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Abstract 
Sepsis is a leading cause of death worldwide, resulting from bacterial, fungal, or viral infections 
that affect vital organs. The emergence of antimicrobial resistance, particularly among gram-
negative bacteria, complicates sepsis treatment. Metagenomic Next-generation Sequencing 
(mNGS), specifically nanopore sequencing with the MinION device, from Oxford Nanopore 
Technologies, shows promise for an early pathogen identification. This study aimed to evaluate 
the efficacy of mNGS for early sepsis diagnosis, optimize microbial DNA extraction from blood, 
and conduct species identification and antimicrobial resistance profiling in gram-negative 
bacteria. Blood samples from healthy volunteers had been collected and spiked with known 
microbial DNA before being extracted with three different DNA extraction kits. Following 
extraction and quality control, the DNA samples underwent library preparation and sequencing 
on a MinION device, which used both Flongle and MinION flow cells. The obtained data was 
analyzed using MinKNOW, enabling species identification via EPI2ME Fastq What's-In-My-Pot 
(WIMP) and the BV-BRC Taxonomic Classification Service. Additionally, the BV-BRC's 
Metagenomic Read Mapping Service was utilized to identify genes encoding antibiotic resistance. 
The nanopore sequencing effectively identified the known microbial composition in the blood 
samples, including all gram-negative bacteria and their antibiotic resistance genes. Efficient DNA 
extraction, quality control, and advanced bioinformatics tools were critical to data integrity. The 
accuracy and specificity of the WIMP workflow on the EPI2ME website were found to be flawed 
due to inaccuracies in the RefSeq database. These findings highlight the value of nanopore 
sequencing in sepsis management, with implications for better clinical outcomes. Additional 
research is needed to address existing limitations and improve the analysis of clinical samples. 
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Introduction 
Sepsis 
Sepsis is among the leading causes of death, with mortality rates ranging from 30% to 50% 
(Grumaz et al., 2020). It is characterized as multiple organ dysfunction resulting from a primary 
bacterial infection or, less frequently, a fungal and/or viral infection. It is commonly caused by 
infections in the lungs, urinary tract, digestive tract, bloodstream, trauma, or burns (Ren et al., 
2021; Wu et al., 2023). Sepsis can result in death, recurrence, and long-term immune system 
dysfunction (Yin et al., 2024). When resources are limited, it is not always possible to manage 
sepsis effectively, and sepsis management is further compromised by the global increase in 
antimicrobial resistance (AMR) (Sands et al., 2021). AMR poses a significant global health threat. 
It occurs when bacteria, fungi, viruses, and parasites evolve and develop mechanisms to evade 
antimicrobial treatments (Gauba & Rahman, 2023). Precise identification of resistant bacterial 
isolates and their specific antimicrobial resistance genes (ARGs) is crucial for understanding the 
development and spread of AMR, as well as providing effective treatments (Florensa et al., 2022). 
The World Health Organization (WHO) regards this issue as one of the most serious threats to 
humanity in the twenty-first century (Lorusso et al., 2022).  
 
Previous studies have indicated that gram-negative bacteria (GNBs) are increasingly developing 
resistance to the majority of available antibiotic treatments, potentially leading to scenarios that 
echo the pre-antibiotic era (Jain et al., 2021). The number of multidrug-resistant gram-negative 
bacterial infections is rapidly increasing, making it one of the most serious global healthcare and 
economic threats (Gauba & Rahman, 2023). This issue is particularly concerning in neonatal 
sepsis, where multidrug resistance in GNB is increasingly common, especially in low- and middle-
income countries (Wen et al., 2021). GNB is a rare but serious condition in neonates, particularly 
the prematurely born (Nordberg et al., 2021). It is estimated that 84% of neonatal infections-
related deaths could be avoided with the implementation of preventative measures like early 
diagnosis and prompt, appropriate clinical management (World Health Organization, 2020). 
However, GNB releases endotoxins or exotoxins, which makes treating sepsis caused by these 
bacteria extremely difficult (Yin et al., 2024). Multidrug-resistant GNB infections contribute to the 
current AMR crisis. Particularly concerning are infections caused by Escherichia coli, Pseudomonas 
aeruginosa, and Klebsiella pneumoniae, as finding effective antimicrobial agents against these 
pathogens is increasingly challenging (Mahey et al., 2024). The World Health Organization has 
classified these GNBs as critical priority pathogens due to their resistance to the majority of 
clinically available antibiotics. A recent study estimates that each of these pathogens caused over 
250,000 AMR-related deaths in 2019 alone (Mahey et al., 2024). WHO launched the Global 
Antimicrobial Resistance Surveillance System (GLASS) in 2015 with the goal of enhancing the 
quantity and quality of data on AMR epidemiology and supporting the formulation of health policy 
(World Health Organization, 2020).  
 
When it comes to treating bacterial infections, early diagnosis is crucial since the key to treating 
sepsis is an early and efficient antibiotic course. Every hour of delayed use of effective antibiotic 
treatment reduces survival by 7.6%. However, misdiagnosis happens and antibiotic prescriptions 
are found to be ineffective, which raises the risk of toxic reactions and antibiotic resistance in 
addition to mortality (Qin et al., 2023; Sheka et al., 2021). Not only is a prompt diagnosis of sepsis 
essential, but it's also critical to identify the agents that cause sepsis in order to treat sepsis 
patients correctly. Correct and early targeted antimicrobial therapy, which greatly improves 
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survival rates, averts complications, and lowers medication-related side effects and medical costs, 
is made possible by the prompt identification of the causing pathogens (Grumaz et al., 2020).  
 
Blood culture (BC) is currently the ‘gold standard’ for diagnosing sepsis patients with a suspected 
bloodstream infection (BSI) (Wu et al., 2023). Although culture-based diagnostic techniques are 
currently thought to be the best for identifying bacteremia, their utility is limited, particularly for 
patients who are critically ill, because of low positive rates, contaminated results, and overuse of 
antibiotics (Ren et al., 2021). Routine blood cultures can take 6 hours to 5 days to grow an 
organism to detectable levels, with an additional 24 hours required to identify and test for 
antibiotic susceptibility. This approach can be misleading, labor-intensive, and frequently 
incomplete or insufficiently sensitive. Current laboratory procedures for the detection and 
identification of microorganisms need to be improved and shortened urgently (Grumaz et al., 
2020; Long et al., 2016; Sinha et al., 2018).  
 

Metagenomic Next-generation Sequencing 
Advancements in next-generation sequencing (NGS) technology now enable laboratories, 
clinicians, and researchers to obtain the complete genetic sequence of bacterial isolates or entire 
microbiomes at relatively low costs and with short turnaround times. This capability has the 
potential to significantly enhance the understanding of all antimicrobial resistance genes (ARGs), 
making it an important tool for epidemiological and surveillance studies (Florensa et al., 2022). 
Its applications in clinical microbiological testing are diverse, including metagenomic NGS 
(mNGS), which offers an unbiased approach to pathogen detection (Gu et al., 2019).  
 
Metagenomic next-generation sequencing (mNGS) has emerged as a powerful tool for detecting 
microorganisms by combining specialized algorithms and microbial databases (Liu et al., 2024). 
This sequencing method allows for the comprehensive analysis of all nucleic acids present in a 
sample, including viruses, bacteria, fungi, and parasites (Qin et al., 2023; Wu et al., 2023). 
However, an inherent drawback of mNGS lies in its shotgun sequencing method, where microbial 
nucleic acids in most patient samples are overshadowed by the background of the human host. 
Typically, over 99% of reads come from the human host, limiting the overall analytical sensitivity 
of the approach for pathogen detection due to a lack of microbial nonhuman reads sequenced (Gu 
et al., 2019). 
 
Despite its high sensitivity and specificity, clinical application of mNGS remains limited, with most 
studies focusing on case reports or small sample sizes. Nonetheless, mNGS shows great promise 
as an early diagnostic method for infectious diseases, particularly for infections of the central 
nervous and musculoskeletal systems (Liu et al., 2024; Qin et al., 2023). Studies comparing mNGS 
with traditional culture-based diagnostics highlight its superior performance in detecting 
pathogens, especially in cases where multiple pathogens coexist (Long et al., 2016; Ren et al., 
2021). Such comparisons have shown a significant increase in diagnostic sensitivity, highlighting 
mNGS' potential to revolutionize infectious disease diagnosis and management. 
 

Nanopore Technologies 
In the last decade, sequencing technologies have advanced rapidly, allowing for accurate and cost-
effective sequencing at high rates (Grumaz et al., 2020). There are two main types of sequencing 
data currently available: short-read and long-read sequencing platforms. Short-read sequencing 
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platforms produce reads that are several hundred bases long with high sequence accuracy. In 
contrast, long-read sequencing platforms, such as Oxford Nanopore Technologies (ONT), generate 
reads that can span thousands of bases (Lerminiaux et al., 2024). ONT provides significant 
advantages in overcoming the constraints of short-read sequencing by generating long 
sequencing reads with no theoretical length limit. DNA metabarcoding with long amplicons may 
offer significantly higher phylogenetic resolution than short-read sequencing, leading to more 
precise taxonomic classification (Ohta et al., 2023). Although long-read data covers more repeats, 
resulting in more contiguous assemblies, it has historically had higher error rates and more 
insertions/deletions in homopolymer sequences compared to short-read data (Lerminiaux et al., 
2024). 
 
Real-time production of sequencing data is another competitive advantage of nanopore 
sequencing, as results can be accessed quickly, unlike traditional sequencing techniques where 
data is only available after the run is finished. This feature is particularly beneficial for time-
sensitive analyses, such as the early identification of pathogens for diagnostic purposes (Ohta et 
al., 2023). ONT sequencing platforms have gained popularity in microbial genomics due to their 
ability to generate long-read data at a low cost, their short turnaround times, and their suitability 
for resource-limited environments (Lerminiaux et al., 2024). 
 
MinION 
The ONT’s MinION device is a handheld sequencer that utilizes nanopores for single-molecule 
sequencing, making it one of the most recent sequencing platforms (Grumaz et al., 2020). The 
MinION device has several advantages over other next-generation sequencing technologies, the 
most important being its small size, cheap capital cost, and rapid turnaround (Sinha et al., 2018). 
Interestingly, this sequencing platform's potential for clinical microbiology has already been 
demonstrated in a number of studies, spanning from antimicrobial resistance profiling to 
infection diagnostics from a variety of clinical samples (sputum, urine, blood, implants, and feces) 
(Grumaz et al., 2020). The primary drawback has been its high cost of disposable flow cells and 
reagents, rather than the initial startup fees for the device (Hall et al., 2022; Sheka et al., 2021). 
However, the Flongle flow cell addresses this issue by offering a quick, accessible, and cost-
effective sequencing solution for smaller tests and experiments, making it ideal for point-of-care 
clinical applications (Sheka et al., 2021).  
 
Although nanopore sequencing with the handheld MinION offers numerous advantages, such as 
low startup costs and the ability to process samples on-site, its relatively high error rate and the 
lack of forensic-specific analysis software have hindered accurate profiling in previous studies 
(Hall et al., 2022; Stevens et al., 2023). Every step of DNA library preparation, including sample 
collection, storage, and DNA isolation, can affect the analytical results. Additionally, the selection 
of bioinformatics pipelines and analysis software can significantly influence the outcomes. The 
sequencing process is complex, and accurately interpreting the results to reflect the true 
composition of the microbiota can be time consuming (Bertolo et al., 2024). However, continuous 
improvements are expected to enhance accuracy significantly (Stevens et al., 2023). Identifying 
the pathogen causing sepsis and its susceptibility to antimicrobial agents can improve clinical 
outcomes by allowing for earlier selection of effective therapy (Irwin et al., 2021). However, prior 
to widespread adoption, it's crucial to evaluate the technology's performance and limitations, 
including throughput and accuracy (Jiménez et al., 2024). 
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Aim 
The aim of this project was to evaluate the effectiveness of metagenomic next-generation 
sequencing (mNGS) for early sepsis diagnostics using the MinION device. This involved optimizing 
the microbial DNA extraction process from blood samples by comparing two different kits: 
QIAamp® UCP Pathogen Mini and Quick-DNA™ Miniprep, to determine which kit provided better 
DNA quality and concentration for MinION sequencing compatibility. Additionally, the project 
aimed to evaluate the capability of mNGS to identify gram-negative bacteria present in blood 
samples and to detect genes encoding antibiotic resistance in these bacteria. By addressing these 
objectives, the study aimed to create a comprehensive workflow for the accurate detection and 
characterization of sepsis-causing pathogens. 



 

Page: 5 
 

Materials and methods 
Overview of the project 

 
Figure 1. Overview of the project and what analysis was performed. Stage 1 - Healthy human blood was 
spiked with 50 ng or 100 ng of microbial DNA of known composition. Thirty DNA extractions were 
performed using three different extraction kits, followed by concentration and quality control. The DNA 
extractions underwent library preparation before being sequenced on the MinION device. The library 
preparation process required 50 ng of genomic DNA per sample for the MinION flow cells and 200 ng for 
the Flongle flow cells. Stage 2 - The MinION device transforms Fast5 files to Fastq files for additional 
analysis. Species were identified and classified using EPI2ME and What's-in-my-pot (WIMP) analysis, as 
well as the BV-BRC Taxonomic Classification Service from the Fastq files. Additionally, the BV-BRC's 
Metagenomic Read Mapping Service was used to identify genes encoding antibiotic resistance.  
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Whole blood collection 
Human whole blood was obtained from healthy volunteers using lavender top EDTA-treated tubes 
(Grenier Bio-one). The tubes were gently inverted several times to prevent coagulation and stored 
at -20°C for a period of two years. The thawing of the blood occurred at room temperature, with 
the tube wrapped in multiple layers of aluminum foil.  
 

Spike-in and DNA extraction from whole blood 
Dilution of the ZymoBIOMICS™ Microbial Community DNA Standard (Zymoresearch) was carried 
out using nuclease-free water (henceforth, this standard will be referred to as the Microbial 
Standard or spike-in). Whole blood samples were spiked with either 50 ng or 100 ng of the 
Microbial Standard containing five Gram-positive bacteria, three Gram-negative bacteria and two 
fungal species. Theoretical composition based on genomic DNA consist of Listeria monocytogenes 
- 12%, Pseudomonas aeruginosa - 12%, Bacillus subtilis - 12%, Escherichia coli - 12%, Salmonella 
enterica - 12%, Lactobacillus fermentum - 12%, Enterococcus faecalis - 12%, Staphylococcus aureus 
- 12%, Saccharomyces cerevisiae - 2%, and Cryptococcus neoformans - 2%. The DNA extracted from 
the spiked blood samples was obtained using three different DNA extraction kits; the 
QIAamp®UCP Pathogen Mini kit (QIAGEN), the Quick-DNA™Miniprep kit (Zymoresearch), and the 
Quick-DNA™Miniprep Plus kit (Zymoresearch). Changes were made to all three kits to optimize 
the DNA extraction.  
 
QIAamp®UCP Pathogen Mini kit (QIAGEN) 
The protocol for this kit was modified by increasing the vortex time on the TissueLyser LT 
(QIAGEN) from 10 to 15 minutes at 50 Hz in 4°C. Elution was performed using 50 μl of ultra-pure 
water, generated from Milli-Q® IQ Water Purification System (Sigma-Aldrich), with a subsequent 
second elution using the same flow-through. The protocol followed the Pretreatment of Pathogen 
DNA from 400μL Whole Blood (Mechanical Pre-lysis protocol, QIAGEN, 2021) and Sample Prep 
(Spin protocol, QIAGEN, 2021) using the Pathogen Lysis Tube size L (QIAGEN). 
 
Quick-DNA™Miniprep kit (Zymoresearch) 
Modifications to this kit included adjusting the sample volume to 200 μl of whole blood and 800-
1000 μl of lysis buffer. Additionally, the wash buffer was used three times instead of the 
recommended one time. Elution was performed using 50 μl of ultra-pure water, generated from 
Milli-Q® IQ Water Purification System (Sigma-Aldrich), following the Whole Blood, Serum, and 
Plasma Samples protocol (Zymoresearch, 2022). 
 
Quick-DNA™Miniprep Plus kit (Zymoresearch) 
Modifications for this kit involved an additional step of adding 200 μl of g-DNA Wash Buffer to the 
spin column. Elution was performed using 50 μl of ultra-pure water, generated from Milli-Q® IQ 
Water Purification System (Sigma-Aldrich), with a subsequent second elution using the same 
flow-through followed by incubation for 3 minutes at room temperature and centrifugation. The 
protocol used was the Biological Fluids & Cells (Sample Processing protocol, Zymoresearch, 
2023). 
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The DNA extractions utilized in this study were conducted by two individuals. Approximately half 
of the extractions were performed by one individual, while the remainder were conducted by 
another. The combined dataset from all extractions was used for subsequent analyses and can be 
found in the Appendix tables 1-3.  
 

Quality and concentration control 
The extracted DNA underwent thorough analysis to determine its quality and concentration. DNA 
purity was evaluated using the DS-11FX spectrophotometer (DeNovix), while quantification was 
conducted using the Qubit Fluorometer (Thermo Fisher) along with the Qubit dsDNA HS (High 
Sensitivity) and BR (Broad-Range) Assay kits (Thermo Fisher). 
 

Library preparation and nanopore sequencing 
Library preparation was performed using the Rapid Barcoding Kit V14 (SQK-RBK114.96 and SQK-
RBK114.24, Oxford Nanopore Technologies). The library preparation process required 50 ng of 
genomic DNA per sample for the MinION flow cells and 200 ng for the Flongle flow cells. Thus the 
extractions were diluted in nuclease-free water to achieve the necessary concentration as outlined 
in the Rapid Sequencing DNA V14 - Barcoding protocol (Oxford Nanopore Technologies). The 
sequencing tests were performed on the MinION Mk1B device, from Oxford Nanopore 
Technologies, using the FLO-FLG114 and FLO-MIN114 flow cells. The hardware functionality and 
flow cell status were verified with the MinKNOW graphical user interface (GUI) prior to loading.  
 

Basecalling and Statistical analysis 
The MinKNOW software enabled the transformation of raw sequencing data obtained from the 
MinION device through a basecalling process. This conversion involved converting Fast5 files 
(chromatogram peaks) to Fastq files, enabling further analysis. The reads were categorized into 
Fastq pass (>7) and Fastq fail (<7) based on the default threshold q-score of 7. The analysis was 
carried out using the bioinformatics software EPI2ME (version 3.7.3) and Fastq WIMP workflow 
(version 2023.06.13) to identify and classify species. The What's-In-My-Pot (WIMP) application 
automatically generates a report detailing the taxonomic classification of the genome based on 
the Fastq files. Centrifuge was employed for the WIMP classification process (Kim et al., 2016). 
Statistical analyses were performed with IBM SPSS Statistics (Version 28). A Shapiro-Wilk test of 
normality was conducted on the DNA concentration and quality data, using a significance level of 
0.05 (p-value=0.05). 
 

Bacterial and Viral Bioinformatics Research Center (BV-BRC) 
The BV-BRC Taxonomic Classification service, employing Kraken 2 (Wood et al., 2019), was used 
to validate the taxonomic classification of the reads. A Krona plot (Ondov et al., 2011) providing a 
taxonomic overview, and a Sankey plot created with Pavian (Breitwieser & Salzberg, 2016) 
illustrating the flow of microbial taxa, were generated using Kraken 2. Additionally, the BV-BRC’s 
Metagenomic Read Mapping Service, employing k-mers aligned (KMA) (Clausen et al., 2018) with 
the Comprehensive Antibiotic Resistance Database (CARD), was employed to identify genes 
encoding antibiotic resistance from compressed Fastq files.  
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Ethical considerations  
All participants in this study were fully informed about the study's purpose, the intended use of 
their blood samples, and their right to voluntary participation. The biological material analyzed 
was obtained from healthy participants who gave verbal consent. There was no personal 
information in the samples that could be traced back to a specific person. The study posed no risk 
or harm to the blood donors, and the data generated and analyzed concerned bacterial DNA, which 
has no direct link to the blood donors. 

Results 
 
Quality control  
A Shapiro-Wilk normality test was performed with a significance cutoff value of 0.05 (p-
value=0.05) in order to evaluate if the data was normally distributed. The results revealed that all 
data, except one, exhibited p-values greater than 0.05, indicating normal distribution. The 
absorbance value of 260/280 from the Quick-DNA Miniprep Plus kit had a p-value of <0.001 and 
the median and IQR was therefore calculated. DNA extractions from the QIAamp®UCP Pathogen 
Mini kit (n=15), Quick-DNA™Miniprep kit (n=12), and Quick-DNA™Miniprep Plus kit (n=3) were 
included to determine the mean value and standard deviation (SD) of the concentration, 
absorbance ratio 260/230 and 260/280 (Table 1).  
 
Table 1. The mean and standard deviation of DNA concentration and quality data across three distinct 
sample groups, each processed with a different extraction kit.  

Extraction kit DNA concentration 
Mean (ng/ µL) ± SD  

Absorbance 
(260/230 nm) ± SD 

Absorbance 
(260/280 nm) ± SD 

QIAamp®UCP Pathogen Mini kit 
(n=15) 

76.2 ± 20.2 1.64 ± 0.42 1.84 ± 0.05 

Quick-DNA™Miniprep kit  
(n=12) 

24.4 ± 8.2 1.46 ± 0.36 1.84 ± 0.08 

Quick-DNA™Miniprep Plus kit 
(n=3) 

102.8 ± 15.5 1.98 ± 0.12 * 1.87 ± 0.005 

* The median and IQR of the absorbance value 260/280.  
 
Library preparation and nanopore sequencing 
Table 2 displays the set-up and duration of each sequencing test.. Appendix tables 1–3 provide 
detailed DNA concentration and quality data for the included extractions. Library preparations 
were largely successful across all tests, and the nanopore sequencing produced anticipated results 
following basecalling. Sequencing failure occurred in Test 3 due to contaminants in the DNA 
extractions. Following this revelation, careful selection criteria were used to select the extractions 
for sequencing Tests 4 and 5. Only extractions with a 260/230 value greater than 1.78 were 
included, ensuring high sample quality for following sequencing. The extraction kit, Quick-
DNA™Miniprep Plus kit, produced promising results in terms of DNA concentration and quality 
(Table 1). During the quality and concentration control of the two libraries from Test 4 and 5, they 
exhibited promising 260/230 values of 1.85 and 1.91, respectively.  
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Table 2. The set-up and duration of each sequencing test  i.e. Test 1-5. 

Sequencing 
Test 

Amount of 
spike-in (ng) 

Kit used for DNA Extraction (n) Flow cell Sequencing 
duration (hours) 

1 100 QIAamp®UCP Pathogen Mini kit (8) R10.4.1 
Flongle 

6  

2 100 Quick-DNA™Miniprep kit (8) R10.4.1 
Flongle 

6 

3 100 & 50 QIAamp®UCP Pathogen Mini kit (12) & 
Quick-DNA™Miniprep kit (12) 

R9.4.1 
MinION 

24 

4 100 & 50 QIAamp®UCP Pathogen Mini kit (5), Quick-
DNA™Miniprep kit (4) & Quick-

DNA™Miniprep Plus kit (3) 

R10.4.1 
Flongle 

24 

5 100 & 50 QIAamp®UCP Pathogen Mini kit (5), Quick-
DNA™Miniprep kit (4) & Quick-

DNA™Miniprep Plus kit (3) 

R9.4.1 
MinION 

24 

 

Sequencing analysis  
A flowchart illustrating the tools utilized in the analysis pipeline was created to improve the 
project's clarity and comprehensibility (Figure 1). The sequencing test results, from all tests (1-
5), obtained from the bioinformatics software EPI2ME and the Fastq WIMP analysis are 
documented in Table 3. More than 93% of the reads from each test identified eukaryotes, 
predominantly Homo sapiens, with a smaller fraction representing fungi. Data retrieved from 
sequencing tests 1-5 (Table 2) had comparable Q-score distributions (Table 3). The average Q-
score was 13.15, with an average sequencing length of 3 kb on the Flongle flow cell. On average, 
98.48% of the reads were able to be classified. Test 3 were excluded from the average scores 
mentioned due to sequencing failure.  
 
Table 3. Results from test 1-5 on the bioinformatics software EPI2ME and Fastq WIMP workflow. 

Parameter Test 1 
(Flongle) 

Test 2 
(Flongle) 

Test 3 
(MinION) 

Test 4 
(Flongle) 

Test 5 
(MinION) 

Amount of reads 107,845 37,175 19,999 65,988 1,135,499 

Amount classified 106,943 36,626 18,948 64,394 1,120,571 

Q-score 13.18 12.92 16.7 12.82 13.69 

% Eukaryote 99% 93% 93% 96% 98% 

% Bacteria 1% 7% 7% 4% 1% 

% Viruses < 1% < 1% < 1% < 1% < 1% 

Average sequencing 
length 

3 kbases 3 kbases 2 kbases 3 kbases 3.06 Gbases 

 
Species identification  
What's-In-My-Pot (WIMP) successfully identified 9 out of 10 microbial species present in the 
ZymoBIOMICS™Microbial Community DNA Standard (Table 4). Notably, Cryptococcus neoformans 
was not detected in any of the sequencing tests (Tests 1-5). Bacillus subtilis was exclusively 
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detected in sequencing Tests 3 and 5, though in small quantities. Despite the sequencing 
challenges encountered in Test 3, the MinION flow cell managed to identify nearly every known 
species, achieving a detection rate of 9 out of 10 (Table 4). In Test 2, utilizing extractions from the 
Quick-DNA™Miniprep kit, there was a notably higher count of reads for each species compared to 
Test 1, which utilized extractions from the QIAamp®UCP Pathogen Mini kit. 
 
Table 4 provides an overview of the microbial species present in the ZymoBIOMICS™ Microbial 
Community DNA Standard, along with their theoretical composition of genomic DNA and gram 
stain characteristics. Additionally, it presents the read counts of each microbial species identified 
during the WIMP analysis. Escherichia coli and Salmonella enterica, both gram-negative bacteria, 
exhibited the highest read counts, with E. coli surpassing all others.  
 
Table 4. Microbial Species Composition and Read Counts from WIMP Analysis. 
Microbial species Quantity (%) Gram 

Stain 
Test 1 

(Flongle) 
Test 2 

(Flongle) 
Test 3 

(MinION) 
Test 4 

(Flongle) 
Test 5 

(MinION) 

Escherichia  
coli 

12 - 613 568 613 1,242 12,718 

Salmonella 
enterica 

12 - 138 276 92 187 2,002 

Pseudomonas 
aeruginosa 

12 - 71 188 37 59 636 

Listeria 
monocytogenes 

12 + 91 314 71 81 1,175 

Enterococcus 
faecalis 

12 + 88 307 65 111 1,114 

Staphylococcus 
aureus 

12 + 65 168 37 72 1,042 

Lactobacillus 
fermentum 

12 + 82 272 67 96 857 

Bacillus  
subtilis 

12 + *0 0 1 0 4 

Saccharomyces 
cerevisiae 

2 Yest 18 49 8 12 165 

Cryptococcus 
neoformans 

2 Yest 0 0 0 0 0 

* Zero reads found; could not be identified in the WIMP analysis.   
 
BV-BRC Taxonomic Classification 
The BV-BRC Taxonomic Classification service utilized Kraken 2 (Wood et al., 2019) to confirm the 
taxonomic classification of the reads. The flow of the microbial taxa from the Sankey plots,  proved 
more effective than the WIMP workflow by successfully identifying and validating the presence of 
Cryptococcus neoformans in the majority of the barcodes from all tests (Appendix, figure 1). The 
Krona chart, which provides a taxonomic overview, was analyzed from each barcode (Appendix, 
figure 2). When comparing Test 1 to Test 2, there was a clear difference in the percentage of 
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bacteria detected. Test 1, utilizing extractions from the QIAamp®UCP Pathogen Mini kit, yielded 
lower bacterial percentages compared to Test 2, which employed extractions from the Quick-
DNA™Miniprep kit. Despite Test 1 generating 34.47% more reads than Test 2, Test 2 exhibited a 
higher percentage of detected bacteria.  

 
BV-BRC Metagenomic Read mapping  
The BV-BRC’s Metagenomic Read Mapping Service generated a report for each compressed Fastq 
file based on the CARD database, providing insights into antimicrobial resistance gene profiles. 
Genes encoding antibiotic resistance in gram-negative bacteria were successfully identified. A 
total of 41 antimicrobial resistance genes, some associated with multidrug resistance, were 
detected across the Gram-negative bacteria Escherichia coli, Salmonella enterica, and 
Pseudomonas aeruginosa. The sequencing test that yielded the highest amount of DNA encoding 
genes that confer antibiotic resistance was Test 5, whereas Test 4 exhibited the lowest amount.  
 
E. coli displayed antibiotic resistance across 17 distinct genes, conferring resistance to a total of 
17 different antibiotics. S. enterica exhibited antimicrobial resistance through 8 distinct genes, 
resulting in resistance against two antibiotics. P. aeruginosa exhibited 17 different antimicrobial 
resistance genes, which confer resistance against 23 antibiotics. Appendix tables 4-6 provide 
detailed information on all of the antimicrobial resistance genes and the antibiotics to which they 
confer resistance. 
  

Discussion 
Taxonomic classification 
Microorganisms can be identified and studied through various methods, one of which involves 
utilizing the quantitative analysis tool known as What’s-In-My-Pot (WIMP). WIMP makes 
basecalling and classification easier by allowing you to upload newly generated Fastq files directly 
to the cloud for analysis. This simultaneous execution of sequencing and classification not only 
simplifies the workflow but also shortens the time required for species classification. However, 
taxonomic classifiers, such as WIMP, are known to misclassify a proportion of reads that are thus 
incorrectly identified as contaminants (Goig et al., 2020).  
 
WIMP utilizes the RefSeq sequence database at NCBI for identification of bacterial, viral, and 
fungal organisms. This application operates with a reference database that includes all bacterial, 
viral, and fungal genomes available in RefSeq. However, the WIMP database is not publicly 
accessible and appears to include only reference genomes classified as "complete" at the assembly 
level in the RefSeq database (Esnault et al., 2022; Imai et al., 2020; Tunsjø et al., 2023). In a study 
by Esnault et al. (2022), an analysis of nanopore Fastq files performed on nasal swabs did not 
detect the targeted species in any samples. Further investigation revealed that the sequence 
accession was contaminated with multiple segments from other organisms. Despite this 
contamination, the assembly remained in the RefSeq accessions list used by EPI2ME Fastq WIMP, 
leading to incorrect assignment of reads. This issue underscores that inaccurate submissions to 
RefSeq can result in incorrect assignments in WIMP.   
 
This experiment also faced similar challenges. The theoretical microbial composition of the 
microbial standard displays that it contains 12% genomic DNA from each bacterium and 2% from 

https://www.zotero.org/google-docs/?12ia1t
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each fungus (Table 4). As such, it was expected that WIMP analysis would produce a similar 
number of reads for each bacterium. However, looking at the WIMP analysis results, it becomes 
evident that among the 11 species analyzed, Salmonella enterica and Escherichia coli, both gram-
negative bacteria, were the most frequently identified (Table 4). Their detection and identification 
might be influenced by various factors, including the efficiency of DNA extraction methods and 
the sensitivity of sequencing technologies. However, this frequent identification could also be 
attributed to the vast number of E. coli and S. enterica contaminants in different genomes in the 
RefSeq sequence database. The high number of reads for E. coli in each test may result from 
several inaccurate submissions of other genomes to RefSeq that have been contaminated with E. 
coli. 
 
Detecting the fungus Cryptococcus neoformans presented a challenge, as evidenced by its absence 
in the WIMP report from the five sequencing tests (Table 4). C. neoformans was not identified by 
WIMP, likely because its genome is not "complete" at the assembly level in the NCBI RefSeq 
database. Similarly, Imai et al. (2020) encountered the same issue, where several of their targeted 
species could not be identified in WIMP due to their genomes not being classified as "complete" 
at the assembly level. EPI2ME and Fastq WIMP are currently unsuitable for real-world 
applications. It requires a more carefully selected database than NCBI RefSeq, or stricter 
evaluation of submissions by NCBI before they are included in the RefSeq database (Esnault et al., 
2022). 
 
BV-BRC taxonomic classification, which complements WIMP, is an effective validation tool. The 
BV-BRC taxonomic classification was able to detect C. neoformans from the Sankey plot, but in very 
small quantities (Appendix, figure 1). In fact, the BV-BRC taxonomic classification managed to 
identify DNA from all microbial species included in the microbial standard. BV-BRC classification 
provides a deep understanding of microbial diversity by incorporating a comprehensive 
validation layer to ensure the accuracy and integrity of sequencing results (Olson et al., 2023).  
 

DNA extraction 
Considering the differential detection rates observed in WIMP analysis results, it is important to 
evaluate the efficacy of DNA extraction kits and the performance of sequencing methods to ensure 
accurate and reliable data. The mean absorbance values at 230/280 nm of the DNA extractions 
remained remarkably consistent across all three extraction kits throughout the experiment (Table 
1). However, the standard deviation of DNA concentration varied significantly across all 
extraction kits, with the QIAamp®UCP Pathogen Mini kit having the highest deviation (Table 1). 
This indicates a wider dispersion of data points, potentially influencing the reliability and 
consistency of the extraction process. Conversely, a low standard deviation would indicate tighter 
clustering of data around the mean (National Library of Medicine, 2024). It's important to note 
the challenge in drawing definitive conclusions from these results due to the different number of 
extractions analyzed for each kit.  
 
The Quick-DNA™Miniprep kit yielded the lowest mean concentration and absorbance values 
(260/230), prompting the introduction of the Quick-DNA™Miniprep Plus kit to improve DNA 
extraction efficiency. This decision was influenced by the quality control findings (Appendix Table 
2), which demonstrated the need for a more consistent extraction method. Subsequently, the 
Quick-DNA™Miniprep Plus kit demonstrated promising results, significantly increasing the DNA 
concentration and absorbance values (260/230) (Table 1). These findings were crucial as they 

https://www.zotero.org/google-docs/?12ia1t
https://www.zotero.org/google-docs/?12ia1t


 

Page: 13 
 

ensured the availability of sufficient DNA for library preparation, meeting the requirements of 50 
ng for MinION flow cells and 200 ng for Flongle flow cells. This translated to a minimum 
concentration of 20 ng/μl, with each extraction requiring 10 μl. The mean DNA concentration 
yielded by the QIAamp®UCP Pathogen Mini kit was 76.2 ng/μl, while the Quick-DNA™Miniprep 
Plus kit produced a mean concentration of 102.8 ng/μl, surpassing the required concentration for 
library preparation. However, the mean concentration obtained from the Quick-DNA™Miniprep 
kit was only 24.4 ng/μl, just meeting the minimum concentration required for library preparation. 
The extractions with high concentrations had the advantage of being usable across multiple 
sequencing tests.  
 
Although the QIAamp®UCP Pathogen Mini kit may produce promising results, it should be noted 
that it requires a significant amount of time (~1,5 h) and makes inefficient use of materials, 
resulting in environmental concerns due to the use of multiple tubes for each extraction. The 
Quick-DNA™Miniprep kit is quick (~ 30 min) and easy to use, but its simplicity might lead to poor 
results. Similarly, the Quick-DNA™Miniprep Plus kit demonstrated ease of use and efficiency, but 
with promising results. Tagliaferro et al. (2021) also noted that the Quick-DNA Miniprep Plus kit 
outperformed other kits in their study, demonstrating superior efficiency in extracting genomic 
DNA. This kit yielded the highest amount of DNA within the shortest processing time among all 
the kits evaluated. However, more research is needed before definitive conclusions can be drawn 
about its suitability for routine use. 
 
While the QIAamp®UCP Pathogen Mini kit provided sufficient DNA concentration for multiple 
sequencing tests, its drawback lies in the increased presence of human DNA compared to species 
DNA due to the higher concentration. Higher concentrations of human DNA could potentially 
impact the sensitivity of species detection or introduce biases in the sequencing data. The 
percentage of bacteria detected from the Krona chart was notably higher with the Quick-
DNA™Miniprep kit compared to the QIAamp®UCP Pathogen Mini kit (Appendix, figure 2). This 
finding aligns with the outcomes presented in Table 3, generated through the bioinformatics 
software EPI2ME and Fastq WIMP workflow. The Quick-DNA™Miniprep kit detected bacteria in 
7% of the extractions, while the QIAamp®UCP Pathogen Mini kit detected bacteria in only 1% of 
the extractions. The difference underscores the importance of carefully selecting DNA extraction 
kits to ensure optimal sequencing outcomes. Improving taxonomic classification in metagenomic 
studies requires optimizing DNA extraction methods and utilizing advanced bioinformatics tools. 
Future research attempts should prioritize adjusting extraction protocols and developing robust 
analytical pipelines to improve the detection and characterization of clinically and 
environmentally relevant bacterial species. 
 
Quality Control 
A quality control was performed on the extracted DNA to safeguard the integrity of the MinION, 
as contaminants present a potential risk to the functionality of the flow cell. It can ensure the 
integrity of the sequencing process and help identify potential issues that could affect the 
reliability of the sequencing data. In this study, achieving ideal DNA extraction quality posed a 
significant challenge. While the A260/280 values remained consistently within the optimal range 
across the three extraction kits (Table 1), deviations from the ideal 260/230 ratio suggested the 
presence of contaminants such as guanidine, EDTA, or salts (Matlock, 2024). Notably, previous 
reports utilizing the QIAamp®UCP Pathogen Mini kit have highlighted low A260/230 values as a 
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recurring issue, possibly stemming from the composition of buffers, APW1 and APL2, containing 
guanidine hydrochloride (Diaz Rivera, 2022; Ghiasvand, 2022; Savaia, 2022).  
 
Contaminants pose significant risks to sequencing accuracy, data interpretation, and the 
identification of microbial species (Goig et al., 2020; Imai et al., 2020). Test 3 underscored the 
critical role of quality control during nanopore sequencing, revealing an increase in saturated 
pores that compromised the data's integrity. Saturated pores refer to nanopores, which are tiny 
openings in the membrane of the flow cell. When these nanopores become saturated it causes 
additional stress on the membrane. This saturation can occur due to various factors such as 
changes in salt concentration or pH levels, as well as the presence of surfactants (Oxford Nanopore 
Technologies, 2024b). While the exact source of contamination remains uncertain, it may 
originate from various stages, including DNA extraction, library preparation, or sequencing 
processes (Goig et al., 2020; Llamas et al., 2017; Wang et al., 2022). These findings underscore the 
significance of thorough quality control measures to minimize contamination risks and ensure the 
accuracy of sequencing outcomes on the MinION flow cell. By reducing these risks, researchers 
can minimize the impact of contaminants and enhance the accuracy and reliability of their 
sequencing data. 
 

Nanopore sequencing  
Oxford Nanopore Technologies (2024a) recommends sample DNA to have a 260/280 value of 
approximately 1.80 and a 260/230 value of around 2.0-2.2. However, in this experiment, almost 
none of the extractions met the 260/230 value criterion (Table 1). Despite their notably low 
260/230 values, ranging down to 0.74, Flongle flow cells in Test 1 and 2 successfully conducted 
sequencing. However, when the same extractions were applied to the MinION flow cell, the pores 
instantly became saturated (Table 3).  
 
The Flongle flow cell, priced at $90 per unit, provides a low-cost sequencing solution with a 
maximum data output of 2.8 gigabytes. Despite having fewer sequencing channels (126 pores, 
with 60 guaranteed by the manufacturer), its rapid processing and low cost make it a promising 
option for clinical infection diagnostics. In contrast, the MinION flow cell, with 512 pores, yields 
over 10 million reads on average and costs $665, offering a higher throughput option at a higher 
price (Avershina et al., 2022; Srivathsan et al., 2021). In comparing the Flongle and MinION flow 
cells, it's essential to consider factors beyond the quantity of data produced. Although the MinION 
flow cell produces more data (Table 3), in this particular part, this advantage was insignificant. All 
species of the Microbial Standard, identified by the MinION flow cell, were also detected in the 
Flongle flow cell sequencing results (Table 4). Although the Flongle flow cell is effective in species 
identification, its slower sequencing pace is a limitation due to fewer pores. Vasilita et al. (2024) 
demonstrated that 3 hours of Flongle sequencing offers comparable success rates to 15–20 
minutes of MinION flow cell sequencing. However, Avershina et al. (2022) note that while the 
Flongle exhibits a higher error rate in antimicrobial resistance gene (ARG) variant calling 
compared to the MinION, it demonstrates comparable performance in real-time pathogen 
identification and ARG detection. This, combined with its cost-effectiveness, suggests its 
promising potential for future applications in clinical microbiology.  
 
The differences in read quality between Flongle and MinION flow cells became more pronounced 
during barcode analysis in the BV-BRC Metagenomic Read mapping service. Specifically, 
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sequencing Test 5, utilizing a MinION flow cell, exhibited the highest read counts and the most 
DNA encoding genes associated with antibiotic resistance (Appendix tables 4). Furthermore, long 
DNA amplicons used in DNA metabarcoding provide significantly higher phylogenetic resolution 
than short-read sequencing methods, as demonstrated by Ohta et al. (2023). This improved 
resolution allows for more precise taxonomic classification processes, which improves the 
accuracy of the results. 
 

Antibiotic resistance in gram-negative bacteria 
The outer membrane of Gram-negative bacteria confers resistance to a wide range of antibiotics, 
including Polymyxin, Spectinomycin, Fluoroquinolones, and other antimicrobial agents. Changes 
in the outer membrane, such as modifications in hydrophobic properties or mutations in porins 
and other factors by Gram-negative bacteria, can induce resistance mechanisms. In contrast, 
Gram-positive bacteria lack this outer membrane layer, rendering Gram-negative bacteria more 
resilient to antibiotics compared to Gram-positive counterparts (Breijyeh et al., 2020). 
Antimicrobial resistance in Gram-negative bacteria, which often lead to severe systemic 
infections, is more difficult to predict because of the more complex genotype-to-phenotype 
relationship. A few clinical predictors for determining the likelihood of infection with resistant 
Gram-negative bacteria have been reported; however, they solely rely on data from the electronic 
health record and merely forecast the probability of infection with a resistant strain, not 
individual drug resistance (Van Camp et al., 2020). 
 
Polymyxin antibiotics are now frequently employed as the final recourse against numerous 
multidrug-resistant bacteria. While these antibiotics exhibit potent bactericidal effects against 
various Gram-negative bacteria, their heightened usage has sparked a concerning trend; the 
emergence of resistant strains (Moffatt et al., 2019). The BV-BRC Metagenomic Read mapping 
report identified Polymyxin resistance in both Escherichia coli and Pseudomonas aeruginosa 
(Appendix Table 4 and 6). P. aeruginosa stands out as a leading multi-drug resistant Gram-
negative pathogen, ranking second only to E. coli in  terms of infection rates and fatalities 
(Kakoullis et al., 2021). The BV-BRC Metagenomic Read mapping report identified several Mex 
efflux pumps, which play a significant role in multidrug resistance within P. aeruginosa (Appendix 
table 6). These pumps serve as critical defenders, accelerating the emergence of extensively drug-
resistant and pandrug-resistant strains, highlighting the urgency of the situation (Avakh et al., 
2023). P. aeruginosa is frequently encountered in hospital settings, particularly in intensive care 
units, owing to its inherent resistance to numerous antibiotics. Additionally, it possesses the 
capability to acquire further resistance mechanisms across multiple antibiotic classes and thrives 
in moist environments (Jeukens et al., 2019; Pachori et al., 2019). Predicting AMR is extremely 
difficult due to multidrug resistance efflux pumps, especially in P. aeruginosa. Chromosome-
encoded multidrug resistance efflux pumps have the ability to mediate resistance to toxic 
compounds in a variety of organisms (Jeukens et al., 2019).   
 
Escherichia coli is common in the human gastrointestinal tract and serves as a reservoir or carrier 
of genes that confer antibiotic resistance. Additionally, E. coli exhibits rising resistance, 
particularly to third-generation cephalosporins, across various antibiotics (Ayandele et al., 2020). 
AmpC was among the genes identified in the BV-BRC Metagenomic Read mapping report 
(Appendix table 4) together with its resistance to cephalosporins. As more E. coli strains develop 
resistance to cephalosporin, often due to the rise of AmpC-producing strains, doctors have started 
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using carbapenem antibiotics more frequently. Unfortunately, this has led to the emergence of E. 
coli strains that are resistant to carbapenems as well (Kakoullis et al., 2021).  
 
The BV-BRC Metagenomic Read mapping report identified the parE gene (Appendix table 5), 
which confers resistance to fluoroquinolone antibiotics commonly used in treating Salmonella 
infections. The misuse and overuse of antibiotics in both humans and animals have contributed to 
the increased antibiotic resistance observed in Salmonella enterica (Wang et al., 2022). The World 
Health Organization (WHO) has recently classified fluoroquinolone-resistant Salmonella as one of 
the top 12 antibiotic-resistant "priority pathogens," which pose significant threats to human 
health. 
 
Among multidrug-resistant bacteria, Gram-negative strains pose the greatest threat. Given their 
resilience, new treatments and strategies are required to effectively combat antimicrobial 
resistance and multidrug-resistant strains (Breijyeh et al., 2020). With a fundamental grasp of 
resistance mechanisms, clinicians can anticipate resistance patterns, even to antibiotics not listed 
on the antibiogram. This knowledge enables them to choose the most effective antibiotic for 
combating the specific pathogen. While new antibiotics may initially counter established 
resistance mechanisms, their overuse will inevitably promote the emergence of resistance to them 
as well (Kakoullis et al., 2021). Recent research has proposed the use of a combination therapy 
involving high-dose Vitamin C, thiamine, and hydrocortisone as a potential treatment for septic 
shock patients. However, despite showing modest benefits, this approach does not appear to offer 
significant advantages over hydrocortisone alone, which itself lacks universal acceptance. 
Moreover, differences in cytokine profiles between gram-negative and gram-positive sepsis 
patients suggest that tailored immunomodulatory treatments may be more effective. Current one-
size-fits-all approaches to sepsis treatment may contribute to high mortality rates, highlighting 
the need for novel diagnostics and targeted therapies (Tindal et al., 2021).  
 

MinION’s potential 
This project has underscored the tremendous potential of nanopore sequencing, as both Flongle 
and MinION flow cells successfully identified nearly all microbial species present of the microbial 
standard. The progress made is indeed promising, leaving us eager to witness further 
advancements. Additionally, the identification of microbial species includes highlighting genes 
that can confer antibiotic resistance, further enhancing the significance of this research. While 
these initial findings highlight the potential of mNGS in early sepsis diagnostics, it's clear that 
refining the method to enhance its reliability and accuracy will require additional time and effort.  
 
Clinical sepsis patient samples pose a formidable challenge due to their inherent complexity, 
which includes a variety of contaminants, inhibitors, and background noise that can conceal 
bacterial signals. In such complex environments, detection methods such as MinION sequencing 
may lose sensitivity and specificity, resulting in false positives or negatives. Furthermore, 
bacterial load can vary significantly between and within patients over time. According to Opota et 
al. (2015) the estimated concentration of circulating bacteria during bloodstream infections 
ranges between 1 and 10 CFU/mL. Additionally, data obtained through quantitative PCR reveals 
the presence of approximately 10^3 to 10^4 genomic copies per milliliter (GC/mL) of blood 
during sepsis, accounting for DNA from both living and dormant bacteria. In the midst of this 
complexity, very high sensitivity and reliable detection techniques are required to detect low 
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amounts of bacterial DNA (Opota et al., 2015). While current technologies, like nanopore 
technologies, may face challenges in meeting these demands, the ongoing pursuit of innovation 
and advancement offers hope for overcoming these obstacles and revolutionizing sepsis 
diagnostics for the better. 

Conclusion 
In conclusion, this project has provided valuable insights into DNA extraction methods from 
blood, taxonomic classification, and antibiotic resistance profiling using nanopore sequencing. 
The evaluation of extraction kits revealed varying performance in terms of DNA concentration 
and purity, with the Quick-DNA™Miniprep Plus kit showing promising results but requiring 
further validation. Quality control measures are crucial to safeguarding sequencing integrity, 
particularly in the presence of contaminants that can compromise data accuracy. Nanopore 
sequencing successfully identified the known microbial composition added to the blood, as well 
as all gram-negative bacteria and their genes that encode resistance to antibiotics. Taxonomic 
classification highlighted the importance of optimizing extraction protocols and employing 
appropriate identification tools to improve detection accuracy. The accuracy and specificity of the 
WIMP workflow on the EPI2ME website need improvement for clinical diagnosis, primarily due 
to inaccurate whole-genome assemblies in the RefSeq database. Despite these challenges, the 
project underscores the promising potential of nanopore sequencing in early sepsis diagnostics. 
With continued research and innovation, overcoming current limitations can lead to 
transformative advancements in sepsis management and patient care. 

Ethical considerations   
Several ethical considerations applied to this project. First, the research's environmental impact 
had to be addressed, particularly in terms of consumable use and waste generation associated 
with DNA extraction kits and sequencing processes. These concerns were mitigated by reducing 
waste and implementing sustainable practices wherever possible. A comprehensive risk 
assessment had been carried out using the Swedish platform KLARA to evaluate and identify all 
necessary safety precautions for the experiment. 
 
Providing for participants' well-being is central to ethical practice. This involves adhering to 
ethical guidelines, which include obtaining informed consent and minimizing discomfort or risk 
during procedures. Gender considerations are also important, which requires a diverse and 
inclusive participant pool. It is critical to k 
 
In summary, this thesis project was guided by a firm commitment to ethical principles and 
responsibilities, with the goal of contributing to the advancement of scientific knowledge while 
respecting the dignity, rights, and well-being of all individuals and communities involved. 

Future studies 
In conclusion, this project has made significant progress to evaluate the efficacy of nanopore 
sequencing, particularly with Flongle and MinION flow cells, for early sepsis diagnosis. The 
findings show great promise for a variety of societal benefits. From a healthcare perspective, the 
development of reliable and rapid sepsis diagnostics can significantly improve patient outcomes 
by enabling prompt actions and tailored treatments. This could eventually reduce the strain on 
healthcare systems and improve the distribution of resources. Furthermore, the ability to 
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accurately detect antimicrobial resistance genes in gram-negative bacteria aids antimicrobial 
management efforts by slowing the spread of antibiotic resistance and preserving the efficacy of 
antimicrobial treatments. 
 
Furthermore, the implications go beyond healthcare, with possible environmental and economic 
benefits. The project's findings may help reduce the environmental impact of antibiotic pollution 
and contribute to biodiversity preservation by allowing for more targeted antibiotic use. 
Economically, the use of cost-effective sequencing technologies, such as the Flongle, in clinical 
settings can result in significant cost savings and increased access to advanced diagnostics, 
promoting equity in healthcare and reducing differences. 
 
Moving forward, further research and innovation in this field are required to realize the full 
societal potential of nanopore sequencing technologies. Collaborative efforts by researchers, 
clinicians, policymakers, and industry stakeholders will be critical in translating these advances 
into apparent social advantages across multiple domains. 
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Appendix 
 

Table 1. DNA concentration and quality data from extracted DNA using the QIAamp®UCP Pathogen Mini kit 

(QIAGEN).  
* The sample names are assigned initials as follows: Q for QIAGEN’s QIAamp®UCP Pathogen Mini kit, M for 
Individual 1, L for Individual 2, and C for Control. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*Sample 
name 

Spike-in 
(ng) 

DNA concentration 
(ng/ µL) 

Absorbance 
(260/230 nm) 

Absorbance 
(260/280 nm) 

Sequencing test 
included in 

QM1 100 76.3 1.29 1.89 Test 1, Test 3,  

QM2 100 66.5 1.02 1.82 Test 1, Test 3 

QM3 100 105.8 1.21 1.79 Test 1, Test 3 

QM4 100 106.9 2.16 1.86 Test 1, Test 3,  
Test 4, Test 5 

QL5 100 94.8 1.60 1.84 Test 1, Test 3 

QL6 100 80.0 1.61 1.80 Test 1, Test 3 

QL7 100 80.0 1.78 1.79 Test 1, Test 3,  
Test 4, Test 5 

QL8 100 81.4 0.74 1.83 Test 1, Test 3 

QM9 50 65.8 1.89 1.89 Test 3 

QM10 50 48.0 1.72 1.96 Test 3 

QM11 50 41.2 1.98 1.81 Test 4, Test 5 

QL12 50 59.6 1.58 1.88 Test 3 

QL13 50 60.6 1.80 1.79 Test 3,  
Test 4, Test 5 

QL14 50 103.0 1.95 1.79 Test 4, Test 5 

QL15 50 73.2 2.2 1.82 Test 4, Test 5 
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Table 2. DNA concentration and quality data from extracted DNA using the Quick-DNA™Miniprep kit 

(Zymoresearch).  
* The sample names are assigned initials as follows:  Z stands for Zymoresearch’s Quick-DNA™Miniprep kit, 
M stands for Individual 1, L stands for Individual 2, and C stands for Control 
 
Table 3. DNA concentration and quality data from extracted DNA using the Quick-DNA™Miniprep Plus kit 

(Zymoresearch).  
* The sample names are assigned initials as follows:  ZP stands for Zymoresearch’s Quick-DNA™Miniprep 
Plus kit, M stands for Individual 1, L stands for Individual 2 
 

Table 4. A comprehensive overview of antimicrobial resistance genes identified in Escherichia coli from the 
CARD database, along with the corresponding antibiotics to which they confer resistance.  

Gene/AMR Antibiotics Test* 

rrSH Spectinomycin 5 

rrsC Kasugamicin 2 

EF-Tu Kirromycin 5, 1 

Ugd Polymyxin 5 

kdpE - 5 

*Sample 
name 

Spike-in DNA concentration 
(ng/ µL) 

Absorbance 
(260/230 nm) 

Absorbance 
(260/280 nm) 

Sequencing test 
included in 

ZM1 100 ng 28.6 2.16 1.83 Test 2, Test 3,  
Test 4, Test 5 

ZM2 100 ng 29.0 1.21 1.72 Test 2, Test 3 

ZM3 100 ng 38.8 1.20 1.87 Test 2, Test 3 

ZM4 100 ng 31.4 1.10 1.82 Test 2, Test 3 

ZL5 100 ng 20.0 1.21 1.87 Test 2, Test 3 

ZL6 100 ng 10.0 1.15 1.69 Test 2, Test 3 

ZL7 100 ng 30.8 1.37 1.89 Test 2, Test 3 

ZL8 100 ng 29.8 1.18 1.93 Test 2, Test 3 

ZM9 50 ng 20.8 1.99 1.94 Test 3, Test 4, 
Test 5 

ZM10 50 ng 18.6 1.74 1.80 Test 3 

ZL11 50 ng 17.0 1.46 1.85 Test 3 

ZL12 50 ng 18.3 1.78 1.93 Test 4, Test 5 

*Sample 
name 

Spike-in DNA concentration 
(ng/ µL)(Qubit 4 
dsDNA BR Assay)  

Absorbance 
(260/230 nm) 

Absorbance 
(260/280 nm) 

Sequencing test 
included in 

ZPM1 50 ng 98.4 2.12 1.87 Test 4, Test 5 

ZPL2 50 ng 120.0 1.92 1.87 Test 4, Test 5 

ZPM3 50 ng 90.0 1.90 1.88 Test 4, Test 5 
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H-NS - 5 

eptA - 5 

GlpT Fosfomycin 5 

gyrB Aminocoumarin 5 

MipA - 5 

ampC Cephalosporins 5 

mdfA - 5, 2 

LamB Chlortetracycline, Ciprofloxacin, Balofloxacin & Nalidixic acid 1 

UhpA Fosfomycin 1 

UhpT Fosfomycin 1 

fabI Triclosan & Isoniazid 2 

acrR Ciprofloxacin, Tetracycline & Ceftazidime 5 

23S rRNA Clindamycin 5, 2 

* An overview of which sequencing test found what AMR.  
 
 
Table 5. A comprehensive overview of antimicrobial resistance genes identified in Salmonella enterica from 
the CARD database, along with the corresponding antibiotics to which they confer resistance.  

Gene/AMR Antibiotics Test* 

mdsA - 2, 5 

mdsB - 5 

mdsC - 5 

sdiA - 2 

golS - 2 

ramR - 1, 5 

parE Fluoroquinolones 2 

rrsD Spectinomycin 1, 2 ,5 

* An overview of which sequencing test found what AMR.  
 
 
Table 6. A comprehensive overview of antimicrobial resistance genes identified in Pseudomonas aeruginosa 
from the CARD database, along with the corresponding antibiotics to which they confer resistance.  

Gene/AMR Antibiotics Test* 

MexE - 5 

MexF - 5 

MexP - 5, 4 

MexZ - 2 

MexX - 2 
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OprJ - 5 

PmpM Fluoroquinolone, Fradiomycin, Benzalkonium, Chloride, 
Chlorhexidine, Gluconate, Ethidium bromide, 

Tetraphenylphosphonium chloride (TPPCl) & Rhodamine 

5 

basR Polymyxin 5 

basS Polymyxin 5 

opmE - 5 

MuxC - 4 

CrpP Ciprofloxacin 2 

NfxB Tetracycline, Chloramphenicol, Ofloxacin, Erythromycin & 
Zwitterionic cephems 

1 

catB7 - 5 

CpxR - 2 

emrE Tetraphenylphosphonium, Methyl viologen, Gentamicin, Kanamycin 
& Neomycin 

2 

oprD Imipenem 5, 2 

* An overview of which sequencing test found what AMR. 
 

 

 

 

Figure 1. Sankey plot of the extraction, ZM2,  from the BV-BRC taxonomic classification. 

 

 



 

Page: 29 
 

 

Figure 2. Krona Charts of two extractions, ZM2 and QM3, classified by BV-BRC taxonomy. The chart on the 
left represents ZM2, extracted using the Quick-DNA™ Miniprep kit, while the chart on the right represents 
QM3, extracted using the QIAamp® UCP Pathogen Mini kit. 
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