using the EPI2ME 
platform (Oxford Nanopore Technologies). To identify the species of interest, the 
microbial species identified from the sequenced DNA was compared to the theoretical 
composition of the microbial DNA in the Microbial Community DNA Standard spike-in, 
contained a known amount of bacterial DNA (Table 1). A higher number of the expected 
species were detected in T1QMS performed on the Minion flow cell. Sequencing T2QMS 
was run together with DNA extraction from human plasma, Krzyzak (2025), and 
sequencing test 3QUS was run together with DNA extraction from human urine, 
Jalalimoghaddam (2025). T4QUSNS was run using additional spiked-in DNA 
extractions from human blood and a non-spiked DNA extraction from human blood as a 
control. It is important to note that the DNA extraction samples in T3QUS and T4QUSNS 
were from a different DNA elution step, which was 60 µl of nuclease–free water, to see if 
this will show any effect in the DNA concentration and nanopore sequencing results. The 
sequencing run for T4QUSNS detected more species as compared to test 3 (Appendix, 
Table 6). Saccharomyces cerevisiae and Cryptococcus neoformans species that could 
not be detected in any of the sequencing tests using EPI2ME for taxonomic classification. 
Unexpected species, such as Photobacterium leiognathi, were detected in tests T3QUS 
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and T4QUSNS with a larger number of reads than tests T1QMS and T2QMS. The other 
unexpected species, which have less than 10 reads in EPI2ME, were not included in the 
results because they could be misidentification. The heatmap of the taxonomic 
classification for the results of sequencing tests obtained from EPI2ME was created 
(Figure 2). The figure shows the % relative abundance of microbial taxa using the total 
number of reads for four sequencing tests and compared to the theoretical composition 
of microbial DNA in the Microbial community DNA standard (Table 1). The 
Pseudomonas aeruginosa, Escherichia coli, Salmonella enterica, and Lactobacillus 
fermentum are present in T1QMS with abundance values ranging from approximately 
2.2 % to 2.6 % abundance measurement (Figure 2). These species are absent in T2QMS 
and T3QUS, indicating variability in microbial community structure. More bacterial 
species were detected in T1QMS than others. T3QUS detected no bacterial species that 
were expected, except the control sample. Photobacterium leiognathi was found in 
T3QUS and T4QUSNS. This bacterium was not included in the Microbial Community 
DNA standard spike-in, nor was it added as microbial DNA. It indicated possible 
contamination or condition-specific occurrence in those samples. Staphylococcus 
aureus appeared in T1QMS and T4QUSNS but was absent in other sequencing tests, such 
as T2QMS and T3QUS, which could suggest selective enrichment. Yeast such as 
Saccharomyces cerevisiae and Cryptococcus neoformans were not detected in any of 
the tests, using EPI2ME for taxonomic classification (Figure 2). 

 

Figure 2. The heatmap represents the % relative abundance of microbial taxa using the total 
number of reads identified across four sequencing tests. The y-axis lists various microbial species 
or genera, while the x-axis corresponds to the individual test samples. The colour gradient from 
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dark purple to light peach reflects increasing relative abundance, as indicated by the 
accompanying colour bar. Numeric values within each cell represent the exact % abundance 
measurements. In T1QMS, the Corynebacterium DNA was used as a control. In T2QMS, the 
Enterococcus faecalis was used as a control, and in T3QUS, the Haemophilus spp. DNA was used 
as a control. 

3.3.2 Results BV-BRC 

Further analysis was performed to identify the presence of bacterial DNA and fungal 
DNA from the Microbial Community DNA standard and microbial DNA used as a control 
for the nanopore sequencing data in all sequencing tests. The BV-BRC taxonomic 
classification results detected similar species as seen in EPI2ME. The Saccharomyces 
cerevisiae and Cryptococcus neoformans were also detected in almost all the DNA 
extractions (Table 7). The Sankey plot from the BV-BRC tool (Appendix, Figure 1) 
showed all the species that were expected from the Microbial Community DNA Standard 
present in the DNA extractions. In addition, Toxoplasma gondii is present in almost 
every DNA extraction. The sequencing test T3QUS identified less bacterial species as 
compared to other sequencing tests. In terms of the different elution steps in one of the 
DNA extraction kits, the sequencing test  T4QUSNS identified more bacterial species 
than the sequencing test T3QUS. 

Table 7. The table represents the amount of reads for species obtained and the composition of 
spike-in with Microbial community DNA standard (Zymoresearch) for the sequencing tests 
T1QMS, T2QMS, T3QUS, and T4QUSNS performed in the BV-BRC. 

Species or Genus T1QMS 
R9.4.1 
MinION 

T2QMS 
R10.4.1 
Flongle 

T3QUS 
R10.4.1 
Flongle 

T4QUSNS 
R10.4.1 
Flongle 

Pseudomonas aeruginosa 8 0 0 3 

Escherichia coli 4 2 1 0 

Salmonella enterica 3 0 3 10 

Lactobacillus fermentum 171 15 3 26 

Enterococcus faecalis 69 23 2 24 

Staphylococcus aureus 5 2 0 14 

Listeria monocytogenes 1 1 0 0 

Bacillus subtilis 129 14 5 26 

Saccharomyces cerevisiae 17 1 1 9 
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Cryptococcus neoformans 15 4 0 4 

Corynebacteriuma 9 950 24 0 40 

Enterococcus faecalisa 0 2 097 0 0 

Haemophilusa 0 0 3 047 0 

Taxoplasma gondiib 22 10 5 75 

a – Control – CO 609, CO 1968 (Corynebacterium), HA 702 (Haemophilus), EN 1792 (Enterococcus) 

b – Unexpected species 

The results for the genes that confer antimicrobial resistance were identified using the 
metagenomic read mapping with the card template (Appendix, Tables 5 and 6). The 
FASTQ files were compressed and uploaded to the Bacterial and Viral Bioinformatics 
Resource Centre (BV-BRC) to perform metagenomic read mapping to find antimicrobial 
resistance genes that confer antibiotic resistance with the comprehensive antibiotic 
resistance database (CARD).  The expected percentage of the AMR genes for each 
bacterial species was compared to the obtained percentage of AMR genes (Table 8). In 
T1QMS, Pseudomonas aeruginosa showed the highest percentage of gene 4.1%, which 
was lower than expected. The T1QMS detected more AMR genes than other tests. In 
T2QMS, AMR genes were detected from Enterococcus faecalis and Staphylococcus 
aureus. Overall, the percentage of AMR genes in Staphylococcus aureus was lower than 
expected (Table 8). In T3QUS, no AMR genes were detected in any of the expected 
species. The AMR genes in the microbial community DNA standard were not checked 
using metagenomic read mapping with the CARD database. In this experiment, no AMR 
genes for the control were counted. 

Table 8. The table represents the percentage of detected genes conferring antibiotic resistance in 
comparison to the expected percentage of genes conferring antibiotic resistance. The genes were 
identified with a metagenomic read mapping and the CARD database. 

Species Expected 
Genes confer 
antimicrobial 
resistance (%) 

T1QMS 
(Gene%) 

T2QMS 
(Gene%) 

T3QUS 
(Gene%) 

T4QUSNS 
(Gene%) 

Pseudomonas 
aeruginosa  

29.7 4.1 - - - 

Salmonella enterica 17.4 1.0 - - - 

Enterococcus 
Faecalis 

6.2 1.0 5.1 - - 

Escherichia. coli 33.3 1.5 - - - 
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Staphylococcus 
aureus 

15.9 0.5 0.5 - 0.5 

Listeria 
monocytogenes 

2.1 0.5 - - - 

Bacillus subtilis 4.1 - - - - 

Lactobacillus 
fermentum 

0.5 - - - - 

 

4 Discussion 
Sepsis is a life-threatening syndrome that causes death worldwide. There is an urgent 
need for early treatment and further research in this area. The early diagnosis of sepsis 
is essential for better patient outcomes, can improve patient care and relieve the load on 
health care systems. This study is part of the research to find early diagnosis for sepsis. 
Metagenomic sequencing, one of the innovative methods for detecting sepsis. This thesis 
works objectives were to extract DNA from whole human blood spiked with a known 
amount of Microbial DNA using two different DNA extraction kits. The extracted DNA 
was sequenced on two different types of flow cells, the MinION and Flongle flow cells, to 
identify the bacterial species and AMR genes for early diagnosis of sepsis. Bioinformatic 
analysis was performed to identify the genes that confer antimicrobial resistance and 
bacterial species. 

4.1 DNA concentration and quality control 
In sepsis patients, the concentration of bacterial DNA in the bloodstream is very low, as 
low as one bacterial cell or colony-forming unit (CFU) per milliliter (mL) of blood 
(Reinicke et al., 2024). Due to this low abundance of bacterial DNA, it could be 
challenging for sequencing technologies to detect and identify pathogens (Harris et al., 
2024). 

In the DNA extractions using the QIAamp UCP Pathogen Kit (Qiagen), 400 µl of human 
whole blood was used, and in the DNA extractions from the Quick DNA Miniprep Plus 
Kit, 200 µl of human whole blood was used. The amount of human whole blood used for 
DNA extraction had no significant effect on the final DNA concentration. This could be a 
reason for the difference in the percentage of microbial DNA and Human DNA detected 
from the nanopore sequencing and further could be a reason to identify bacterial species, 
as well as the DNA extraction kits used (Table 5). In this experiment, the concentration 
of human DNA was much higher than the spiked-in microbial Community DNA 
standard. Studies demonstrate that increasing proportions of host DNA affect the 
sensitivity and accuracy of shotgun metagenomics (McArdle & Kaforou, 2020). A high 
burden of host DNA, the total number and diversity of microbial reads are seriously 
reduced, making robust binning very challenging. The study also shows that even with 
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high host DNA content (99%), sensitive read binning tools (such as Kraken2 with 
Bracken for abundance estimation) can still detect all expected organisms, but the 
relative confidence decreases, and the challenge of dealing with contaminant reads 
increases sharply (McArdle & Kaforou, 2020). The high concentration of human DNA 
from large volume DNA extractions, the ratio of microbial to human DNA may be even 
less favourable, and sample complexity and unknown contaminants compound the 
problem (McArdle & Kaforou, 2020). The purity of the DNA extractions does not show 
any effect in the nanopore sequencing. The purity of the extracted DNA, measured with 
260/230 and 260/280 ratios, was less sensitive to the nanopore sequence output than 
the concentration of the extracted DNA (Hunter, Cromwell, & Shim, 2025). The 
absorbance ratios measured by a spectrophotometer are unreliable, and the purity ratios 
are hard to determine at low absorbances (Russo et al., 2022). In T3QUS and T4QUSNS, 
the amount of eluted DNA was 60µl from the QIAamp UCP Pathogen Kit in the DNA 
extractions, and further dilutions were made to perform sequencing. DNA eluted in a 
60µl volume may contain a similar amount of human DNA and microbial DNA. This step 
may limit the taxonomic profiling in metagenomic sequencing. This can be from the lysis 
efficiency, DNA fragment size, or binding affinities during DNA extraction, rather than 
the elution volume alone. The study also demonstrates that organisms can be analysed 
at the genus level to mitigate bioinformatics and database limitations, such as 
misclassification of closely related species like E. coli. It can also emphasise the 
importance of optimising laboratory methods and analysing tools to accurately identify 
pathogens (Butler et al., 2025).  

There was no such difference in the DNA concentration and purity ratios between 
QIAamp UCP Pathogen Kit (Qiagen) and Quick DNA Miniprep Plus Kit (Zymoresearch) 
(Appendix, Table 1). The obtained results were similar to the average results for DNA 
concentration and purity 260/280 found in the study by Podnecky et al. (2013). 
According to this experiment, the concentration depends on the majority of the DNA, 
that is, from the whole blood itself, due to the relatively large mass of blood cells 
compared to the added bacterial cells. Protein contamination was measured using the 
260/280 ratio, which ranges from 0.85 to 2.88, with most values falling within the 
expected range of 1.8–2.0 (Appendix, Table 1). However, the 260/230 ratio, which 
reflects salt, EDTA, and guanidine, is more variable with the QIAamp UCP Pathogen 
Mini handbook (Matlock, 2024). A similar result for the variability in purity ratios was 
found in a study analyzing pre-analytical variations in DNA extraction using blood 
samples, which suggested that factors like sample storage, hemolysis, and handling 
protocols contribute to differences in the purity ratios (Caboux et al., 2012). In this 
experiment, there is no such difference seen in the DNA concentration and purity with 
the amount of spike-in used. It could be because human blood is extremely host DNA-
rich, and 1 ml of whole blood yields between 20-40 µg of genomic DNA, depending on 
the white cell count (Tan & Yiap, 2009). 

4.2 Nanopore Sequencing 
According to Oxford Nanopore Technologies (2024c), in nanopore sequencing, the 
quality of the DNA extractions for library preparation was important, and 2-2.2 was the 
recommended value for the A230/260. Furthermore, according to the Rapid sequencing 
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DNA V14-barcoding technique, a suitable DNA concentration was calculated to be 20 
ng/µl because 200 ng and 50 ng in a 10 µl extraction sample were needed for nanopore 
sequencing (SQK-RBK114.96, SQK-RBK114.24). The dilutions were made to obtain the 
purity ratios and DNA concentration suitable for sequencing. According to John Baxter 
(Personal communication, March 3, 2025), the DNA purity ratio for A230/260 ranged 
between 1.5 and 2.2 and was possible for sequencing based on experience. 

According to Butler et al. (2025), the MinION flow cell generated 10–30 times more 
reads than the Flongle flow cell for the metagenomic control material (MCM) reference 
materials, primarily due to its greater pore capacity and extended sequencing time. The 
Q-score significantly affects the read quality in both the MinION device and Flongle flow 
cell. The mean value of the Q-score of the four sequencing tests was 10.7 (Table 5). The 
similarly obtained Q-score results were found in the study by Bejaoui et al. (2025). A 
higher Q-score may improve the sequencing findings since the other studies indicated 
that a Q-score of 10 produced more reads and that readings of about 2 million might be 
anticipated (Grumaz et al., 2020). According to Oxford Nanopore Technologies (2024c), 
the unclassified reads might be on the lower end, but all were above the threshold to be 
included in the ´´pass´´ folder. Some unclassified reads were included in the nanopore 
sequencing result, which may have affected all the analysis results. During the nanopore 
sequencing for T1QMS, the reused MinION flow cell was used and washed with nuclease-
free water before using it. The pores were already engaged or degraded and could be 
unable to efficiently take in a new library. According to Oxford Nanopore Technologies 
(2024c), the number of active pores can decrease, which can lower the output of the data. 
In comparison to a fresh flow cell, it may provide shorter read lengths and increased 
errors. In this project, the reused MinION worked even after washing with nuclease-free 
water.  The observed saturation of the MinION flow cell, along with the difference 
between the total number of reads generated and the number of reads successfully 
classified (Table 5), suggests that the quality and purity of the extracted DNA 
significantly influence the sequencing performance. It highlights the use of many pores 
to generate more sequencing data. 

From the EPI2ME results, the Gram-positive Staphylococcus aureus and Enterococcus 
faecalis and the Gram-negative E. coli and Pseudomonas aeruginosa were detected with 
highly classified reads (Figure 1 and Appendix, Table 6). In this experiment, more reads 
were observed from the bacterial species such as Staphylococcus aureus, Escherichia 
Coli, Pseudomonas aeruginosa, and Enterococcus faecalis. A high proportion of 
classified reads (81–87%) was observed, with the similar detection of bacterial species 
Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Enterococcus 
faecalis, aligning closely with findings from Harris et al. (2024). No fungi, such as 
Saccharomyces cerevisiae and Cryptococcus neoformans, were detected using EPI2ME. 
It could be due to the limitations of the standard-8 database from the default database 
in the EPI2ME, which does not detect fungi (EPI2ME, n.d.; Lu, Rincon, Wood, & 
Salzberg, 2022). In this experiment, fungi such as Saccharomyces cerevisiae and 
Cryptococcus neoformans were only detected using the BV-BRC tool by Sankey plot 
taxonomic tree (Table 6 and Appendix, Figure 1). Similar yeasts, such as Cryptococcus 
neoformans, were found in the study by Jin et al. (2022). According to Jin et al. (2022), 
the Nanopore sequencing produced long reads and helps in identifying repetitive regions 
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and structural variants within the pathogen genome, which provides detailed genomic 
information to detect Cryptococcus neoformans. According to Yang et al. (2024), 
nanopore sequencing is technically more difficult to detect pathogens with low nucleic 
acid load in clinical samples. Also, the presence of a massive host genome and 
contamination of environmental microorganisms are great challenges impeding the 
clinical application of Nanopore sequencing. The well-studied parasite Toxoplasma 
gondii (Koutsogiannis & Denny, 2024) was detected with the MinION and Flongle flow 
cell in all sequencing tests. The unexpected bacterial species identified using the 
EPI2ME, such as Photobacterium leognathi. This could be a reason that there is a risk 
of cross-contamination, which could lead to false-positive detections. According to 
Mzava et al. (2022), the environmental DNA contamination during sample preparation 
can overwhelm the signal from sample-intrinsic microbial DNA, resulting in an 
increased likelihood of false-positive detections and ambiguous taxonomic classification. 

In this study, a greater number of reads for bacterial species were identified using the 
MinION flow cell as compared to the Flongle flow cells (Appendix, Table 4, and Figure 
1). This could be a reason that more DNA extraction samples were sequenced in T1QMS 
using the MinION flow cell. In all the barcoded DNA extractions, a large amount of 
human DNA is present, which could affect the taxonomic classification (Table 5). In 
sepsis patients, low levels of bacterial DNA and high levels of human DNA at the time of 
testing limit the capacity to directly sequence blood samples to detect pathogenic 
bacteria (Harris et al., 2024). In T2QMS and T3QUS, where fewer reads were detected, 
fewer bacterial identifications were detected. 

T2QMS and T3QUS were sequenced together with the spiked DNA extractions from 
human Plasma Krzyzak (2025) and Urine Jalalimoghaddam (2025). The whole blood 
has a high percentage of human DNA because of nucleated white blood cells. On the other 
hand, plasma and urine have much lower microbial and host DNA content, often 
representing cell-free DNA. It could be the reason that the host DNA from whole blood 
can dominate the sequencing reads, leading to reduced sensitivity for detecting low-
abundance microbial species in all sample types for T2QMS and T3QUS (Appendix, 
Table 4). The host DNA contamination in metagenomic sequencing overwhelms the low 
biomass of microbial signals and decreases sensitivity for microbial detection, which 
means that in the samples with much more human DNA than microbial DNA, the 
sensitivity to detect microbes, especially those present at low abundance, drops 
significantly (Sadeghpour Heravi et al., 2020; Pereira-Marques et al., 2019). The Flongle 
flow cell can be challenging and fail to identify every species or misinterpret some 
sequences and classify them incorrectly (Avershina et al., 2022). The 
underrepresentation of low-abundance organisms by the Flongle flow cell is likely due to 
the shorter sequencing time (5 hours vs. 18 for MinION flow cell) and fewer nanopores 
(50–60 vs. 800–1200 for MinION flow cell).  

4.3 Bioinformatic Analysis 
The Sankey plot taxonomic tree from the taxonomic classification of BV-BRC identified 
all the bacterial species and yeast included in the Microbial DNA Community Standard 
in all the barcoded DNA extractions (Appendix, Figure 1). It also identified the presence 



 

 

 

19 

of a parasite such as Toxoplasma gondii in the barcoded DNA extractions (Appendix, 
Figure 1). In the EPI2ME by using wf metagenomic workflow, some of the species were 
absent (Figure 1 and Appendix, Table 4) as compared to the BV-BRC analysis (Table 6). 
The accuracy of taxonomic classification can be influenced by factors such as read length, 
sequencing accuracy, and the comprehensiveness of the reference database (Hunter et 
al., 2025). According to previous study results, the BV-BRC tool was able to detect lower 
amounts of bacterial DNA than EPI2ME. This can be the reason that a smaller number 
of reads for some of the bacterial species can be detected only by using the BV-BRC tool 
(Ghiasvand, 2022). 

In this experiment, 27 antimicrobial resistance genes that confer antibiotic resistance out 
of 195 expected antimicrobial resistance genes were identified, and no genes from the 
species Bacillus subtilis were identified using the metagenomic read mapping with the 
template database CARD (Appendix, Table 5). Anti-microbial resistance genes encoding 
properties to confirm antibiotic resistance have a direct impact on sepsis patients and 
can lead to longer hospital stays and higher mortality rates. In sepsis, correct 
antimicrobial treatment in the first 6 hours is crucial to reduce mobility and mortality. 
More than one-third of the patients with sepsis are under ineffective based on 
antimicrobial therapy (Rodríguez-Lucas et al., 2018). In this experiment, more 
antimicrobial resistance genes were detected from the MinION flow cell than from the 
Flongle flow cell. The studies have shown that, Flongle flow cell can fail to detect 
antimicrobial resistance genes as compared to the MinION flow cell. The inability of 
Flongle to detect antimicrobial resistance genes is attributed directly to its lower 
sequencing throughput and depth compared to MinION (Bellankimath et al., 2024). 

In this experiment, the antimicrobial resistance genes from Staphylococcus aureus were 
found in every test except in T3QUS, with an average percentage of 0.5, which is 
extremely lower than the expected percentage of 15.9 (Table 7). In Salmonella enterica, 
the presence of antimicrobial resistance genes such as rrSD, which is associated with 
resistance to spectinomycin, sdiA, which is linked to resistance against multiple β-
lactams, macrolides, aminoglycosides, and even disinfectants. These findings indicate a 
multidrug resistance profile in the DNA retrieved from Salmonella, highlighting the 
bacteria's adaptability and ability to survive in various antibiotic interventions. 
According to Yu et al. (2022), the presence of sdiA suggests a potential role in 
antimicrobial resistance mechanisms and in multidrug efflux. The gram-positive 
Staphylococcus aureus is one of the major causes of sepsis with high mortality. The 
clinical spectrum of sepsis due to S. aureus ranges from mild systemic inflammation to 
severe septic shock, characterized by profound vascular dysfunction, impaired cardiac 
function, decreased blood pressure, compromised tissue oxygenation, and ultimately, 
organ failure (Powers & Bubeck Wardenburg, 2014). According to Huynh et al. (2023), 
the genes from Staphylococcus aureus encode the multidrug efflux pumps and their 
regulators, fluoroquinolones, and multidrug resistance. This suggested that the results 
from metagenomic read mapping might be accurate. 

Escherichia coli is one of the main causes of bloodstream infection, and one-third of 
patients with E. coli develop sepsis (Maldonado et al., 2024). The metagenomic read 
mapping with the CARD database identified resistance to Clindamycin, peptide 
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antibiotics, nucleoside antibiotics and disinfecting agents, and antiseptics in E. coli 
(Appendix, Table 8). In T2QMS, the antimicrobial resistance genes for Enterococcus 
faecalis were detected. The BV-BRC analysis identified resistance to daptomycin, 
Clindamycin, guinupristin, dalfopristin, pleuromutilin, and Diaminopyrimidine 
antibiotic. According to previous studies (Lodin, 2024), E. faecalis is resistant to 
Clindamycin, and in this research, the emeA gene was detected using BV-BRC analysis. 

The total time to perform DNA extractions took 3 hours. The DNA extractions with the 
Quick DNA Miniprep Plus kit took 1 hour, and the QIAamp UCP Pathogen Mini Kit took 
2 hours. The library preparation took 1 hour. The nanopore sequencing was performed 
on the MinION flow cell for 22 hours and on the Flongle flow cell for 23 hours. This is 
important because time is important in the early diagnosis of sepsis. This research 
proposed that the duration of the DNA extractions and nanopore sequencing procedure 
may be reduced. In this study, metagenomic next-generation sequencing (mNGS) 
significantly reduced the time to detect bacterial species and yeast in blood samples 
compared to the current gold standard of blood culture. The optimization of protocols 
for DNA extractions and nanopore sequencing can be helpful in the early diagnosis of 
sepsis. 

In this study, the whole human blood was used and stored at +4 degrees. The whole blood 
was thawed on ice, and the EDTA tube was inverted three times before DNA extraction. 
Thawing can cause ice crystal formation and can lead to the lysis of white blood cells 
(WBC). According to Gok (2019), the fresh blood has a higher DNA concentration, and 
NanoDrop spectrophotometer measurements demonstrated that the DNA concentration 
was consistently greater and indicating less protein contamination in fresh blood. 
Furthermore, the elution buffer and buffer AVE from the DNA extraction kit were not 
used due to being chemically compatible with the MinION flow cell. The Nuclease-Free 
Water from the Milli-Q IQ Water Purification System was used to elute all the DNA 
extractions. The pH of the Nuclease-Free Water was below 7.0, which is recommended 
in the protocol. The fresh Nuclease-Free Water was collected every day for the DNA 
extractions and used multiple times during the day. This may affect the purity of the 
DNA. The DNA is stored with nuclease-free water that can absorb carbon dioxide (CO2) 
from the atmosphere into the solution and can form carbonic acid. This can lower the pH 
of the solution and make it acidic. These acidic conditions can lead to DNA degradation 
(Cordsmeier & Hahn, 2022). 

5 Conclusion 
The Quick-DNA Miniprep Plus Kit (Zymoresearch) and the QIAamp UCP Pathogen Mini 
Kit (Qiagen) were selected for DNA extraction due to their ability to yield high and 
consistent amounts of DNA. Diluting the DNA extractions to a final DNA concentration 
of 25 ng/µl improved the quality of the DNA, enhancing performance in nanopore 
sequencing on both the MinION Flongle flow cells. However, no clear correlation was 
observed between the amount of microbial community DNA spike-in and the high 
percentage of human DNA in whole blood samples and DNA concentration. The MinION 
device produced longer reads, resulted in the detection of more bacterial species, and 
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identified more resistance genes that confer antibiotic resistance than the Flongle flow 
cell. Further research should focus on improving the detection of gram-positive bacteria 
and optimizing both DNA extraction and nanopore sequencing protocols to enable rapid 
and accurate identification of pathogens in the early stages of sepsis. This research 
suggests that nanopore sequencing with the MinION device could be more valuable in 
the early diagnosis of sepsis, but further research is required to make it more efficient 
and faster for sepsis treatment. 

6 Ethical aspects 
When performing a study where nanopore sequencing is used to identify bacterial 
species and genes conferring antimicrobial resistance in whole human blood samples 
where some ethical aspects need to be considered. In this study, the healthy human blood 
was from self-assessed healthy blood donors. This thesis project will not conduct any 
other form of test that will compromise the donor’s privacy and identification. Risk 
assessment documents for working with blood were filled and risk analysis for 
kits/methods was performed at the University of Skövde. 

In this study, two different kits were used for DNA extraction, and with the 
environmental aspects in mind that the DNA extraction kits produced plenty of plastic 
waste, such as many plastic tubes were used during the experimental work. The DNA 
extraction kits included components that were not good for the environment. However, 
the risk assessment for both of the kits was performed in KLARA at the University of 
Skövde. The project that handles biological samples and data from humans must follow 
the international and national laws, regulations, and guidelines. To prevent this from 
becoming an issue, all the chemical waste was handled according to the risk assessment 
performed in KLARA at the University of Skövde. 

Furthermore, the collected data from nanopore sequencing is stored on a hard drive 
provided by the University of Skövde, with only staff at His having access to it. The data 
obtained from the tools and software used, such as EPI2ME and BV-BRC, are never 
shared with a third party. In this study, the MinION device and Flongles were used. Since 
they are expensive not considered to be damaged. It might affect the affordability and 
accessibility. 

The ChatGPT language model and Anara research assistant, also known as artificial 
intelligence, were used in this project to help in understanding the tools used in this 
study, such as bioinformatic tools, the methodology, and to get inspiration and 
understand complicated concepts. Artificial intelligence is used in this study to get quick 
help with the complex topics and for reading research papers. It was not used for the data 
analysis or for writing this report. Grammarly was used to check spelling and grammar 
errors to improve the report writing. 

This study focuses on the early diagnosis of sepsis to improve patients' lives. This study 
contributed to Sustainable Goal three of the 17 Sustainable Goals. This goal is associated 
with ensuring healthy lives and promoting well-being for all at all ages (United Nations, 
n.d.). 
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7 Future studies 
This project has made significant progress in evaluating the efficiency and value of 
nanopore sequencing in the early diagnosis of sepsis with the MinION device and the 
Flongle flow cell. The results showed significant promise for various social benefits. The 
rapid diagnosis can help and improve patients' lives in healthcare. This study provides 
the ability to detect bacterial species and identify genes conferring antimicrobial 
resistance using metagenomic next-generation sequencing by reducing time and 
providing reliable results compared to the current gold standard of blood culture. In 
clinical settings, the use of cost-effective sequencing technologies such as Flongle flow 
cells can result in cost savings and provide advanced diagnostics in healthcare. Further 
research is required in this field to make it more efficient and faster for sepsis treatment 
and to realize the full potential of nanopore sequencing technologies. 
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10 Appendix 
Table 1. The table represents the DNA concentration, absorbance values, amount of Microbial 
Community Standard DNA spike-in, and sequencing tests for each DNA extraction performed 
using the Quick DNA Miniprep Plus Kit (Zymoresearch) and the QIAamp UCP Pathogen Mini Kit 
(Qiagen).  

Biological 
fluid 

Kit  Sequencing 
Test 

Spike-
in 

Qubit 
Concentration 
(ng/µl) 

260/230 260/280 

Human 
Fresh 
blood 

Quick DNA 
Miniprep Plus 
Kit 

T1QMS, 
T2QMS 

 50 ng 
DNAoura 
+ 100 ng 
ZMCb 

87.0  1.98 1.88 

Human 
Fresh 
blood 

Quick DNA 
Miniprep Plus 
Kit 

- 50 ng 
DNAour 
+ 100 ng 
ZMCb 

92.8 1.21 1.88 

https://doi.org/10.1186/s12941-024-00682-7
https://doi.org/10.3349/ymj.2007.48.3.433
https://doi.org/10.1016/j.jgar.2021.12.013
https://doi.org/10.3967/bes2022.054
https://doi.org/10.1186/s12931-024-02991-z
https://www.zymoresearch.com/
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Human 
Fresh 
blood 

Quick DNA 
Miniprep Plus 
Kit 

T1QMS 50 ng 
DNAour 
+ 100 ng 
ZMC 

 41.8 1.94 1.80 

Human 
Fresh 
blood 

Quick DNA 
Miniprep Plus 
Kit 

- 50 ng 
DNAour 
+ 100 ng 
ZMC 

41.0 1.66 1.80 

Human 
Fresh 
blood 

Quick DNA 
Miniprep Plus 
Kit 

T1QMS 50 ng 
DNAour 
+ 100 ng 
ZMC 

73.0 2.01 1.83 

Human 
Fresh 
blood 

Quick DNA 
Miniprep Plus 
Kit 

- 50 ng 
DNAour 
+ 100 ng 
ZMC 

104 0.63 1.79 

Human 
Fresh 
blood 

QIAamp UCP 
Pathogen 
Minihandbook 

T4QUSNS 50 ng 
DNAour 
+ 100 ng 
ZMC 

100 1.03 1.78 

Human 
Fresh 
blood 

QIAamp UCP 
Pathogen 
Minihandbook 

- 50 ng 
DNAour 
+ 100 ng 
ZMC 

13.9 1.06 1.90 

Human 
Fresh 
blood 

QIAamp UCP 
Pathogen 
Minihandbook 

T4QUSNS 50 ng 
DNAour 
+ 100 ng 
ZMC 

98.8 0.81 1.37 

Human 
Fresh 
blood 

QIAamp UCP 
Pathogen 
Minihandbook 

-  50 ng 
DNAour 
+ 100 ng 
ZMC 

80.0 1.42 1.85 

Human 
Fresh 
blood 

QIAamp UCP 
Pathogen 
Minihandbook 

- 50 ng 
DNAour 
+ 100 ng 
ZMC 

73.4 1.13 1.91 

Human 
Fresh 
blood 

QIAamp UCP 
Pathogen 
Minihandbook 

- 50 ng 
DNAour 
+ 100 ng 
ZMC 

66.4 0.83 1.76 
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Human 
Fresh 
blood 

Quick DNA 
Miniprep Plus 
Kit 

- 50 ng 
ZMC 

79.4 0.60 1.79 

Human 
Fresh 
blood 

Quick DNA 
Miniprep Plus 
Kit 

- 50 ng 
ZMC 

62.0 1.25 1.84 

Human 
Fresh 
blood 

Quick DNA 
Miniprep Plus 
Kit 

T1QMS 50 ng 
ZMC 

59.6 1.86 1.86 

Human 
Fresh 
blood 

Quick DNA 
Miniprep Plus 
Kit 

T1QMS, 
T2QMS 

100 ng 
ZMC 

93.2 1.89 1.85 

Human 
Fresh 
blood 

Quick DNA 
Miniprep Plus 
Kit 

- 100 ng 
ZMC 

73.2 1.52 1.84 

Human 
Fresh 
blood 

Quick DNA 
Miniprep Plus 
Kit 

T1QMS 100 ng 
ZMC 

95.2 1.63 1.83 

Human 
Fresh 
blood 

QIAamp UCP 
Pathogen 
Minihandbook 

T1QMS, 
T3QUS 

50 ng 
ZMC 

102 1.49 1.74 

Human 
Fresh 
blood 

QIAamp UCP 
Pathogen 
Minihandbook 

T1QMS, 
T3QUSNS 

50 ng 
ZMC 

81.0 1.48 1.87 

Human 
Fresh 
blood 

QIAamp UCP 
Pathogen 
Minihandbook 

- 50 ng 
ZMC 

52.6 0.97 1.75 

Human 
Fresh 
blood 

QIAamp UCP 
Pathogen 
Minihandbook 

T4QUSNS 100 ng 
ZMC 

78.6 0.57 1.84 

Human 
Fresh 
blood 

QIAamp UCP 
Pathogen 
Minihandbook 

T4QUSNS 100 ng 
ZMC 

94.8 0.99 1.68 

Human 
Fresh 
blood 

QIAamp UCP 
Pathogen 
Minihandbook 

- 100 ng 
ZMC 

49.2 1.23 1.81 

DNAoura – The DNA extracted and stored at the University of Skövde (DNAour).  

ZMCb- Zymobiomic microbial community standard (Zymoresearch). 
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Table 2. The table represents the diluted DNA concentration, absorbance values, amount of 
Microbial Community Standard DNA spike-in, and sequencing tests for each DNA extraction 
performed using the Quick DNA Miniprep Plus Kit (Zymoresearch) and the QIAamp UCP 
Pathogen Mini Kit (Qiagen).  

Test Spike-in Kit Diluted  

Qubit (ng/µl) 

Diluted 
Nanodrop 
(ng/µl) 

260/230 260/280 

T1QMS, 
T2QMS 

50 ng 
DNAoura + 
100 ng ZMCb 

Quick DNA 
Miniprep 
Plus Kit 

23.8 26.42 1.92 1.92 

T1QMS 50 ng DNAour 
+ 100 ng ZMC 

Quick DNA 
Miniprep 
Plus Kit 

22.6 23.50 1.93 1.73 

T1QMS 50 ng DNAour 
+ 100 ng ZMC 

Quick DNA 
Miniprep 
Plus Kit 

22.6 17.04 1.65 1.86 

T1QMS 50 ng ZMC Quick DNA 
Miniprep 
Plus Kit 

17.4 20.35 1.85 1.95 

T1QMS, 
T2QMS 

100 ng ZMC Quick DNA 
Miniprep 
Plus Kit 

13.7 14.34 1.62 1.97 

T1QMS 100 ng ZMC Quick DNA 
Miniprep 
Plus Kit 

20.8 20.55 1.81 1.79 

T1QMS, 
T3QUS 

50 ng ZMC QIAamp UCP 
Pathogen 
Mini Kit 

23.6 26.59 1.61 1.86 

T1QMS, 
T3QUS 

50 ng ZMC QIAamp UCP 
Pathogen 
Mini Kit 

23.6 28.73 1.53 1.83 

T4QUSNS 100 ng ZMC QIAamp UCP 
Pathogen 
Mini Kit 

63.8 34.89 0.62 1.78 

T4QUSNS 100 ng ZMC QIAamp UCP 
Pathogen 
Mini Kit 

55.4 31.44 1.66 1.80 

T4QUSNS 50 ng DNAour 
+ 100 ng ZMC 

QIAamp UCP 
Pathogen 
Mini Kit 

22.2 26.63 1.09 1.73 



 

 

 

33 

T4QUSNS 50 ng DNAour 
+ 100 ng ZMC 

QIAamp UCP 
Pathogen 
Mini Kit 

45.8 25.78 1.23 1.76 

DNAoura – The DNA extracted and stored at the University of Skövde (DNAour).  

ZMCb- Zymobiomic microbial community standard (Zymoresearch). 

Table 3. The Shapiro-Wilk test of normality for the DNA concentration and the absorbance values 
for the DNA extractions performed using the Quick DNA Miniprep Plus Kit (Zymoresearch) and 
the QIAamp UCP Pathogen Mini Kit (Qiagen). 

Teat of Normality Kits Kolmogorov-
Smirnova 

Shapiro-Wilk 

Statistic df Sig. Statistic df Sig. 

DNA Concentration Quick DNA Miniprep 
Plus Kit (n=12) 

0.136 12 0.200* 0.935 12 0.433 

QIAamp UCP 
Pathogen Mini Kit 
(n=12) 

0.154 12 ,200* 0.897 12 0.144 

*. This is a lower bound of the true significance. 

a. Lilliefors Significance Correction 

Table 4. The table represents the amount of reads for species obtained and the composition of 
spike-in with Microbial community DNA standard (Zymoresearch) and microbial DNA for the 
sequencing tests T1QMS, T2QMS, T3QUS, and T4QUSNS performed in EPI2ME. 

Species or Genus T1QMS  

R9.4.1 

MinION 

T2QMS 

R10.4.1 

Flongle 

T3QUS 

R10.4.1 

Flongle 

T4QUSNS 

R10.4.1 

Flongle 

Pseudomonas 
aeruginosa 

227 0 0 0 

Escherichia coli 164 0 0 336 

Salmonella enterica 246 46 0 9 

Lactobacillus 
fermentum 

406 0 0 0 

Enterococcus faecalisa 214 4632 0 46 

Staphylococcus aureus 347 0 0 77 



 

 

 

34 

Listeria 
monocytogenes 

206 0 0 0 

Bacillus subtilis 206 16 0 0 

Saccharomyces 
cerevisiae 

0 0 0 0 

Cryptococcus 
neoformans 

0 0 0 0 

Corynebacteriuma 9234 24 0 38 

Photobacterium 
leiognathib 

0 0 235 2435 

Haemophilusa 0 0 6029 0 

Bacterial reads % 10.00 31.53 24.05 2.98 

Total amount of 
classified reads % 

20777 6300 10619 20753 

a – Control – CO 609, CO 1968 (Corynebacterium), HA 702 (Haemophilus), EN 1792 (Enterococcus) 

b – Unexpected species 

Table 5. The table represents the results of metagenomic read mapping with the CARD template. 

Species Genes confer 
antimicrobial 
resistance 

T1QMS T2QMS T3QUS T4QUSNS 

Pseudomonas 
aeruginosa  

58 8 - - - 

Salmonella 
enterica 

34 2 - - - 

Enterococcus 
Faecalis 

12 2 10 - - 

Escherichia. coli 65 3 - - - 

Staphylococcus 
aureus 

31 1 1 - 1 

Listeria 
monocytogenes 

4 1 - - - 
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Bacillus subtilis 8 - - - - 

Lactobacillus 
fermentum 

1 - - - - 

 

Table 6. Bacterial species, antimicrobial resistance genes found in sequencing tests T1QMS, 
T2QMS, T3QUS, T4QUSNS, and the possible antibiotic or antimicrobial challenges. 

Species Test Gene Antibiotics/Antimicrobial challenges 

Pseudomonas 
aeruginosa 

T1QMS PhoQ, 
Phop,  

Resistance to colistin 

T1QMS OprJ, 
Type B 
nfxB, 
Mexc, 
MexD 

Phenicol antibiotic, diaminopyrimidine antibiotic, aminocoumarin 
antibiotic, tetracycline antibiotic, aminoglycoside 
antibiotic, penicillin beta-lactam, cephalosporin, fluoroquinolone 
antibiotic, macrolide antibiotic 

T1QMS EmrE Aminoglycoside antibiotic 

T1QMS SoxR Tetracycline antibiotic, penicillin beta-
lactam, cephalosporin, disinfecting agents and antiseptics, phenicol 
antibiotic, rifamycin antibiotic, glycylcycline, fluoroquinolone 
antibiotic 

Escherichia coli T1QMS fabG Disinfecting agents and antiseptics 

 rRNA Resistance to clindamycin 

 mdtP Nucleoside antibiotics, disinfecting agents, and antiseptics 

 PmrF Peptide antibiotic 

Salmonella 
enterica 

T1QMS rrSD Resistance to spectinomycin 

 sdiA Tetracycline antibiotic, penicillin beta-
lactam, cephalosporin, disinfecting agents and antiseptics, phenicol 
antibiotic, rifamycin 
antibiotic, glycylcycline, carbapenem, monobactam, fluoroquinolone 
antibiotic 

Listeria 
monocytogenes 

T1QMS norB Ciprofloxacin, moxifloxacin, norfloxacin, sparfloxacin 
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Staphylococcus 
aureus 

T1QMS GIpT Resistance to Fosfomycin 

 T2QMS AAC(6')-
Ie-APH 
(2'')-Ia 

Aminoglycoside antibiotic 

T4QUSNS mgrA Peptide antibiotic, penicillin beta-lactam, cephalosporin, disinfecting 
agents and antiseptics, tetracycline antibiotic, fluoroquinolone 
antibiotic 

Enterococcus 
faecalis 

T2QMS liaF Conferring daptomycin resistance 

T2QMS cls Resistance to daptomycin 

T2QMS dfrE Diaminopyrimidine antibiotic 

T2QMS liaS Conferring daptomycin resistance 

T2QMS IsaA Clindamycin, quinupristin, dalfopristin, pleuromutilin 

T2QMS gshF Conferring daptomycin resistance 

T2QMS liaR Conferring daptomycin resistance, 

T2QMS YybT Conferring daptomycin resistance 

T2QMS emeA Disinfecting agents and antiseptics 

 

Table 7. Results from Nanopore sequencing for T1QMS using MinION flow cells (9.4.1) and 
basecalling in MinKNOW for different barcodes. 

Parame
ter 

Barco
de 31 
(100n
g ZMC 
+50n
g 
DNAo
ur) 

Barco
de 39 

(100n
g ZMC 
+50n
g 
DNAo
ur) 

Barco
de 47 

(100n
g ZMC 
+50n
g 
DNAo
ur) 

Barc
ode 
55 

(50n
g 
ZMC) 

Barc
ode 
63 

(100
ng 
ZMC) 

Barc
ode 
71 

(100
ng 
ZMC) 

Barc
ode 
79 

(50n
g 
ZMC) 

Barc
ode 
87 

(50n
g 
ZMC) 

Barcode 
95* 

(DNAou
r CO 951) 

Flow 
Cell 

R9.4.1 

MinIO
N 

R9.4.1 

MinIO
N 

R9.4.1 

MinIO
N 

R9.4.1 

MinIO
N 

R9.4.1 

MinIO
N 

R9.4.1 

MinIO
N 

R9.4.1 

MinIO
N 

R9.4.1 

MinIO
N 

R9.4.1 

MinION 
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Total 
amoun
t of 
reads 

23,000 22,000 9000 29,00
0 

34,00
0 

21,00
0 

16,00
0 

21,00
0 

12,000 

Reads 
classifi
ed % 

87.89 85,16 81.01 86.25 86,51 84.11 83.63 78.50 85.06 

Q-score 10 10 10 10 10 10 10 10 10 

% 
Eukary
otes 

87.24 82.68 78.50 85.67 85.64 83.48 83.63 78.50 - 

% 
Bacteri
a 

0.65 2.48 2.51 0.58 0.87 0.63 - - 85.06 

% Virus - - - - - - - - - 

% 
Archae
a 

- - - - - - - - - 

Averag
e 
sequen
ce 
length 

2kbase
s 

2kbase
s 

2kbase
s 

1kbase
s 

1kbase
s 

2kbas
es 

1kbase
s 

1kbase
s 

3kbases 

Total 
yield 

0.0483 
Gb 

0.0466
9 Gb 

0.0202 
Gb 

0.054
7 Gb 

0.067 
Gb 

0.043
3 Gb 

0.028
1 Gb 

0.027
4 Gb 

0.0383 Gb 

*Control 

Table 8. Results from Nanopore sequencing for T2QMS and T3QUS using Flongle (10.4.1)and basecalling 
in MinKNOW for different barcodes 

Parameter Barcode 
36 (100ng 
ZMC 
+50ng 
DNAour) 

Barcode 
44 

(100ng 
ZMC) 

Barcode 
52 

(DNAour 
EN 1792) 

Barcode 
25 

(50ng 
ZMC) 

Barcode 
26 

(50ng 
ZMC) 

Barcode 
27 

(DNAour 
HA 702)* 

Flow Cell R10.4.1 

Flongle F2 

R10.4.1 

Flongle F2 

R10.4.1 

Flongle F2 

R10.4.1 

Flongle F3 

R10.4.1 

Flongle F3 

R10.4.1 

Flongle F3 
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Total 
amount of 
reads 

7841 6115 4945 11263 11962 8632 

Reads 
classified % 

83.17 87.49 93.30 61.67 61.53 70.32 

Q-score 11 11 12 10 10 10 

% 
Eukaryotes 

83.17 86.19 - 60.87 60.49  

% Bacteria - 1.30 93.30 0.80 1.04 70.32 

% Virus - - -    

% Archaea - - -    

Average 
sequence 
length 

2kbases 2kbases 3kbases 1kbases 0.8kbases 1kbases 

Total yield 0.0179 Gb 0.0123 Gb 0.0188 Gb 0.0129 Gb  0.0103 Gb 0.015 Gb 

*Control 

Table 9. Results from Nanopore sequencing for T4QUSNS using Flongle (10.4.1) and basecalling in 
MinKNOW for different barcodes 

Parameter Barcode 83 
(100ng 
ZMC) 

Barcode 84 

(100ng 
ZMC) 

Barcode 85 

(50 ng 
DNAour + 
100 ng ZMC) 

Barcode 86 

(50 ng 
DNAour + 
100 ng 
ZMC) 

Barcode 87 

(Non-
spike)* 

Flow Cell R10.4.1 

Flongle F6 

R10.4.1 

Flongle F6 

R10.4.1 

Flongle F6 

R10.4.1 

Flongle F6 

R10.4.1 

Flongle F6 

Total amount 
of reads 

26374 19173 15535 14881 27803 

Reads 
classified % 

86.61 85.32 75.11 77.37 85.56 

Q-score 12 11 11 12 12 

% Eukaryotes 84.55 75.65 74.30 74.97 85.56 

% Bacteria 2.06 9.67 0.81 2.40 - 
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% Virus - - - - - 

% Archaea - - - - - 

Average 
sequence 
length 

1kbases 9kbases 1kbases 1kbases 1kbases 

Total yield 0.0291 Gb 0.0177 Gb 0.0208 Gb 0.0218 Gb  0.0553 Gb 

*Control 

 

 

Figure 1.  Sankey plot from the BV-BRC taxonomic classification for barcode 86 from T4QUSNS 
that confirms the presence of Saccharomyces cerevisiae and Cryptococcus neoformans in the 
DNA extractions. 
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