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Abstract

Sepsis is a severe and potentially life-threatening condition resulting from an uncontrolled
immune response to infection. Rapid identification of pathogens is essential for enhancing
clinical outcomes. While conventional blood culture diagnostics remain the gold standard in
clinical practice, they are limited by lengthy turnaround times and decreased sensitivity in low-
biomass infections. This study examined how the yield and purity of DNA extracted from
human whole blood that has been spiked with bacteria or synthetic microbial DNA affect
sequencing-based microbial detection using Oxford Nanopore MinION technology. Manual
and semi-automated extraction workflows utilising the QIAamp DNA Mini Kit were assessed
for bacterial cultures, and the Quick-DNA Miniprep kit was employed for samples spiked with
blood. Subsequent taxonomic and antimicrobial resistance analyses were conducted using
Kraken2, EPI2ME, and BV-BRC workflows. Semi-automated extraction has enhanced
workflow efficiency and diminished operator-dependent variability compared to manual
extraction methods. Gram-negative E. coli demonstrated higher DNA yields and more
consistent purity than Gram-positive S. epidermidis, which can be attributed to differences in
cell wall structure and lysis requirements. An updated statistical evaluation and outlier
handling revealed variability across different sample types. Sequencing of blood spike-in
samples facilitated taxonomic classification and the detection of antimicrobial resistance
genes, including fosA, mph(K), blaZ, and several efflux-associated genes. However, samples
with low bacterial biomass or a high background of host DNA exhibited reduced microbial read
recovery and limited detection of AMR genes. Additionally, the presence of occasional low-
level taxa, such as S. aureus, likely indicated contamination or misassignment of reads. The
study emphasises that DNA extraction quality significantly affects the effectiveness of
nanopore-based microbial detection. It highlights both the potential and challenges of rapid,
culture-independent metagenomic diagnostics for bloodstream infections, stressing the need
to optimise extraction methods to improve accuracy and reliability in clinical use.



Popular scientific summary

Sepsis is a serious medical condition that develops when the body responds excessively to an
infection. This overwhelming immune reaction can damage organs and rapidly become life-
threatening if treatment is delayed. Rapid and early identification of the microorganisms
causing the infection is therefore essential. Currently, hospitals mainly rely on blood cultures
to diagnose bloodstream infections, but these methods often require several days before results
are available. During this period, patients may receive broad-spectrum antibiotics instead of
more targeted treatment.

Recent advances in DNA sequencing technology have created new opportunities for faster and
culture-independent diagnostics. One promising method is nanopore sequencing, a technology
that uses tiny biological pores to read DNA molecules in real time. This makes it possible
to identify bacteria directly from blood samples without first growing them in the laboratory,
which can normally take several days.

Detecting bacteria in blood is difficult because blood mainly contains human DNA, while the
amount of bacterial DNA is often extremely small during infection. This makes it challenging
to separate bacterial DNA from the much larger amount of human genetic material. Because
of this, the DNA extraction step becomes very important. If too little bacterial DNA is recovered
during extraction, it becomes more difficult to identify the bacteria causing the infection during
sequencing.

This project aimed to investigate how different DNA extraction methods affected the ability to
detect microorganisms from blood samples using nanopore sequencing. Manual and semi-
automated DNA extraction methods were compared using bacterial cultures, while blood
samples spiked with bacteria or synthetic microbial DNA were processed using a separate
blood-specific extraction method. After DNA extraction, the samples were sequenced using
Oxford Nanopore MinION technology, and the sequencing data were analysed to identify
microorganisms and antimicrobial resistance-associated genes. The results showed that the
semi-automated extraction workflow improved efficiency and produced more consistent DNA
quality than the manual method. Gram-negative bacteria (thin-walled bacteria) generally
yielded higher DNA concentrations and better sequencing performance than Gram-positive
bacteria (thick-walled bacteria). Antimicrobial resistance-associated genes were mainly
detected in samples with higher bacterial DNA abundance, while samples with low bacterial
biomass or high human DNA content showed reduced microbial detection.

Overall, this study demonstrated that DNA extraction quality strongly influenced sequencing-
based pathogen detection. The findings highlighted the potential of nanopore metagenomics
as a future rapid and potentially culture-independent diagnostic approach for bloodstream
infections and sepsis, although challenges related to low bacterial abundance and high levels of
human DNA remain.
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Introduction

Sepsis is a serious health condition that occurs when the body’s immune response to an
infection becomes dysregulated, leading to widespread inflammation and damage to tissues
and organs (Singer et al., 2016). According to the World Health Organisation (WHO), sepsis
affected approximately 49 million people globally and caused 11 million deaths in 2017,
accounting for nearly one-fifth of all global deaths (WHO, 2020). This syndrome can be
triggered by various pathogens, including bacteria, viruses, and fungi, which enter the body
through infections in the lungs, urinary tract, abdomen, or bloodstream (Singer et al., 2016).
Clinically, sepsis-related organ dysfunction is identified by a two-point or greater increase in
the Sequential Organ Failure Assessment (SOFA) score,in accordance with the Sepsis-3
definition used in Swedish and international clinical practice (Singer et al., 2016). According
to a study conducted in Sweden, data from Swedish intensive care units indicate that between
2015 and 2017, sepsis affected approximately 25—30% of patients and was associated with in-
hospital mortality rates ranging from 19—47% (Lengquist et al., 2020).

The severity of the condition is determined more by the magnitude of the host’s immune
response than by the specific site of infection. It is this dysregulated response that initiates and
drives the progression of sepsis. In severe cases, sepsis can progress to septic shock, a critical
state characterised by persistent hypotension and cellular dysfunction, which significantly
increases the risk of death (D’Onofrio et al., 2022).

Blood culture is a diagnostic test used to detect the presence of viable bacteria or fungi in the
bloodstream. It is considered the current gold standard for diagnosing bloodstream infections,
including sepsis, as it enables confirmation of live pathogens and supports targeted
antimicrobial therapy. Antimicrobial susceptibility testing (AST) is a separate commonly
performed phenotypic test on cultured isolates using methods such as disk diffusion and broth
microdilution. These techniques yield categorical susceptibility results or minimum inhibitory
concentrations (MICs). In addition, genotypic approaches, including PCR and whole-genome
or targeted sequencing, are employed either concurrently or for confirmation
to identify resistance genes and resistance-associated mutations. Sequencing enables rapid
detection of antimicrobial resistance genes (ARGs), which can inform early treatment but
should be considered alongside phenotypic antimicrobial susceptibility testing
(AST) (Saxenborn et al., 2021; Shemirani et al., 2023; Tilevik et al., 2022).

Culture growth and species identification can take up to five days to yield results. Blood
cultures have limited sensitivity, as they may yield negative results when pathogen load is low,
before antibiotic therapy is initiated, or in the presence of fastidious organisms. Consequently,
clinicians interpret culture results alongside clinical presentation, imaging studies,
biomarkers, and rapid molecular tests to inform and expedite treatment decisions. This time
requirement is clinically significant because delays in pathogen identification and
antimicrobial susceptibility testing (AST) can postpone the initiation of appropriate, targeted
treatment, potentially worsening patient outcomes (Qin et al., 2023). Clinical studies
demonstrate that delays in the initiation of appropriate antibiotic therapy are associated with
an increased risk of mortality. Observational analyses reveal that for each hour of delay
following patient presentation, the odds of death rise by approximately 4—9%, with the most
pronounced effect noted in patients experiencing septic shock. Consequently, numerous



clinical protocols advocate initiating empiric antibiotic treatment within the first 1 to 3 hours
after recognition of the condition (Hechtman et al., 2024).

Immediate antibiotic administration is a cornerstone of bacterial sepsis treatment, as early
pathogen control reduces bacterial burden and prevents progression of the dysregulated
inflammatory response; therefore, delays in therapy are associated with increased mortality,
particularly in septic shock (Hechtman et al., 2024). This has raised concerns about “spillover
prescribing,” where efforts to reduce time-to-antibiotics may lead to overtreatment of patients
without confirmed bacterial infections, increasing the risk of antibiotic-related harm and
contributing to antimicrobial overuse (Donnelly et al., 2024).

Microbial DNA refers to the genetic material originating from microorganisms such as bacteria
and fungi. In sepsis, bloodstream infections are commonly caused by a wide range of
pathogens, including Gram-positive bacteria such as Staphylococcus aureus, coagulase-
negative Staplylococci, Streptococcus species and Enterococcus species, as well as Gram-
negative organisms such as Escherichia coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa and Acinetobacter species (Hu et al., 2022). The diversity of these pathogens,
together with variations in cell wall structure and genomic composition, can affect DNA
extraction efficiency and the sensitivity of molecular detection methods (Heininger et al.,
2004). Consequently, direct identification of microbial DNA from blood or plasma has become
increasingly important for rapid, sensitive diagnosis of bloodstream infections, particularly
when conventional culture-based methods are limited (O’Dwyer et al., 2017).

Furthermore, the quality of DNA extraction plays a fundamental role in the sensitivity and
reliability of molecular diagnostics. It is crucial to focus on rapid, accurate pathogen detection,
especially in sepsis, as this significantly impacts treatment outcomes. However, the extraction
step often poses challenges that can hinder diagnostic performance. The extraction process is
complicated by the low levels of microbial biomass in blood and plasma samples, often fewer
than 1 to 10 colony-forming units per millilitre in septic patients (Opota et al., 2015). In
addition, blood contains inhibitors such as heme and anticoagulants, which can interfere with
downstream amplification, leading to false-negative results or reduced assay sensitivity.
Although numerous commercial kits exist for detecting microbial DNA in blood, no universally
effective approach guarantees consistent performance across different clinical
situations (GosiewskKi et al., 2014).

Automated extraction systems, such as the QIAcube (Qiagen), are increasingly utilised in both
clinical and research environments to enhance standardisation and reproducibility during
nucleic acid extraction and sample preparation. This platform automates several critical
processing steps, including cell lysis, washing, and DNA purification, thereby reducing manual
handling, processing time, and the risk of contamination or variability due to human error.
Compared to conventional manual extraction methods, automated systems often yield more
consistent DNA quality and output, both of which are vital for downstream molecular
techniques like PCR and nanopore sequencing (Sharma et al., 2022). This consistency is
particularly crucial in sepsis diagnostics, where microbial DNA is generally found in very
low concentrations, necessitating efficient extraction to improve detection sensitivity.
Therefore, understanding how different commercial DNA extraction kits perform in terms of
yield and purity is vital for enhancing diagnostic outcomes. A robust extraction method can



significantly enhance pathogen detection, ultimately leading to timely and effective treatment
for patients with sepsis (Dalla-Costa et al., 2017; McCann & Jordan, 2014).

Moreover, white blood cell (WBC) count, C-reactive protein (CRP), and procalcitonin (PCT)
are key biomarkers for early sepsis detection and monitoring, reflecting the body's
inflammatory response to infection. In addition to these biochemical markers, molecular
diagnostic methods provide a second, highly valuable approach. Techniques such as
polymerase chain reaction (PCR) enable rapid identification of bacterial or fungal DNA directly
from patient samples, supporting faster and more targeted treatment decisions. In addition,
multiplex real-time PCR enhances diagnostic efficiency by detecting several pathogens
simultaneously, offering a significant advantage over traditional culture-based methods.
However, PCR is targeted and requires specific primers, detecting only the organisms or
resistance genes included in the assay. Multiplex panels also have a limited number of targets
they can effectively cover. For these reasons, sequencing methods, like metagenomic next-
generation sequencing (mNGS), complement PCR by identifying a wider range of organisms
and resistance determinants without prior assumptions. They offer strain-level insights for
epidemiological studies and help detect novel pathogens. However, these benefits require more
resources and advanced bioinformatics capabilities (Morales Indiano et al., 2025).

Biomarkers currently used in clinical practice, such as PCT, CRP, and WBC, have limitations
in both timing and sensitivity. Biomarkers are measured directly in the blood and can provide
rapid evidence of an inflammatory response, often preceding culture results. However, they
are non-specific and unable to identify the causative organism or determine antimicrobial
susceptibility. As a result, clinicians use these biomarkers alongside blood cultures, imaging
studies, and molecular tests to inform and refine their treatment decisions (Grumaz et al.,
2016). To address this, an alternative diagnostic approach has been introduced: metagenomic
next-generation sequencing (mNGS). This method is based on genomic DNA detection and
allows simultaneous analysis of both host and microbial genetic material. Even though
metagenomic techniques encompass both host and microbial nucleic acids, the goal in clinical
pathogen diagnostics is to identify microbial DNA. Thus, sequencing is utilised to recognise
pathogens and resistance markers, rather than to analyse the human genome.
The mNGS workflow involves two main steps: nucleic acid extraction, such
as host-depletion strategies, and sequencing, which includes library preparation and
bioinformatic analysis, that can be applied to a wide range of clinical samples (Chen et al.,
2025). mNGS can be performed using different sequencing platforms. One of the most
portable and rapid options is the MinION device, developed by Oxford Nanopore
Technologies. MinION enables real-time sequencing and can reduce pathogen detection time
to as little as two hours. Reported ‘as little as two hours’ typically refers to the time from
extracted DNA to initial analysis, often excluding upstream steps like sample lysis and DNA
extraction. This speed offers a significant advantage in initiating targeted antibiotic therapy
earlier. However, mNGS also presents challenges because it requires high sequencing capacity,
which can lead to unnecessary data generation and increased resource consumption. A major
issue is the overwhelming presence of human DNA in blood samples, which can mask
microbial signals and reduce diagnostic sensitivity (Chen et al.,, 2025; Grumazet al.,
2016). Despite advances such as MinION sequencing, the effectiveness of rapid pathogen
detection still depends heavily on DNA extraction quality. In sepsis, where microbial DNA is
extremely scarce and host DNA dominates, extraction variability remains a major limitation
for culture-independent diagnostics (Chen et al., 2025).



1.1

Aim and Objectives

This project aimed to investigate how DNA extraction yield and purity influence the sensitivity
of bacterial DNA detection using nanopore sequencing. Extraction performance was evaluated
using bacterial cultures and human whole blood samples spiked with bacteria or synthetic
microbial DNA to assess how DNA quality affects microbial detection and to support the
development of rapid, culture-independent diagnostics for bloodstream infections and sepsis.

Objectives
To prepare human whole blood samples spiked with bacteria or synthetic microbial DNA,
together with bacterial culture samples, to simulate bloodstream infections.

To compare selected DNA extraction methods in terms of microbial DNA yield, purity, and
downstream sequencing performance.

To evaluate how DNA extraction quality influences microbial DNA detection using nanopore
sequencing, including downstream bioinformatic analysis.



2.2

Materials and Methods

Overview

The experimental workflow is illustrated in Figure 1, which outlines the sequential steps
involved in preparing bacterial cultures, extracting DNA, assessing quality, and performing
nanopore sequencing.
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Figure 1. Schematic overview of the experimental workflow. E. coli and S. epidermidis cultures were
grown to ODeoo = 0.9 before manual and semi-automated DNA extraction. Whole blood spike-in
samples  were subsequently prepared and processed using the Quick-DNA extraction
workflow. Following all extraction workflows, DNA concentration and purity were
evaluated. Selected extracts were then subjected to MinION nanopore sequencing and downstream
bioinformatic analysis.

Bacterial culture preparation

DNA extraction was performed to compare manual and semi-automated workflows for
bacterial genomic DNA isolation with respect to DNA yield, purity, hands-on time (HOT), and
total turnaround time (TAT). For both E. coli (ATCC 25922) and S. epidermidis (CCUG 21989),
two separate overnight cultures were prepared by inoculating individual single colonies from
fresh LB agar plates into separate 15 mL tubes containing a 5 mL sterile Luria—Bertani (LB)
broth, then incubated overnight at 37 °C with shaking at 180 rpm, with one culture from
each bacterial species designated for the manual extraction workflow and the other for the
QIAcube workflow. An additional E. coli colony was cultured separately for downstream blood
spike-in experiments. Negative control tubes containing sterile LB broth without bacterial
inoculum were incubated in parallel.
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After overnight incubation of the inocula described above, 1 mL of each culture was diluted
with 24 mL pre-warmed sterile LB broth in separate 100 mL Erlenmeyer flasks and incubated
at 37 °C with shaking at 180 rpm using an ES-20 Orbital Shaker-Incubator (BioSan). Bacterial
growth was monitored by measuring ODsoo using a DEN-600 Photometer (BioSan), and
cultures were grown until ODeoo reached 0.9.

For E. coli, CFU/mL determination was additionally performed at selected ODso, values using
serial dilutions (1071-1079) in 0.85% saline and duplicate spread plating of the 10771079
dilutions onto pre-warmed sterile LB agar plates. The plates were incubated overnight at 37
°C, and colony counts from plates containing 30 — 300 colonies were used to estimate bacterial
concentration for downstream blood spike-in experiments. CFU/mL was calculated using
Equation (1). Negative control LB agar plates were incubated in parallel. Once an ODesoo of 0.9
was reached, aliquots from the standardised cultures were used for the respective DNA
extraction workflows.

number of colonies X dilution factor

Equation (1). CFU/mL =

volume plated in ml

Manual DNA extraction using QlAamp DNA Mini Kit

Manual DNA extraction was carried out using the QIAamp DNA Mini Kit (QIAGEN) according
to the QIAamp DNA Mini Kit Handbook (QIAGEN, 2025). Species-specific lysis steps for E.
coli (Gram-negative) and S. epidermidis (Gram-positive) were performed as described in
Appendix C.

For E. coli (n=12), 1 mL culture aliquots were pelleted according to the QIAamp DNA Mini Kit
Handbook (QIAGEN, 2025). DNA samples were lysed as described in Appendix C for gram-
negative bacteria, while DNA extraction steps were performed according to the manufacturer’s
protocol.

For S. epidermidis (n = 12), 1 mL culture aliquots were pelleted and processed according to the
QIAamp DNA Mini Kit Handbook (QIAGEN, 2025) using the manufacturer's protocol for
Gram-positive bacteria as described in Appendix C, including the recommended enzymatic
lysis step. Pellets were pre-treated with a lysozyme-containing enzyme solution (20 mg/mL
lysozyme in 20 mM Tris-HCI, 2 mM EDTA, and 1.2% Triton X-100) prior to DNA purification.

For both bacterial species, lysates were purified using QIAamp spin columns according to the
manufacturer’s instructions, followed by sequential washing with Buffers AW1 and AW2. DNA
was eluted into sterile 1.5 mL microcentrifuge tubes by three consecutive elution steps, each
using 50 pL nuclease-free water (Milli-Q Ultrapure). DNA extracts were stored at -20 °C.

Semi-automated DNA extraction using QlAcube

Semi-automated DNA extraction was performed using the QIAcube (QIAGEN) in combination
with the QIAamp DNA Mini Kit (QIAGEN). For both E. coli and S. epidermidis,1 mL culture
aliquots from 12 extracts (n = 12) were transferred into 2 mL QIAcube microcentrifuge tubes
and centrifuged for 5 minutes at 4,800 x g using a MiniSpin Plus Centrifuge (Eppendorf).
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For E. coli, the pellet was loaded directly onto the QIAcube, and the protocol “Isolation of
bacterial DNA from biological fluids, swabs, or bacterial cultures” was selected. ForS.
epidermidis, pellets were pre-treated with enzyme solution, resuspended in 180 uL of the
enzyme solution as described above before loading onto the QIAcubeusing the protocol
“Purification of bacterial or yeast DNA with enzymatic lysis V1”. Purified DNA was eluted in 50
pL and collected in 1.5 mL tubes at the end of the automated run. DNA extracts were stored at
-20 °C.

Blood sample preparation

For the preparation of experimental samples, human whole blood was collected from two
healthy donors at Unilabs, the clinical laboratory at Skaraborg Hospital, and stored at -70 °C.
A total of 22 samples were generated by aliquoting 9o pL of whole blood from the donor
material for each extract. Prior to this process, the frozen tubes were transferred from -70 °C
to -20 °C for 48 hours and then thawed on ice during the experiment.

Quick-DNA Miniprep kit

DNA extraction was performed using the Quick-DNA™ Miniprep Kit (Zymo Research)
according to the manufacturer’s protocol (Zymo Research, 2022), with specific modifications
described below: blood extracts spiked with E. coli culture (Method 1) and blood extracts
spiked with DNA-based standards (Method 2); negative extraction controls were included.

For Method 1, E. coli culture with an ODgo, of 0.9 was diluted 1:1000 to generate an inoculum
of 104 CFU/mL. Subsequently, 10 uL of this dilution was added to 9o uL of human whole blood,
yielding a final sample volume of 100 pL. Method 1 consisted of 10 blood extracts spiked with E.
coliand two negative controls. These extracts were processed strictly according to the
manufacturer’s protocol without modification.

For Method 2, human whole-blood samples were spiked with DNA-based standards prepared
using the ZymoBIOMICS DNA Standard (ZymoResearch) and DNAour containing the
Moraxella isolate MX357. The theoretical composition of the ZymoBIOMICS DNA
Standard utilised for Method 2 is summarised in Table A1. Both DNA sources were thawed on
ice and vortexed prior to dilution. Five extractswere spiked with 100 ng of
the ZymoBIOMICS DNA Standard, while another five extracts were spiked with 50 ng
of DNAour (Moraxella), with each mixture adjusted to a final volume of 10 uL using nuclease-
free water (Milli-Q Ultrapure). Method 2 consisted of 10 DNA-based spike-in samples and
included additional optimisation steps. The DNA Pre-Wash step (Step 3) was performed twice,
the g-DNA Wash step (Step 4) was repeated once, and an additional dry-spin of 60 seconds at
16,100 x g was added after the final wash to minimise ethanol and guanidinium carryover.
Elution was performed using nuclease-free water (Milli-Q Ultrapure) pre-warmed to 60 °C. All
other steps followed the standard kit protocol.

DNA quality, quantity, and storage
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DNA concentration was measured using a Qubit 4 Fluorometer with the Qubit dsDNA Broad
Range (BR) assay kit (Invitrogen) and the Qubit dsDNA High Sensitivity (HS) assay kit
(Invitrogen). DNA purity was assessed usingaDS-11 Spectrophotometer (DeNovix) by
measuring absorbance ratios at Aseo/230and Asso/280. Following analysis, DNA extracts were
stored at —20 °C until further use.

Library preparation

Before nanopore library preparation, DNA extracts were quantified with a Qubit and assessed
for purity using a Nanodrop. Samples failing MinION criteria were purified according to the
AMPure XP protocol (Beckman Coulter, 2026), at a 1.8x bead-to-sample ratio, eluted in 40 uL
of nuclease-free water, and re-evaluated. Library preparation was initiated by processing the
extracted DNA according to the Oxford Nanopore Technologies Rapid Barcoding Kit Vig4
workflow (SQK-RBK114.96) and the accompanying Rapid Sequencing DNA V14 — Barcoding
protocol (Oxford Nanopore Technologies, 2025). Each library sample contained 200 ng DNA
in a final volume of 10 uL, consistent with the protocol requirements. Elution was performed
in nuclease-free water, of which 12 uL of the eluate was retained for Qubit quantification.

Before sequencing, a flow cell check inthe MinKNOW (version 25.09.16)identified a
FLO-MIN114 R10.4.1 flow cell (ID: FBF67652) onthe MinION MkiD device from Oxford
Nanopore Technologies. The priming, loading and sequencing followed the Rapid Sequencing
DNA V14 — Barcoding protocol (Oxford Nanopore Technologies, 2025) with multiplexing, live
high-accuracy basecalling, a minimum Q-score threshold of 9, and adaptive sampling with
depletion enabled with the human reference genome GRCh38.p14.

Data Analysis: Statistical and Bioinformatic Methods

Statistical analyses were performed using IBM SPSS Statistics (version 30). Data normality
was assessed using the Shapiro—Wilk test, with a p-value < 0.05 indicating a non-normal
distribution. Normally distributed variables were analysed using independent-samples t-tests
and are presented as mean + standard deviation (SD). Non-normally distributed variables
were analysed using the Mann—Whitney U test and are presented as median with interquartile
range (IQR). Statistical significance was defined as p < 0.05. Outliers were identified using
SPSS boxplots: values >1.5x IQR as mild and >3x IQR as extreme.

Bioinformatic processing was performed using Dorado with the super high-accuracy (SUP)
model set to 12 to generate FASTQ files from the raw nanopore sequencing data FAST5 files

(Oxford Nanopore Technologies, 2024). The resulting FASTQ files were analysed using
EPI2ME Desktop (version 5.3.1) with the wf-metagenomics workflow (version 2.14.2) (Oxford
Nanopore Technologies, 2025). Taxonomic classification was performed using Kraken2
(version 2.1.3) with a confidence threshold of o for species-level identification (Wood et al.,
2019). Sequencing was conducted on a shared MinION Mk1D flow cell. Run-level metrics were
obtained from MinKNOW (Oxford Nanopore Technologies, 2017), whereas per-sample
sequencing metrics were generated from demultiplexed FASTQ files analysed with EPI2ME.



2.10 Use of Al-based tools

ChatGPT, Perplexity, and Grammarly were used during the writing process for language
support, grammar correction, sentence refinement and flow. All scientific content,
interpretations, and final written material were reviewed and verified by the author.



3.2

Results
Bacterial growth standardisation and CFU determination

Before DNA extraction, E. coli and S. epidermidis cultures were standardised to an ODgoo of
0.9 for manual and semi-automated extraction workflows. The same standardised E. coli
culture was additionally used for whole human blood spike-in experiments at 104 CFU/mL.
For E. coli, bacterial abundance was additionally estimated by CFU/mL analysis following
serial dilution and spread plating. Based on duplicate colony counts obtained from the 1078
dilution, the mean bacterial concentration was 1.76 x 1011 CFU/mL. CFU/mL determination
was not performed for S. epidermidis. Colony counts data and CFU/mL calculations are
presented in Table A2.

Comparison of manual and semi-automated DNA extraction
workflows for Escherichia coli

DNA was extracted from E. coli cultures using both a semi-automated QIAcube workflow and
a manual workflow, with 12 extractions performed for each method. Findings are presented in
Table A3. Independent samples t-tests were applied to E. coli DNA concentrations, as both
groups met the Shapiro—Wilk normality requirement: manual p = 0.229, QIAcube p = 0.723.
Results of the normality tests, the t-test and descriptive statistics are presented in Table A3.
For E. coli culture samples (n = 12 per workflow), the mean DNA concentration was 4.28 +
1.43 ng/uL for the manual extraction workflow and 8.88 + 2.98 ng/uL for the semi-automated
QIAcube workflow (Table A3). An independent-samples t-test showed a statistically significant
difference between the two workflows (p < 0.001). Figure 2 presents boxplots of E. coli DNA
concentrations for both workflows; the circle denotes an outlier.
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Figure 2.E. coliDNA concentration (ng/ul) for manual workflown = 12 and semi-
automated QIAcube workflow n =12. Boxplots represent the median (IQR); whiskers indicate the
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observed minimum and maximum values; circles denote outliers. Manual median 3.97(IQR =
1.68), QIAcube median 8.43 (IQR = 4.89).

One mild outlier (Sample 10) was identified in the manual workflow (Figure 2), as the
observation exceeded the mild outlier threshold (>1.5 x IQR). Because no evidence of a
measurement or data entry error was identified, the sample was retained in the statistical
analysis.

The Aseo/280 ratio for the manual group rejected the null hypothesis of normality, with a
Shapiro—Wilk p < 0.001, while the QIAcube group failed to reject it, with a p-value of 0.489.
The Mann—Whitney U test showed no significant difference between groups, with a p-value of
0.356. The manual median was 2.18 (IQR = 1.65), and the QIAcube median was 2.44 (IQR =
0.53). Similarly, the Aseo/230 ratio also rejected the null hypothesis of normality in the manual
group, with p < 0.001, and failed to reject it in the QIAcube group, with a p-value of 0.388,
with Mann—Whitney U test results indicating no significant difference, with a p-value of 0.106.
Medians were 1.11 (IQR = 1.78) for manual and 2.42 (IQR = 0.75) for QIAcube.

Comparison of manual and semi-automated DNA extraction
workflows for Staphylococcus epidermidis

As shown in Figure 3, DNA concentrations extracted from S. epidermidis were significantly
higher in the semi-automated (QIAcube) workflow than in the manual workflow, with n = 12
per group. Shapiro—Wilk testing for the manual group rejected the null hypothesis of
normality, with p < 0.001, and failed to reject it for the QIAcube group, with a p-value of 0.388,
so comparisons used the Mann—Whitney U test, which indicated a statistically significant
difference, with p < 0.001. Median (IQR) DNA concentrations were 0.22 ng/uL (IQR = 0.22)
for manual and 5.97 ng/uL (IQR = 3.88) for QIAcube. Numerical results and full test statistics
are provided in Table A3.
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Figure 3.S. epidermidis DNA concentration (ng/pL) comparing the manual workflow n = 12 and
the semi-automated QIAcube workflow n = 12. Boxplots represent the median (IQR); whiskers show the
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observed minimum and maximum. The asterisk denotes an extreme outlier. Manual median 0.22 (IQR
= 0.22); QIAcube median 5.97 (IQR = 3.88).

One extreme outlier (Sample 3) was identified in the manual workflow (Figure 3), as the
observation exceeded the extreme outlier threshold (>3 x IQR). Because no evidence of a
measurement or data entry error was identified, the sample was retained in the statistical
analysis.

For A.s0/280, the Shapiro—Wilk results were 0.957 (manual) and 0.001 (QIAcube); the Mann—
Whitney U test showed a significant difference with a p- value of 0.018. The medians were 1.23
(IQR = 0.94) for manual and 1.76 (IQR = 0.21) for QIAcube. For A.s0/230, the manual group
rejected normality with a p-value of 0.008, while the QIAcube group failed to reject it with a
p—value of 0.278; the Mann—Whitney U test showed a significant difference, yielding a p—value
of 0.012. The medians were 0.27 (IQR = 0.62) for manual and 0.96 (IQR = 0.41) for QIAcube.
Numerical results and full test statistics are provided in Table A3.

Workflow efficiency analysis: hands-on time and turnaround
time

As shown in Figure 4, for E. coli, the manual workflow required a hands-on time (HOT) of 62
minutes and a turnaround time (TAT) of 239 minutes. In comparison,
the QIAcube workflow required an HOT of just 20 minutes and a TAT of 91 minutes. For S.
epidermidis, the manual workflow also required an HOT of 62 minutes, but the TAT was
slightly longer at 241 minutes. The QIAcube workflow, on the other hand, reduced the HOT to
30 minutes and the TAT to 164 minutes. These results indicate that the semi-automated
QIAcube workflow significantly reduced active operator involvement, decreasing it by more
than half for E. coli and by about half for S. epidermidis.

300

239

150
B HOT (min)

Time (minutes)

m TAT (min)

[
[=]
[=]
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Figure 4. Comparison of hands-on time (HOT) and total turnaround time (TAT) for manual and semi-
automated QIAcube DNA extraction workflows performed on E. coli and S. epidermidis samples (12
DNA extractions per workflow). The x-axis shows the bacterial species and extraction workflow, while
the y-axis shows the workflow duration (minutes). Blue barsrepresent HOT, and orange
bars represent TAT.

Blood Spike-in Extraction Results

The raw extraction measurements for the blood spike-in samples, which include Qubit
concentrations and purity ratios, are summarised in Tables B1 and B2. These values were
instrumental in identifying which extracts met the minimum concentration and purity
requirements for subsequent nanopore sequencing, thereby guiding the selection of samples
for further processing in Section 3.5.

Nanopore sequencing performance

Additional DNA purification using AMPure XP beads was improved for selected DNA samples.
Following purification, improved Aseo/230 and Aseo/280 purity ratios were observed. The purified
ZymoBlood 3 (Z3) DNA extracts fulfilled the sequencing purity criteria after cleanup and were
subsequently selected for MinION sequencing. Complete pre- and post-purification purity
measurements for the ZymoBlood 3 (Z3) are presented in Table C1. Seven DNA samples were
selected for nanopore sequencing. Details of the selected samples, including the extraction
workflow, DNA concentration, purity measurements, barcodes, and definitions of the sample
abbreviations (Z2, Z3, D4, BE8, SK, and MV), are provided in Table C2.

The sequencing run lasted approximately 16 hours and utilised live high-accuracy basecalling
with a minimum Q-score threshold of 9. Prior to sequencing, the flow cell quality check
identified 1108 active pores.

The MinKNOW sequencing run generated approximately 1.67 million reads with an estimated
sequencing output of 3.07 Gb and an estimated N50 read length of 4.91 kb. EPI2ME run report
per sample N50 ranged from 2.57 kb to 8 kb. Mean Q-score per barcode was between 10.7 and
11.4, and the median Q-score were between 10 and 11. Host depletion performance varied
across samples, as shown in Figure 5.

Taxonomic classification and host depletion analysis

Variation in the number of retained reads following adaptive sampling was observed between
samples, as shown in Figure 5. Metagenomic classification with Kraken2 and adaptive
sampling reduced but did not eliminate host reads. Host-depletion varied widely; E.coliculture
9 (EC9) retained the most reads (99.8%), while BloodE.coli 8 (BE8) retained the fewest
(4.36%). These percentages are illustrated in Figure 5.
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Figure 5. Bar chart showing the percentage of reads retained after host depletion across sequenced
samples analysed using the EPI2ME wf-metagenomics workflow. The x-axis represents individual
sequenced samples, while the y-axis shows the percentage of reads remaining following adaptive
sampling against the human reference genome. The graph demonstrates variation in host
DNA depletion efficiency between samples.

Taxonomic classification identified multiple bacterial and host-associated taxa across the
analysed samples. A substantial proportion of reads remained classified as Unknown or
Unclassified (Table C3). Several bacterial taxa were identified at both genus and species levels
(Figure 6). Detected bacterial species included Staphylococcus aureus, Listeria
monocytogenes, Enterococcus faecalis, Limosilactobacillus fermentum, and Pseudomonas
aeruginosa. Additional lower-abundance taxa, including Streptomyces spp. and S. aureus,
were also detected in selected samples, DNAourBlood 4 (D4) and BloodE.coli SK (SK),
respectively. BloodE.coli SK (SK) showed the highest number and diversity of bacterial reads
among sequenced samples. Residual host-derived reads assigned to Homo sapiens were
detected following adaptive sampling. Complete taxonomic classification results for all
sequenced samples are presented in Table C3.
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Figure 6. Species-level taxonomic composition of sequenced samples analysed using the EPI2ME wf-
metagenomics workflow. Each bar represents an individual sample, while coloured segments indicate
the relative abundance (%) of classified taxa identified within each sample. Green-coloured segments
represent reads assigned to Homo sapiens, indicating the presence of residual host-derived DNA

following adaptive sampling and host depletion.

The heatmap in Figure 7 illustrates differences in taxonomic composition and abundance
across sequenced samples. E. coli was most abundant in E.coliCulture 9 (EC9) with 85%, while
Moraxella catarrhali was predominantly detected in DNAourBlood 4 (D4) with 33% (Table
C3). Overall, the heatmap demonstrates variation in microbial composition and relative

abundance among the analysed samples.
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Species abundance heatmap
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Figure 7. Heatmap representing log1o-transformed abundance of species-level taxa identified across
sequenced samples analysed using the EPI2ME wf-metagenomics workflow.
Columns represent individual sequenced samples, while rows represent detected taxa. Colour intensity
corresponds to relative taxonomic abundance following host depletion and adaptive sampling, with
darker colours indicating lower abundance and brighter colours indicating higher abundance of
classified reads.

Antimicrobial resistance gene identification

Antimicrobial resistance (AMR) analysis used the EPI2ME wf-meta-genomics AMR workflow
and BV-BRC CARD read-mapping. AMR-associated genes were detected in several samples,
primarily in bacterial ZymoBIOMICS Microbial Community standard and E. coli-associated
datasets. The EPI2ME workflow reported acquired genes, while BV-BRC CARD mapping
detected a broader set, including multidrug efflux and regulatory determinants and markers
linked to fosfomycin, fluoroquinolone, sulfonamide and aminoglycoside resistance (Table 1).
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Table 1. Summary of AMR-associated genes detected using EPI2ME and BV-BRC CARD-based analysis.

Barcodes Samples EPI2ME AMR-BV-BRC / CARD-associated
names associated genes genes

BC33 ZymoBlood (Z2) fosA, fosX, mdf(A), mph(K) FosX, mepA, mepR, MipA, glos
S

BC34 ZymoBlood (Z3) aac(6’)-Iaa, mdf(A), mph(K) mdtF, acrF, marR, cpxA

BC35 DNAourBlood (D4) No AMR genes detected No significant hits

BC36 BloodE.coli (BES8) No AMR genes detected No significant hits

BC37 E.coliculture (EC9) mdf(A) Multiple mdt, acr, and -efflux-
associated genes

BC38 BloodE.coli (SK) Not detected / low abundancliaF

e
BC39 BloodE.coli (MV) blaz No significant hits
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Discussion
DNA Extraction

The rapid and accurate extraction of DNA is critical for effective sepsis diagnostics, as both
processing time and nucleic acid quality significantly influence the sensitivity of pathogen
detection and subsequent profiling of antimicrobial resistance (Agudelo-Pérez et al., 2023;
Rooney et al., 2022). Recognising the critical need for rapid and accurate sepsis diagnostics,
this project evaluated the efficacy of a DNA extraction workflow designed for sepsis-related
analysis. E. coli and S. epidermidis were chosen for comparison between semi-automated and
manual DNA extraction methods. As demonstrated in Figure 4, the semi-automated DNA
extraction process significantly reduced processing times while typically yielding higher DNA
concentrations and improved purity compared to manual protocols. A summary of the
statistical comparisons is presented in Table A3. These variations may influence metagenomic
sensitivity and the detection of low-abundance pathogens, particularly Gram-positive
organisms that often resist lysis under standard conditions (Dalla-Costa et al., 2017; Li et al.,
2020). Consequently, practical considerations regarding throughput, hands-on effort, and
nucleic acid quality should guide the selection of workflows for clinical sequencing
applications, as elaborated by Holland and Davies (2020).

The analysed variables showed predominantly non-normal distributions (Table A2),
consistent with variability commonly reported in nucleic acid workflows (Bustin et al., 2009).
As described in the Materials and Methods, only one extraction kit was evaluated; therefore,
the observed differences likely reflect species-specific performance within this protocol rather
than differences between extraction platforms. Previous extraction studies have reported
similar species-dependent recovery patterns, particularly reduced DNA yield for some Gram-
positive organisms such as S. epidermidis (Oliveira et al., 2014). Dataset variability and the
presence of outliers (Figures 2 and 3) may also have influenced the statistical analyses,
although these observations were retained as they represented genuine experimental variation
rather than measurement errors. Overall, the findings emphasise the importance of optimising
DNA extraction methods according to bacterial characteristics to obtain DNA suitable for
downstream molecular analyses (Oliveira et al., 2014).

In this study, many values fell outside the recommended purity ranges (Table A2), suggesting
contaminant carryovers that may interfere with downstream applications. The semi-
automated QIAcube workflow produced higher usable DNA yields than the manual workflow
based on SPSS statistics in Table A2 and the distributions in Figures 2 and 3. One mild outlier
(Sample 10) was identified in the manual workflow (Figure 2). This sample exceeded the mild
outlier threshold (>1.5 x IQR), indicating that its DNA concentration was higher than expected
based on the distribution of the remaining manual extraction samples. One extreme outlier
(Sample 3) was identified in the manual workflow (Figure 3). This sample exceeded the
extreme outlier threshold (>3 x IQR), indicating that its DNA concentration differed
substantially from the distribution of the remaining manual extraction samples. A larger
sample size would likely improve accuracy, reproducibility, and detection sensitivity. One
possible explanation for the lower DNA concentrations observed in S. epidermidis is its Gram-
positive cell wall structure. The thick peptidoglycan layer can reduce lysis efficiency, whereas
Gram-negative E. coli is more readily lysed, resulting in higher DNA recovery (Mazoteras et
al., 2015; Treggiari et al., 2026).
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Plate counts were used to estimate the viable bacterial concentration prior to DNA extraction.
As shown in Table A1, the bacterial cultures exhibited broadly comparable colony counts,
suggesting that major differences in starting bacterial abundance were unlikely to account for
the observed variation in DNA yield. Instead, differences in DNA recovery were more likely
associated with extraction efficiency and species-specific bacterial cell wall characteristics,
which are known to influence cell lysis and DNA release, particularly in Gram-positive
organisms (Cai et al., 2018; Dalla-Costa et al., 2017).

In the second workflow, as shown in Figure 1, the Quick-DNA Miniprep blood extracts
frequently failed to meet nanopore sequencing quality recommendations. This issue aligns
with the co-extraction of blood components such as heme and plasma proteins, which hinder
polymerase activity and ultimately diminish sequencing yield (Lee & Tripathi, 2020; Sidstedt
et al., 2018). The observed low DNA concentration or reduced bacterial abundance in these
extracts should not be regarded as a failure of the experiment. Instead, it highlights a
significant clinical challenge associated with a host-dominant background (Lee & Tripathi,
2020). The results of the extraction for the blood spike-in samples (Tables B1—B2) indicated
that the naturally low microbial biomass combined with a substantial host-DNA background
constrained both purity and yield.

Moreover, the negative controls exhibited negligible DNA concentrations, reinforcing the
interpretation that the low purity and yield were specific to the samples themselves rather than
to systematic contamination, consistent with previous findings by Lourenco et al. (2024). For
samples that did not meet purity thresholds, AMPure XP cleanup was employed, resulting in
improved Azeo/230 Values (Table C1). This finding aligns with reports indicating that bead-based
cleanup enhances purity for sequencing library preparation. Additionally, the presence of a
blood matrix in this project reduced effective recovery and sequencing performance,
highlighting the need for matrix-specific optimisation (Assurian et al., 2020).

Limitation

Manual extraction remains in demand because the QIAcube workflow has limitations in
optimisation; in some cases, optimisation improves yield for samples that perform better with
manual processing, as noted by Sharma et al. (2022). Nevertheless, the consistency of purity
and the 10 min reduction in HOT observed in previous studies with the QIAcube workflow
make it notably effective at reducing laboratory labour (Treggiari et al., 2026).

Managing an automated platform like the QIAcube presents practical challenges that align
with the broader concerns of laboratory automation noted by Holland & Davies (2020). High
costs, ongoing maintenance, staff training, and the need for standardised protocols can restrict
some laboratories (Holland & Davies, 2020). Despite these challenges, Sharma et al. (2022)
report reduced hands-on time, improved consistency of nucleic acid quality, and higher yields,
thereby validating its effectiveness for supporting batched or high-volume clinical workflows.

Library preparation

For MinION library preparation, n=7 DNA extracts were considered acceptable when DNA
concentration exceeded 10 ng/uL, Aseo/250 ratios ranged between 1.5—2.2, and Aseo/280 ratios
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ranged between 1.7—2.0, consistent with recognised purity thresholds for enzymatic library
workflows (Sharma et al., 2022). These criteria were used to determine whether additional
cleanup was required before sequencing. Extracts marginally below the thresholds underwent
re-cleaning and re-evaluation; notably, the ZymoBlood, Z3, met the acceptable range following
bead-based cleanup and was included in sequencing (Table C1). However, fragment size
assessment was not routinely performed, limiting evaluation of DNA integrity, shearing, read
length, and sequencing performance following extraction and cleanup procedures
(Purushothaman et al., 2024).

Sequencing and Taxa Classification

Culture-independent metagenomic sequencing has emerged as a powerful tool for microbial
taxonomic identification in clinical diagnostics (Agudelo-Pérez et al., 2023). The method
allows examination of all genetic materials present in a clinical specimen, enabling broad-
spectrum pathogen detection directly from patients' blood and other body fluids (Cai et al.,
2018). Simultaneously, it allows for screening for AMR, enabling earlier diagnosis, as shown
in long-read and short-read metagenomic workflows (Purushothaman et al., 2024; Rooney et
al., 2022). The earlier detection of infection is valuable in sepsis, where appropriate
antimicrobial therapy is highly associated with improved clinical outcomes (Singer et al.,
2016).

As indicated in Table C3, the pure-culture control confirmed the successful extraction and
classification of microbial signals in the absence of host background. This validation is crucial
as it demonstrates that the extraction and classification pipeline can accurately recover and
assign microbial signals when host DNA is not present to mask the microbial signal (Pereira-
Marques et al., 2019). By emphasising the absence of host background as a key validation point,
the argument is reinforced that the microbial classifications observed in other samples truly
reflect biological signals rather than artefacts of the pipeline (Salter et al., 2014). Variation in
classification yield was expected because samples differed in matrix composition, including
pure culture and blood-spiked samples (Table C3). Figure 5 and Table C2 demonstrate that
extraction quality significantly influences read retention and taxonomic resolution. Higher
extraction quality leads to better retention of sequence reads and improved taxonomic
identification.

Unexpectedly low-abundance taxa were observed in some extracts (Table C3). Such signals can
result from contamination during extraction or library preparation, from differential
extraction efficiency, or from classification artefacts at low read counts (Dilley et al., 2021;
Becker et al., 2016; Dalla-Costa et al., 2017; Das et al., 2024). Demultiplexing errors, barcode
crosstalk and reagent-derived trace DNA can also produce spurious assignments in
low-biomass samples (Sangiovanni et al., 2019; Salter et al., 2014). Host-dominant samples
further reduce sensitivity for low-abundance taxa, a limitation documented in methodological
studies of whole-blood metagenomics (Pereira-Marques et al., 2019; Beal et al., 2020).

Research by Govender et al. (2026) highlights that species-level identification from Nanopore
reads is influenced by read quality and other factors, which can cause instability at low read
counts. Olomu et al. (2020) emphasise the contamination risk that can produce false positives
without appropriate controls. Notably in this study, no negative blood control (blank
extraction) was included in the sequencing workflow. According to Salter et al. (2014), this
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omission limits the ability to distinguish true low-abundance signals from recurring laboratory
or reagent contamination and should be reported as a study limitation. Conservative
interpretation and inclusion of blank controls and replicates are therefore recommended for
future work (Govender et al., 2026; Purushothaman et al., 2024).

Antimicrobial Resistance Profiling and Detection Limits

AMR profiling using EPI2ME and BV-BRC revealed differences between bioinformatic
pipelines. EPI2ME identified resistance genes, whereas BV-BRC CARD-based analysis
detected a broader range of chromosomal and regulatory determinants (Table 1). High-
microbial-biomass extracts showed reproducible AMR detection, whereas low-biomass or
host-dominant extracts lacked detectable AMR signals. These findings indicate that microbial
abundance strongly influences AMR detection sensitivity (Ivanova et al., 2025; Rooney et al.,
2022).

A major limitation of AMR analysis is its reliance on reference databases that contain only
known ARGs, which can lead to unreported resistance mechanisms going undetected (Centner
et al., 2026; Kordova et al., 2025). High host background further reduces microbial sequencing
depth and limits the sensitivity of detection for low-abundance ARGs (Elbehiry et al., 2025). A
suggestion to enhance detection is to increase the pathogen input by a higher CFU spike-in or
a larger extract sample volume to increase the microbial fraction, but false-positive detections
may also result from reagent contamination, laboratory contamination, or barcode
misassignment (Elbehiry et al., 2025).

Mechanical optimisation using bead-beating combined with chemical lysis may improve
microbial DNA recovery and reduce taxonomic bias, particularly for Gram-positive organisms.
However, excessive mechanical lysis may shorten sequencing reads and compromise the
genomic context required for reliable AMR interpretation (Purushothaman et al., 2024).

Conclusion

The thesis project indicated that the semi-automated QIAcube workflow produced higher,
more consistent DNA yields and higher purity than the manual QIAamp protocol, while also
reducing the hands-on time required for subsequent nanopore sequencing. The efficiency of
DNA extraction varies by species and sample type. For instance, Gram-negative E. coli yielded
more recoverable DNA than Gram-positive S. epidermidis, reflecting differences in cell wall
structure and lysis requirements. Additionally, unexpectedly low-level findings, such as S.
aureus, were observed during sequencing analysis. These may indicate contamination,
barcode crosstalk or true low-burden microbial presence and highlight the importance of
careful sample handling and interpretation in culture-independent diagnostics. Across all
workflows, low bacterial biomass or high host DNA levels resulted in fewer microbial reads
and limited detection of AMR genes. Improving the microbial fraction through optimised lysis
techniques, increased sample input, host-DNA depletion or enrichment is essential to enhance
metagenomic detection in blood samples.
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Ethical aspects, gender equality, perspective, and impact on
society

Laboratory research involving human whole blood or plasma mixed with synthetic nucleic
acids or bacterial material requires careful consideration of ethical and biosafety aspects. In
this study, human blood samples were obtained from healthy voluntary donors through an
approved clinical channel at Skaraborg Hospital in Skovde. The use of human-derived material
required ethical approval, informed donor consent, and anonymisation to ensure donor
privacy and confidentiality. The blood samples used in this project did not require ethical
approval as they were collected from healthy voluntary donors and provided with informed
consent.

All laboratory work was conducted in accordance with the Swedish Work Environment
Authority’s regulations (AFS), national biosafety legislation, and internationally recognised
scientific and ethical standards. A KLARA risk assessment was approved before laboratory
work to ensure safe handling, storage, and disposal of biological material, including the use of
appropriate personal protective equipment and biohazard waste management procedures. In
addition, the use of synthetic nucleic acids and non-clinical bacterial strains reduced biosafety
risks by avoiding direct handling of patient-derived pathogens while enabling controlled
evaluation of molecular diagnostic methods.

Methodological limitations were also considered from an ethical perspective, as low microbial
DNA abundance and high levels of host DNA in blood samples may influence sequencing
sensitivity and interpretation of results, particularly in experimentally spiked samples.

Sepsis affects individuals across different age groups and sexes, and equitable access to rapid
and accurate diagnostics is important for reducing healthcare disparities and improving
patient outcomes. Development of culture-independent diagnostic methods may contribute to
more equal and timely treatment regardless of patient background or demographic factors.

By investigating methods to improve sequencing-based pathogen detection, this study
contributes to the development of faster culture-independent diagnostics for bloodstream
infections and supports United Nations Sustainable Development Goal 3: Good Health and
Well-being.

Future perspectives

Future research should focus on improving the recovery of microbial DNA while reducing
interference from host-derived DNA in blood samples. Although adaptive sampling was
applied during sequencing, host DNA remained a major challenge that reduced microbial
detection, taxonomic classification, and antimicrobial resistance (AMR) gene identification.
Future studies should therefore investigate improved host DNA depletion and microbial
enrichment strategies to increase the proportion of microbial reads and enhance the sensitivity
of nanopore-based metagenomic diagnostics (Chen et al., 2025; Pereira-Marques et al., 2019).

An important next step would be to evaluate this workflow using a larger number of clinical
patient samples rather than experimentally spiked blood samples. Comparing nanopore
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sequencing results with conventional blood culture diagnostics and antimicrobial
susceptibility testing would provide a more robust assessment of the clinical accuracy,
reliability, and diagnostic value of this approach (Dalla-Costa et al., 2017; Qin et al., 2023).

Continued improvements in nanopore sequencing chemistry, library preparation methods,
and bioinformatic analysis tools are also expected to improve species-level identification,
increase the detection of antimicrobial resistance genes, and reduce turnaround time.
Together, these advances could support the future implementation of rapid, culture-
independent diagnostics for bloodstream infections and sepsis (Chen et al., 2025; Elbehiry et
al., 2025; Purushothaman et al., 2024).
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Appendix A. DNA Extraction Data and Statistical

Analysis

Table A1. Theoretical composition of microbial DNA in the Microbial Community DNA Standard

(Zymoresearch)

Bacterial species

Spike-in composition (%)

Pseudomonas aeruginosa
E.coli

Salmonella enterica
Lactobacillus fermentum
Enterococcus faecalis
Staphylococcus aureus
Listeria monocytogenes
Bacillus subtilis
Saccharomyces cerevisiae
Cryptococcus neoformans

12
12
12
12
12
12
12
12
2

2

Raw DNA extraction measurements and CFU/mL calculations
Table A2. Colony count data and CFU/mL calculation for E. coli for OD=0.9

Dilution Replicate Colony count Calculated CFU/mL
1076 A 624 6.24 x 109
1076 B 708 7.08 x 109
1077 A 880 8.8 x 1010
1077 B 231 2.31 x 1010
1078 A 168 1.68 x 1011
1078 B 183 1.83 x 1011

CFU/mL was calculated using the formula:

CFU/mL = (number of colonies x dilution factor) / 0.1
The final bacterial concentration was estimated from duplicate colony counts obtained from the
1078 dilution; the mean bacterial concentration was 1.76 x 1011 CFU/mL.
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Table A3. SPSS results summary for E. coli and S. epidermidis extraction measurements

Bacteria Variable  Shapiro—Wilk Normality Manual QIAcube Mann-
p-value (Manual/ Median Median Whitney
(Manual/ QIAcube) (IQR) or (IQR) or U test
QIAcube) Mean + SD  Mean + SD p-value
or t-test
E. coli DNA 0.229/ 0.723 N+/N+ 4.28+1.43" 8.88+2.98° <0.001
concentration (t-test)
(ng/uL)
E. coli Aseo/280 ratio <0.001/0.489 N-/N+ 2.18 (1.65) 2.44 (0.53)
0.356
E. coli Aseojagoratio <0.001/0.560 N-/N+ 1.11 (1.78) 2.42 (0.75)
0.106
S. DNA <0.001/0.388 N-/N+ 0.22 (0.22) 5.97(3.88) <o0.001
epidermidis concentration
(ng/uL)
S. Aseo/280Tatio  0.957 / 0.001 N+/N- 1.23 (0.94) 1.76 (0.21)  0.018
epidermidis
S. Aseo/230 Tatio 0.008/0.278 N-/N+ 0.27 (0.62) 0.96 (0.41) 0.012
epidermidis

N+ represents the Shapiro-Wilk p-value for a normal distribution.
N- represents the Shapiro-Wilk p-value for a non-normal distribution.
“Values represent mean + SD for E. coli, the only normally distributed dataset.
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Appendix B. Blood Spike-in DNA Extraction
Measurements

Blood spike-in DNA extraction measurements
Table B1. Quick DNA miniprep kit n =12

Blood Blood (uL) + spiked in E. coli NanoDrop Qubit As6o/230 Asz60/280
Sample CFU/ml (ng/ul) (ng/uL)

BE1 Blood 90 uL + 104 E.coli 10.6 6.7 0.54 2.15

culture CFU/ml

BE2 Blood 9o uL. + 104 E. coli 18.6 10.8 0.35 1.89
BE3 Blood 90 uL + 104 E. coli 14.6 7.8 0.15 2.14
BE4 Blood 90 uL+ 104 E. coli 8.3 4.9 0.09 2.78
BE5 Blood 9o uL.+ 104 E. coli 8.9 4.4 0.03 2.51
BEG6 Blood 9o uL.+ 104 E. coli 6.9 3.9 0.04 2.53
BE7 Blood 90 uL.+ 104 E. coli 17.1 9.3 0.34 2.11
BES8 Blood 90 uL + 104 E. coli 18 9.6 1.78 2.10
BEo9 Blood 90 uL.+ 104 E. coli 9.1 4.1 0.28 2.30
BE10 Blood 9o uL.+ 104 E. coli 6.7 2.5 0.24 2.74
B1 Negative control 16.1 7.7 0.28 1.94
B2 Negative control 5.6 2.4 0.07 2.45

Table B2. Raw data of Quick-DNA miniprep control n= 10

Blood Blood (uL) + Spike NanoDrop Qubit As6o/230  As60/280
Sample in (ng) (ng/uD) (ng/u)

71 Blood 90 uL + 100 ng ?ZMC 31.6 33.2 1.02 1.82
Z2 Blood 90 uL + 100 ng 2ZMC 34.7 31.2 1.89 1.80
73 Blood 90 pL + 100 ng 2ZZMC 20.4 25 0.61 1.66
74 Blood 90 pL + 100 ng2ZMC 40.6 35.4 0.41 1.59
Z5 Blood 90 pL + 100 ng 2ZZMC 31.0 24.8 0.76 1.80
D1 Blood 90 uL + 50 ng PMX 37.9 20.8 2.52 1.88
D2 Blood 90 uL + 50 ng PMX 39.5 16.9 0.63 1.5
D3 Blood 90 pL + 50 ng PMMX -1.58 12.6 0.06 -2.77
D4 Blood 90 pL + 50 ng PMMX 15.6 15.9 1.29 1.94
D5 Blood 90 uL + 50 ng PMX 22.1 21.8 0.53 2.04

aZMC: ZymoBiomics Microbial Community standard
bMX: DNAour (Moraxella)
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Appendix C. Nanopore Sequencing Data

Nanopore sequencing sample preparation and supplementary sequencing
outputs
Table C1. DNA purity measurements before and after AMPure XP bead purification

Sample Cleanup status Qubit Az60/230 Asz60/280
concentration
(ng/pL)
Z3 (BC34) Before AMPure XP25.0 0.61 1.66
cleanup
73 (BC34) After AMPure XP21.4 1.95 1.88
cleanup

Table C2. DNA samples selected for MinION sequencing

Barcodessample ID Kit Blood Spike Qubit As6o/230 Az60/280 Elution Fluid
used in amount (ng/uL) (uL) used
volume
(nL)
BC33 ZymoBlood (Z2) 100 ng 31.2 1.89 1.8 50 90
BC34 ZymoBlood (Z3) 100 ng 21.4 1.95 1.88 50 90
BC35 DNAourBlood (D4)?Z  50ng 15.9 1.29 1.94 50 90
BC36 BloodE.coli (BE8) Z 104 CFU/mL 10.5 1.78 2.1 50 90
BC37 E.coliculture (EC9)*Q Non-spiked/ 12.2 1.96 2.13 50 -
culture
BC38 BloodE.coli (SK) <M 50ng 51.8 1.74 1.83 50 200
BC39 BloodE.coli (MV) <M 50ng 35.6 1.32 1.87 50 200

aZ: Quick-DNA miniprep

bQQ: QiaAmp DNA minikit

¢M: Quick-DNA Miniprep Plus

*The two samplesare extra DNA extracts from previous years' studentsprovided by
the supervisor. ECo* E. coli LB-culture sample
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Table C3. Percentage of different species in all 7 samples used for Minion sequencing and analysed by

Epizme

Species

BC33

BC34

BC35

BC36

BC37

BC38

BC39

Pseudomonas
aeruginosa
Escherichia coli

Salmonella enterica

Lactobacillus
fermentum
Enterococcus faecalis

Staphylococcus aureus
Listeria monocytogenes
Bacillus subtilis
Moraxella catarrhalis

Moraxella sp.
(ATCC 23246)
Moraxella
nonliquefaciens
Moraxella lincolnii

Klebsiella pneumoniae
Shigella flexneri

Enterovibrio
norvegicus

Streptomyces
sp. (other)

Unclassified
/ Unmapped

Eukaryota
(Homo sapiens)

Total bacterial %

4.73%
6.19%
7.69%
6.47%
8.46%
11.73%
8.86%

7.38%

3.03%

7.77%

62.23%

6.37%
7.31%
09.26%
7.67%
7.00%
6.15%
8.18%

8.25%

4.43%

5.88%

61.38%

33.34%

13.67%
1.18%

0.94%

44.76%

4.49%

50.75%

71.43%

27.62%

0.95%

85.07%

1.43%
0.58%

0.72%

10.16%

89.84

2.23%
5.15%
5.55%
3.31%
3.84%
6.57%

3.99%

3.31%

1%

1.55%

32.75%

34.95%

2.00%
3.17%
3.44%
2.74%
4.76%
7.71%
5.59%

3.99%

1.81%

30.92%

33.99 %
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