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Abstract
The rapid and reliable detection of pathogens is of utmost importance in healthcare settings to ensure
the appropriate treatment thereby reducing morbidity and mortality for the patient. Current culturing,
PCR based and NGS species detection methods are time consuming (Opota et al., 2015), limited in
their detection (Buckley et al., 2015), or require specialist skills and are expensive (Basho and Eterovic.,
2015). Oxford Technologies Nanopore devices could provide detailed genomic sequencing at a
fraction of the cost and without the need for technical bioinformatic skills. This study evaluates the
MinION device and analysis tools to suggest best practice. Classification and genotyping of 12
Klebsiella isolates were performed using EPI2ME automated workflows and manual de novo assembly.
Automated workflows using raw MinION reads provided clinically relevant information identified in
~6hrs. Manual de novo assembly and analysis used hybrid, and single source data took >24hrs. The
inclusion of MinION long reads overcome problems assembling short reads. Hybrid genomes provided
the most contiguous and highly detailed contigs. MinION only read assemblies contained more errors
but still identified similar genotypic findings. Automated workflows are rapid and require minimal
bioinformatic know-how. There should be a dialogue between clinicians and bioinformaticians to
develop bespoke analysis tools. Although challenges remain around compatible kits and vulnerable
flowcells long read sequencing can be an effective tool for species detection and pathogen typing.
Furthermore, hybrid assemblies have the potential to advance our genome detailing and discovery.

Popular Scientific Summary
Bacteria are microscopic organisms which survive and indeed thrive throughout nature. They live in
the soil, water, air and almost any surface you can think of. Bacterial microbiome communities have
been found in extreme environments from 70°C hot springs to deep underground. All living things
have a relationship with bacteria; for example, there are more bacteria in the human gut than there
are human cells in the host. Our gut microbiome has been considered the ‘forgotten’ organ and is vital
in the development of a healthy immune system and processing food. Bacteria in which we live in
harmony with are known as commensals. However, not all relationships are so positive. Bacteria are
primarily known for their ability to infect and cause disease.
One such bacterium is the Klebsiella genus. These rod-shaped bacteria are, like many others,
commonly found in our environment and can survive in a human hosts’ mucosal regions such as the
nose, and gut. Here they live commensally, however, they are opportunists. When a human host is
weakened, through infection, disease, or stress, these organisms are no longer kept in check by the
immune system and multiply rapidly. Klebsiella genes contain many pathogenic elements which can
be ‘switched on’. Switching on these genes enables the infection to spread, and the host can feel
negative impacts. Pneumonia, sepsis, and diarrhoea are just a few of the conditions that might
develop.
Many of these conditions are life-threatening and require rapid treatment. Treatment comes in the
form of antimicrobials, known as antibiotics. Antibiotics can halt the multiplication of the bacterium
to allow the immune system to ‘mop up’ or can destroy them outright. Great, but there is a catch. Not
all bacterium might be killed; some are survivors. These survivors might have mutations in their
genome or have collected antibiotic resistances from their fellow bacteria in a process known as
horizontal gene transfer. These resistances make the antibiotic ineffective. Evolution has played its
part here, but this evolution has been promoted by our miss use of antibiotics given out for conditions
that do not need it or in their dispersion into the environment. Many bacteria, including Klebsiella
used in this study are now multi-resistant meaning that they are resistant to >2 groups of antibiotics.
How do we know what species has infected us and what antibiotics would work? The answer comes
from clinical testing. One can try to grow the bacterium and classify it with specialist tools as well as
testing if the bacterium survives exposure to an antibiotic. The problem is that not all bacteria can be
grown in the lab, and antibiotic testing is slow. Treatment, especially for sepsis, needs to be fast. New
testing methods are being developed. The MinION device from Oxford Nanopore Technologies holds
much promise and is explored in this study. This device is small, cheap, and most importantly fast. The
device can read the bacterium’s DNA, the genetic code which is the blueprint of all the bacterium can
do.
There are already methods of reading DNA but they use many small fragments which are difficult to
put together. The MinION can read very long DNA sequences. Like putting a puzzle together, the one
with lots of small similar pieces is difficult and takes a long time. The puzzle with big pieces is simple
and you can quickly see what the picture is. This principle means that clinical staff and researchers can
rapidly put together the whole blueprint of the bacterium and know exactly what the species is and if
there are antibiotic resistances present. Knowing a bacterium’s DNA can improve our detection of
closely related species such as K. pneumoniae and K. quasipneumoniae. This study found that with
greater detail species from clinical samples may have been miss-identified. The MinION is slightly less
accurate than when using small pieces of DNA, but scientists have a solution. They can use both small
and big pieces, by comparing the two, you can get all the information but with the intricate detail. This
enables us to study the bacterium’s blueprint in greater detail than ever before.
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AMR

Antimicrobial Resistance

ARMA

Antimicrobial Resistance Mapping Application
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CGE

De novo assembled genomes
Antibiotic susceptibility test
Centre for Genomic Epidemiology

GUI
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MALDI-TOF MS

Graphic user interface
Combined MinION and Illumina read data
Matrix-Assisted Laser Desorption Ionization-Time Of Flight Mass Spectrometry
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NCBI
NGS
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GUI software for Oxford Nanopore Technologies
National Centre for Biotechnology Information
Next Generation Sequencing
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Quality Assessment Tool for Genome Assemblies
One input read type, either MinION long reads or Illumina Short reads
Single Nucleotide Polymorphism

SPAdes
WIMP

St. Petersburg genome assembler
What’s-In-My-Pot

Introduction
Clinical Diagnostics
Rapid and reliable detection of pathogens is of utmost importance in healthcare settings to ensure
the appropriate treatment: reducing morbidity and mortality for the patient. The looming threat of
antimicrobial resistant (AMR) bacteria (O’Neill 2016) requires the implementation of accurate, early,
and rapid detection diagnosis techniques. Accurate detections enable clinicians to rely less on
empirical treatment, helping to reduce the prevalence of AMR organisms, improving patient outcome,
and reducing health care costs.
There are many species identification methods available to health-care professionals. These are based
on culturing, PCR or genome sequencing (Table 1). Culturing is the ‘gold standard’ for many conditions
such as TB (Alli et al., 2011), prosthetic joint (Larsen et al., 2018), and blood stream infections (Raich
and Powell, 2015). Culturing is labour intensive and has a long turnaround time of 24-48 hours (Opota
et al., 2015). To perform an antibiotic susceptibility test (AST) requires another 16-24 hours (Turnidge.,
2015). This ensures that empirical treatment is the only option for a least 24 hours for those in
immediate risk and suffering. Culturing is often insensitive (Sanderson., 2018) and perhaps most
importantly identification is limited to those species which are culturable. Coined by Staley and
Konopka in 1985 ‘the great plate count anomaly’ (Staley and Konopka, 1985) describes the order of
magnitude between those cultivable on agar to those seen under the microscope. Every test in which
samples are cultivated is therefore missing a huge range of potential pathogens (Lagkouvardos et al.,
2017). It is possible to cultivate specific species with specialized techniques (Ano and Hirose., 2016;
Epstein., 2018; Tanaka et al., 2017), however this only increases the time, resources and labour
required. Cultivation has remained the ‘gold standard’ due to its automation potential, its simplicity
for interpretation and rapid species identification with MALDI-TOF MS. MALDI-TOF MS uses mass
spectrometry to identify species based on ionization values, which differ species to species. MALDITOF MS identification can be performed in minutes and costs are very low (Cherkaoui et al., 2011).
MALDI-TOF MS however requires previous cultivation steps and relies on information curated on
databases, access to these is limited due to high costs. In the case of rapidly increasing AMR gold
standard culturing is only contributing to the problem.
Another group of common detection methods are those based on PCR, these can detect pathogens
without the need of a culture. PCR can accurately detect suspected diversity through designed probes
for known sequences, genes or species. PCR fluorescence is routinely used in clinical settings to detect
MRSA, VRE and AmpC enzymes, conveying resistance to antimicrobials (Buckley et al., 2015).
However, they are limited in detecting the full diversity present in a sample. Probes are designed to
identify specific potential AMR genes but cannot cover the full diversity potentially present (Llewellyn
et al., 2016).
Sequencing technology has expanded rapidly in the last decade. Surpassing Moore’s law the cost of
sequencing has dramatically reduced. The human genome project cost $2.7 billion [USD] from 19902000. In 2018 it was possible to purchase a commercial Whole Genome Sequencing (WGS) package
for ~$3000 [USD] completed in 8 weeks. Next generation sequencing (NGS) can achieve the sensitivity
and obtain the detailed information for clinicians (Didelot et al., 2012; Gordon et al., 2014; Livermore
and Wain, J .2013.). Despite these positives’ integration of NGS into clinical settings has been impeded
by slow turnaround time, high cost (compared to other methods) and the complexity of data produced
(Basho and Eterovic., 2015). Furthermore, NGS sequencing with illumina HiSeq2500 uses ‘bridge
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amplification’ PCR which is known to introduce bias based of GC content (Benjamini and Speed, 2012;
Chen et al., 2013), hindering precise results. GC content bias is when not all DNA fragments are
amplified equally. GC or AT rich regions are amplified less efficiently than GC neutral regions (Van Dijk
et al., 2014). Consequently, GC/AT rich fragments are underrepresented or even lost during library
preparation (Tilak et al., 2018). GC content bias can make sequencing AT/GC dense genome incredibly
difficult. With some sequences left behind, amplification biases make profiling the relative abundance
of metagenomic communities difficult at best (Pinto and Raskin, 2012). This project will make use of
recent sequencing techniques with Klebsiella isolates and one sterile fluid sample.
Table 1. Summary Pros and Cons of pathogenic detection methods used in clinical microbiology
Detection Method

Advantages

Disadvantages

Culturing on media

Sensitive

Limited to species cultivatable

Inexpensive

Time consuming
Long turnaround time 24-48 hours

PCR based methods

No culturing required
Specific, sensitive, and accurate

Specialist staff required
Limited to probes available

Can detect multiple pathogens at once
DNA sequencing

Uncultivable pathogens can be found

Specialist staff required

Highly detailed and accurate

Requires specialist intensive
computational resources
Expensive

MALDI-TOF MS

Rapid

Sequencing PCR bias introduced
High initial investment cost

Accurate

Limited to data on linked databases

Inexpensive

Requires prior cultivation

Limited training required

Limited to species cultivatable

Klebsiella
Klebsiella is a Gram-negative rod-shaped bacterium housed in a polysaccharide capsule (Ryan and
Ray., 2014). Many species have developed niche specializations and biochemical adaptation to suit
their environment, as such they are found everywhere in nature. They are found commonly in soil,
water, and on/in plant or animal species (Bagley., 1985; Dworkin and Falkow., 2006; Euceda et al.,
2019; Samanta et al., 2018). Klebsiella is also the leading cause of hospital-acquired infections and
neonatal sepsis (Falade and Ayede., 2011; García et al., 2016; Jones., 2010). These infections are
increasingly associated with high rates of antimicrobial resistance (European Centre for Disease
Prevention and Control., 2017; Wyres and Holt., 2016). As an opportunistic pathogen, Klebsiella can
be carried asymptomatically in healthy individuals in mucosal surfaces such as the nose (MartínezBucio and López-Valdés., 2017), and gastrointestinal system (Gorrie., 2017; Zhang et al., 2018). In
immuno-comprimised patients, neonatals and elderly patients Klebsiella can cause a wide range of
infections in wounds, soft tissue and the urinary tract (Boix-Palop et al., 2017). Adding to
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complications, hypervirulent versions of Klebsiella pneumoniae have emerged which can infect
healthy individuals and can cause a liver abscess, pneumoniae, meningitis and endophthalmitis (Shon
et al., 2013).
K. pneumoniae has been touted as the top culprit for human and animal infections of the phylogroup.
Currently the gold-standards of microbiology has limited the correct indentification of species, most
often misidentifying species as K. pneumoniae (Becker et al., 2018; Long et al., 2017; Martínez-Romero
et al, 2018; Seki et al., 2013). Taxonomical studies have shown that Klebsiella pneumoniae is closely
related to K. quasipneumoniae, and K. variicola (Blin et al., 2017; Holt et al., 2015). Previously these
taxa were designated K. pneumoniae phylogroups Kp1, and Kp3 (Brisse et al., 2004). Further studies
have brought more phylogroups into light and the list of novel species is expanding (Long et al., 2017;
Rodrigues et al., 2019). Miss identification has masked the role of other Klebsiella members, however
our understanding of their role in infections is improving (Becker et al., 2018; Breurec et al., 2016; Holt
et al., 2015; Maatallah et al., 2014; Seki et al., 2013). Studies report that reliable classification can only
come from whole genome sequencing (WGS) to identify multiple genetic markers such as resistance
genes and single nucleotide polymorphisms (Heinrichs et al., 2018; Holt et al., 2015; Hujer et al., 2018).
Whole genome sequencing, as mentioned, is time consuming, requires specialist skills, and is
expensive. It is therefore not available to every laboratory. To obtain highly detailed information from
the genome there needs to be a simple to use, rapid identification tool which can distinguish between
closely related species such as those in the Klebsiella genus.
Frequently the cause of hospital outbreaks (Hendrik et al., 2015), Klebsiella species have presented
multiple drug resistance making them difficult to treat. Multi-drug resistant K. pneumoniae has been
designated an urgent threat to human health (Centre for Disease Control and Prevention., 2013; UK
Department of Health., 2013). Klebsiella often contains resistances to beta-lactams and carbapenems
(Mathers et al; 2018; Samanta et al., 2018). Of most concern is those with carbapenem resistances as
carbapenems are recommended as first-line treatment from gram-negative bacteria producing betalactmam resistant lactamase enzymes (Meletis., 2016). Carbapenem resistance is now somewhat
common, leaving clinicians increasing restricted in their use of effective antibiotics (Gharbi et al.,
2018). Resistances can often be exchanged on plasmids between pathogenic and environmental
bacteria (Wyres and Holt., 2018), making their transmission common and increasing their prevalence
(Putout et al., 2015). To reduce antimicrobial resistance, rapid diagnosis is required (O'Neill 2016) to
limit the use of antimicrobials to situations where they are effective. To do so requires accurate and
rapid AMR typing.

The Oxford MinION Nanopore
The newest contender in this battle for pathogen detection is with third generation sequencing (TGS).
Specifically, the MinION nanopore sequencer (Jain et al., 2017) from Oxford Nanopore Technologies’
(ONT) and Pacific Biosciences (Pac-bio). The MinION uses nanopores to sequence nucleic acids. It uses
neither amplification nor chemical reactions. As such nanopore sequencing offers long, unbiased read
sequences (Yang et al., 2013). Nanopores have many important applications for de novo assembly and
the identification of structural variation in healthy or diseased samples (Goodwin et al., 2015). Current
next-generation sequencing uses short reads to construct genomes. Downstream interpretation of
short read sequences generates misalignments, mis-mappings, and makes heterozygous and highly
repetitive elements difficult to process (Li., 2011; Mckenna et al., 2010). This can result in missing
clinically relevant variations in isolates (Chaisson et al., 2015). Long reads are required to span
repetitive and complex regions to solve them. Long reads should result in high quality contiguous
assemblies which improve mapping repetitive sequences, transposable elements, high copy genes,
duplications and centromeric/telometric repeats which are particularly difficult to solve with short
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reads. Improving genome contiguity allows for detailed study of biological content and functions, as
used in this thesis. Additionally, contiguous genomes will often contain flanking sequences for indepth study of gene expression and regulation.
The MinION is a sequencer with real-time rapid base calling and species identification. MinION has
major advantages over current NGS sequencing. The MinION device itself is pocket sized, capital costs
are low ($1000 USD per device) and it can process long reads (100’s kb). Sequencing can be performed
in-house with a laptop within 2-4 hours (Figure 1). This would allow for rapid and accurate diagnosis
of pathogenic species present in samples and ensure an effective treatment plan.
NGS tools although evolving rapidly have been incumbered by lack of access. The cheapest sequencer
for small scale use can cost $20,000+ USD (Illumina, 2018), and computational costs rise with improved
data generation (Muir et al., 2016). Large capital costs prohibit all but the most well-funded
laboratories and universities from having personal access to a sequencing device and even then, there
is likely a waiting list for their library run. It is fortunate that NGS libraries can be frozen at -20°C and
stored for up to a month. MinION’s comparatively tiny initial investment makes it available to almost
everyone from laboratories, clinics, and at home. Providing that the user as extracted DNA of good
quality and has knowledge of bioinformatic tools, there is nothing stopping them from running a
sequence at a location of their choice. An in-built heating system adds to MinION’s versatility; from
the high Arctic (Goordial et al., 2017) to deep underground (Edwards et al., 2017), and even on the
international space station (Singh et al., 2018). MinION can be run almost anywhere. Although the
initial cost may be low, reagents and flow cells are not as inexpensive. When analyzing many samples
MinION may not prove cost effective.
The use of the MinION is relatively simple. In the preparation of nucleic libraries, a guiding enzyme
and hairpin adapter are added onto extracted nucleic acids. The guiding enzyme, added to the 5’ end,
facilitates unidirectional feeding through the nanopore and controls the flow of nucleotides (Clarke et
al., 2009). The optional hairpin adapter ensures reading of both strands by binding both strands
together. Both adapters gather reads close to the membrane surface, enhancing the capture rate by
a reported several thousand-fold (Jain et al., 2015). Nucleic acids flowing through the nanopores are
at a single nucleotide precision (Jain et al., 2015). In doing so disruption of the ionic current varies
from base to base. It is this disruption, which is measured. Bases can be called from using ONT
software MinKNOW with in-built Guppy tools (ONT). It is possible to not use the hairpin adapter in 1D
(one directional) sequencing, this increases throughput but at the sacrifice of accuracy. Using the 2D
(now 1D2) method uses the hairpin structure were the first strand is the template, and after the hairpin
passes through the ‘complementary’ strand is read. This 2D/1D2 reading improves base accuracy
(ONT).
The MinION's base calling is error prone with a score averaging around Q10-15 for 2D. That’s roughly
one error in every 10-15 base calls. However, software and experimental procedures are improving
with each released iteration (Wick et al., 2017). Base calling software Albacore has now been replaced
by Guppy, which enables a much higher average Q score (Krishnakumar et al., 2018). Although the
base calling error rate is higher than that with illumina, software and protocol improvements are
bridging the gap and arguably the MinION's ease of access far outweighs the errors with base calling
(Laver et al., 2015; Tyler et al., 2017). The sequencing performance of MinION has been scrutinized;
investigating influences of GC content biases, base calling quality and K-mer bias (Krishnakumar R et
al., 2018). So far, the results are generally positive showing no sequencing biases (Krishnakumar R et
al., 2018). To date only a small fraction of clinical samples and proof of concept analyses have been
demonstrated; for examples urine, blood and orthopedic infection samples (Ashton et al., 2015; Cao
et al., 2016; Greninger et al., 2015; Ruppe et al., 2017; Sanderson et al., 2018; Schmidt, et al., 2017).
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The MinION has already been used for the whole genome sequencing of multiple fungi, bacteria, and
viruses (Ashton et al., 2015. Judge, et al., 2016. Karamitros et al., 2016), as well as to identify species
(Greninger et al., 2015; Faria, et al., 2017; Lee and Pai, 2017) and characterize AMR genes in both
clinical samples and isolates (Ashton et al., 2015; Cao et al., 2016; Schmidt, et al., 2017). The MinION
is new and as with any new method it should be rigorously tested to evaluate; how results compare
to current standards and how can the MinION be used in different settings.

Figure 1. Standard MinION set up (top). MinION device plugged into laptop with USB 3.0. Screen
shows MinKNOW GUI starting page. Close up of MIN-106 flowcell (bottom) Spot on port and
nanopores (right). Snake-like waste reservoir (left).
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Aim
The MinION device is relatively new technology and, which is predicted to be an essential future tool
in many fields, such as clinical microbiology and systems biology. This project aims to test and evaluate
MinION sequencing, considering ease of use and the typing ability compared to the previous illumina
sequenced data and MALDI-TOF MS benchmarking. This project will use various bioinformatic tools
such as automated analysis workflows and manually curated de novo assemblies to classify and type
12 Klebsiella isolates and one fluid sample. This project will also evaluate two different methods of de
novo assembly. One currently used by the University of Skövde and another specifically tailored for
MinION and hybrid reads.
As a future technology, it is important to evaluate its performance against current typing methods
both in research and in clinical settings. The advantages of the MinIONs’, small size and low cost make
it a useful educational tool. This work hopes to inform on best practice and the development of a
suggested pipeline for library preparation and bioinformatic analysis.
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Materials and Methods
Overview
An automated and manual analysis was used to compare classification and other identifiable
characteristics of 12 isolates. All twelve isolates were automatically analysed. Five isolates will be
manually de novo assembled and compared. Assembly of the five will hybridize MinION and illumina
data as well as comparing single source. A general flow through of the method can be viewed below
in Figure 2.

Figure 2. Methodology and flow of this thesis. Comparisons are made of automated verses two
manually curated assembly and analysis methods.

Generating DNA Sequencing Libraries
Samples
Twelve Klebsiella isolates were selected from a previous study (Saxenborn., 2018) from cultures of
suspected sepsis (Ljungström, 2017). Of the 12 samples, 3 were Klebsiella oxytoca and 9 Klebsiella
pneumoniae as defined by 2014 MALDI-TOF MS. Prior to inoculation Klebsiella isolates were stored in
glycol solution at -80°C. Inoculation was on blood agar plates at 37°C for 16 hours. Samples were
cultivated to McFarland standard 3; approx. cell density 9.0 * 10^8 CFU/ml. All 12 isolates kept in 1.5
ml PBS solution pH ~7.4 stored at 4°C prior to use. Fluid sample collection was performed using
standard techniques at Unilabs clinical microbiology department. Prior to use samples were stored at
5°C.
DNA Extraction
Following the Qiagen® Genomic DNA Handbook, bacterial extraction guide for the Genomic tip 20G,
1 ml of each sample was used. Lysosome (100 mg/ml) and Proteinase K were prepared fresh for each
extraction. Post lysis samples were vortexed for 15 seconds and diluted with 1 ml QBT buffer. This
improved tip flow through and reduced clogging. QF buffer was added at 50°C to increase yields. DNA
quantification was analysed with QubitTM 4 Fluorometer (Thermofisher). 260/280 Purity and 260/230
contamination readings were recorded with Nanodrop (Saveen Werner).
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In cases were DNA concentration was too low for DNA sequencing precipitation to concentrate the
samples was performed following Qiagen’s recommended protocol. To each sample, 1/10 volume of
3 M Na-Acetate pH 5.2 and 2 volumes of ice-cold 100% ethanol was added. Samples were mixed and
stored at -20°C for 1 hour. Precipitated DNA was recovered via centrifugation (12.3 RPM) for 20
minutes. Ethanol was poured off and pellet washed twice with room-temperature 70% ethanol. The
pellet was left to air dry then suspended in 30 µl sterile TE buffer. Precipitation increased
concentration considerably. The PurelinkTM Microbiome Kit (Thermofisher) was tested as another
extraction method. Two sub methods were used to limit DNA shearing. A ‘hard’ extraction which
followed the protocol using bead the beating step and a ‘soft’ extraction which skipped bead beating.
Fluid Samples and Extraction
A clinical fluid sample was extracted with reagent cartridge MagNA pure Compact Nucleic Acid
Isolation kit I, large volume, on the automated MagNA Pure compact (Roche Life sciences). Run for 30
minutes, 100 µL was yielded. Quality and quantity were measured with Biospec
nanospectrophotometer (Shimadzu) and Qubit 3.0 Fluorometer (ThermoFisher). DNA extracts were
stored at 4°C prior to use. Read sizes were confirmed with fragment analysis (Advanced Analytical).
DNA Library Preparation and Sequencing of Bacterial Isolates
Libraries were prepared for sequencing on the Oxford Nanopore MinION device (Oxford Nanopore
Technologies). 12 Samples were barcoded with the Rapid Barcoding kit (SQK –RBK004) and pooled
together. Following barcoding, samples were prepared for 1D (unidirectional) sequencing with the
Rapid Sequencing Kit (SQK-RAD004). MinION quality checking of both hardware and flowcell status
was performed prior to each run. ~1200 pores were active for sequencing. Samples were loaded onto
flowcell MIN-106 and sequencing left for 20 hours. FAST5 to FASTQ file generation was set to
automatic and performed via the in-built Guppy basecalling software (ONT). After sequencing the
flowcell was washed and storage buffer added. Flowcells were stored at 4°C for later use.
Extraction with PurelinkTM Microbiome ‘Hard’ method was prepared with Rapid Barcoding kit (SQK –
RBK004), pooled together and prepared for 1D (unidirectional) sequencing with the Rapid Sequencing
Kit (SQK-RAD004). Loaded onto flowcell MIN-106 with ~1800 pores available this run was set for 48
hours.
DNA Library Preparation and Sequencing Fluid Sample
Only one fluid sample contained >400ng DNA for nanopore sequencing (Sample 5513). The sample
was prepared for 1D (unidirectional) sequencing with the Rapid Sequencing Kit (SQK-RAD004). MinION
quality checking of both hardware and flow cell status was performed prior to loading. 800~ pores
remained active for sequencing.
Benchmarking
Classification benchmarking used MALDI-TOF MS 2014 and 2019 for species identification. Biodiversity
results were used to compare automated and manually curated classification results. All 12 strains
were tested for antibiotic susceptibility to Beta-lactam, Aminoglycoside, Fluoroquinolone,
Sulphonamide, and Trimethoprim by disc diffusion following EUCAST (eucast.org) guidelines.
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Data Analysis
Automated MinION Data Analysis with EPI2ME Software, Bacterial Isolates
Automated analysis used the MinKNOW in-built Guppy basecaller, which converted MinION fast5 files
into fastq files during sequencing. Default threshold q-score 7 was used to separate reads into fastq
pass (>7) and fastq fail (<7). Automated fastq file analysis was performed with Oxford Nanopore's
workflow agent, EPI2ME. Results were viewable real-time online in interactive formats in ~5 minutes,
Automated workflows used, what will be classified in this paper, the raw MinION reads. They are the
reads assigned a barcode group but have undergone no other manipulation.
EPI2ME software (ONT) What’s-In-My-Pot (WIMP) workflow was used to detect bacterial species
present from FASTQ files. This workflow generated two reports, quality control (QC) report and WIMP
report. QC report presents read size abundance, q-score quality, number of barcoded samples, and
pore yield. WIMP classification was performed with Centrifuge (Kim et al., 2016). A 16S workflow to
classify species was ran with fastq files. This workflow BLASTs 16S identified regions and presents a
QC report and the resulting hits.
An Antimicrobial Resistance Mapping Application (ARMA) workflow analysis was run. This workflow is
completed into two stages. Firstly, WIMP alignment then the ARMA. ARMA aligns reads to the
Comprehensive Antibiotic Resistance Database (CARD) using minimap2 tools (Li, 2018). ARMA reports
gene overview showing coverage, and gene resistance profiles.
MinION Data Analysis with EPI2ME, Fluid sample
WIMP workflow was run on the fluid sample sequencing data. No further tests were performed.

Manual Data Generation
Basecalling, Demultiplexing, and Sequencing Performance
Currently MinKNOW GUI supports a basic Guppy basecaller (ONT) to generate FASTQ files. This
reduced form does not demultiplex FASTQ files into respective bins. Demultiplexing manual Guppy
analysis was executed on FAST5 files with threshold q-score set to 7. PycoQC (Leger and Lonardi.,
2019) was used to generate interactive sequencing performance reports using the summary_text.txt
file and the barcoding_summary.txt file generated from manual Guppy analysis.
Demultiplexing and Trimming MinION Reads with Porechop (Wick, 2018)
FASTQ files generated from in-built Guppy were demultiplexed with Porechop. Using the barcode -b
option adapter reads were trimmed and then placed into their designated directory (BC01-12 and
unclassified). Reads are designated their correct bins based on 75% identity and with >5% difference
from the second-best barcode match. - - discard_middle function was used. Reads with a barcode in
the middle are likely chimeric and may belong in different directories, they were discarded.
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Whole Genome Assembly
Five Klebsiella isolates KLO25, KLP205, KLO1025, KLP1695, KLP2020 were chosen for de novo
assembly. All tools for assembly and analysis were used with Linux Ubuntu 14. These samples were
chosen as representative of either one of the species in the set of 12 or due to their differences in
classification in previous MALDI-TOF MS and illumina analysis.
Combining of Illumina Reads
Illumina reads obtained from Saxenborn.P (2018) study were split into four files. Two forward and two
reverse, these were combined with zcat $read1_1 $read1_2 | gzip - > $DIR/Fcombined.fastq.gz.
Appendix 3 Table 1 demonstrates file combinations. This was repeated for all 5 selected samples.
Trimming Illumina Reads
Illumina files were quality controlled and trimmed with Trimmomatic.0.36 tool (Bolger et al., 2014).
Removal of adapters, low quality reads and reads of minlength was executed with:
ILLUMINACLIP:NexteraPE-PE.fa:0:20:12 SLIDINGWINDOW:4:15 MINLEN:50. Table 2 describes the
actions of Trimmomatic code. Pre and post trimmed files were checked with FASTQC (Andrews., 2010)
to confirm the removal of adapter and change in quality (Appendix 3, figure 1).
Table 2. Options used for Trimmomatic to improve illumina data quality
Option

Description

ILLUMINACLIP:NexteraPE-PE.

Remove Nextera adapter from both ends.

fa:0:20:12

No mismatches, a palindrome accuracy of 20 and a clip threshold of 12
was allowed.

SLIDINGWINDOW:4:15

Trimmed reads if the average score is below 15 for 4 consecutive reads

MINLEN:50

Reads less than 50bp are trimmed

Constructing Hybrid and Single Genomes
Assembly of genomes was performed using two overall methods; SPAdes (Bankevich et al., 2012) and
Unicycler (Wick et al., 2017). For each sample, six assemblies were made using SPAdes. Three were
using illumina only data at coverage cut offs 0, 5, and 10. Another three were using illumina and
MinION reads to form a hybrid, again using cut offs 0, 5, and 10. SPAdes includes a - - nanopore option
(Appendix 3, Figure 2) which was used for hybrid assembly with illumina data. Pre-correction of
MinION reads was not required . - -careful option was used. Careful attempts reduce the number of
mismatches and indels. This is recommended for assembly of short genomes, such as the Klebsiella. t (threads) was set to 6.
Unicycler is an assembly pipeline for bacterial genomes. It uses SPAdes and other optimizer tools
(Appendix 3, Table 2). For each sample three types of assemblies will be constructed. A hybrid
containing trimmed short illumina reads and long demultiplexed MinION reads. A 'long' assembly
using demultiplexed MinION long reads only and a 'short' assembly using trimmed illumina data only.
Full overview of assembly types can be seen in Table 3.
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Table 3. Assembly settings used. Coverage differences 0, 5, 10 and single or hybrid contig creation
will be tested.
Method
SPAdes
SPAdes
SPAdes
SPAdes
SPAdes
SPAdes
Unicycler
Unicycler
Unicycler

Coverage
setting
0
0
5
5
10
10
-

Assembly Type

Description

Hybrid
Single
Hybrid
Single
Hybrid
Single
Hybrid
Single long
Singe short

Combined short Illumina and long Minion reads
Short Illumina reads only
Combined short Illumina and long Minion reads
Short Illumina reads only
Combined short Illumina and long Minion reads
Short Illumina reads only
Combined short Illumina and long Minion reads
Long MinION reads only
Short Illumina reads only

Evaluation and Comparison from Genome Constructions
QUAST
Quality Assessment Tool for Genome Assemblies (Quast) v4.6 (Gurevich et al., 2013) was used against
references. References were selected based on WIMP centrifuge classification. Quast evaluation used
default settings against the samples respective reference from National Centre for Biotechnology
Information (NCBI. ncbi.nlm.nih.gov). Reference for KLO25 used K.oxytoca NZ_CP011636.1, KLP205
used K.pneumoniae NC_016845.1, KLO1025 used K.variicola NZ_CP010523.2, KLP1695 used
K.LGTPAF-6F NZ_CP017450.1 and KLP2020 used K.quasipneuomiae GCA_001596075.2.
Phenotype Prediction
Traitar (Version 1.1.2) (Weimann et al., 2016) can predict 67 traits including growth, morphology, and
substrate use. Traitar produces heatmaps to visualise these traits. Traitar uses two prediction
methods; phyletic pattern classifier and the phylogeny-aware classifier. All assemblies were tested
with Traitar.
Genotypic Analysis
Analysis of assembled samples was performed using tools available at the Centre for Genomic
Epidemiology (CGE https://cge.cbs.dtu.dk). CGE tools PlamsidFinder 1.3 (Carattoli et al., 2014),
PathogenFinder 1.1 (Cosentino et al., 2013), and ResFinder 3.0 (Zankari et al., 2012) were used.
PlasmidFinder was used with threshold 95% minimum, minimum length 60%. Automatic model
selection was used for PathogenFinder. Threshold 90% and 80% and minimum length of 60% used for
the ResFinder tool.
Species Classification
Constructed contig fasta files were analysed with Kraken 1.0 (Wood and Salzberg., 2014). The prebuilt
minikraken 4GB database was used for classification. Run with default settings and visualised with
Pavian (Breitwieser and Salzberg, 2016). Assemblies also were classified with BLAST
(blast.ncbi.nlm.nih.gov/) for further biodiversity comparison. BLAST classification was based on
consensus matches of top 10 species hits.
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Results
DNA Extractions
Klebsiella isolates extracted by Qiagen 20G tips yielded low DNA quantity. Thorough troubleshooting
with this kit was performed to overcome this (Appendix 1, Table 1). However, DNA yield from
extracted samples remained too low for Nanopore sequencing. Ultimately samples were precipitated
with 3M Na-Acetate pH 5.2. This resulted in concentrations suitable for MinION sequencing with the
SQK-RAD004 kit. Isolates which did not contain enough DNA to reach the recommended 400ng were
still used. Appendix 1, Table 2 shows the amount of input DNA to the flowcell by isolate. 'Soft'
PurelinkTM extraction did not yield enough DNA for use. 'Hard' PurelinkTM extracted >100ng/ul per
isolate for sequencing.
Fluid Sample Analysis
Only one DNA extraction from sterile fluids contained a concentration high enough to be loaded onto
the flowcell (63.5ng/ul). With ~800 available nanopores, post sequencing WIMP showed classifications
that were the same (in the same ratios) as from the previous Klebsiella run. A 5% carry over is
expected when using a flowcell from another run even after washing. Subsequent fragment analysis
(Appendix 1, Figure 11) showed that the fluid DNA read sizes were 400-600bp. These were likely
fragmented further with transposases used to add adapters. This resulted in fragments far too short
for sequencing with the Rapid Sequencing Kit. No further analysis was performed on generated fastq
files from this run.
Sequencing Performance
Sequencing was set to run for 20 hours. It was halted prematurely at 17 hours due to storage space
available to the sequencing computer. From PycoQC analysis it is possible to see that sequencing
performance had decreased (Appendix 1, Figure 1-9, supportive file PycoQC.html) and was working
sub-optimally after 12 hours. ~25% of data had >7 q scores and were binned in fastq fail. From this
sequencing 805,039 reads were generated yielding 7.14 GB of fastq files. In another sequencing run
'Hard' PurelinkTM extracted DNA was used. Its performance was very poor (Appendix 1, Figure 10).
Pores were likely clogged and <10% of pores were functioning. This sequencing run was considered
unsuccessful and will be referred to as the clogged run.

EPI2ME Automated Analysis
Quality Control Report
The WIMP analysis was 74.8% successful with 602,528 reads. Those passing the q-score (>7) are those
classified. 202,511 reads did not have a q-score greater than 7 so were discarded and placed into the
fastq fail directory. Quality reports from the PurelinkTM clogged run were very poor. Clogged
nanopores reduced the available pores from ~1800 to <300 (Appendix 1, Figure 10).
WIMP Identification
What’s-In-My-Pot workflow from EPI2ME rapidly aligns reads to the NCBI genome database using
Centrifuge. Klebsiella was identified as the dominating genus. An interactive map (Appendix 2 Figure
1) enables the user to explore lineage. Species are classed via their barcoding and the majority
cumulative reads (Table 4). For example, KLO1025 has 4494 reads for K.pneumoniae and 14756 reads
for K.variicola. Therefore, sample KLO1025 is classified as Klebsiella variicola. Sample KLP1818 was the
only sample contested with <1000 read difference between the K.quasipneumoniae and
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K.pneumoniae classification. Isolate KLP1695 WIMP differed from previous illumina Kraken analysis
by Saxenborn, 2018. WIMP classified this species as K.sp. LTGPAF-6F, not K.oxytoca.
Table 4. Total reads per barcoded sample (BC01-BC12). Majority species ID based on Centrifuge
classification. Total non-barcoded reads were greater than those barcoded.
Sample

ID

Read Count

Majority Species ID

Percentage reads
aligned to species ID

KLO25
KLP205
KLP518
KLP918
KLP1025
KLP1293
KLP1442
KLO1508
KLO1695
KLP1818
KLP1935

BC01
BC02
BC03
BC04
BC05
BC06
BC07
BC08
BC09
BC10
BC11

13,450
17,997
12,263
12,197
23,282
20,263
20,390
18,976
25,623
16,341
34,070

K. oxytoca
K. pneumoniae
K. pneumoniae
K. variicola
K. variicola
K. pneumoniae
K. variicola
K. oxytoca
K. sp.LTGPAF-6F
K. K.quasipneumoniae*
K. variicola

56.3%
82.2%
55.6%
49%
56.3%
87%%
52.9%
33%
44.8%
25.6%
49.5%

KLP2020

BC12

27,904

K. K.quasipneumoniae

32.5%

-

Total barcoded
No barcode

327,926
477,133

-

Clogged WIMP and Fluid sample results are not included in this report. Despite limited sequencing
performance WIMP was able to classify some species from the clogged run matching MALDI-TOF MS
benchmarks.
ARMA Identification
ARMA mapping found 20,391 alignments to the CARD database. With an average accuracy of 81%,
175 antimicrobial resistance genes were identified. The ARMA report has no identity higher than 90%.
This thesis decided on an identity range of >75% to be considered as significant. Other ARMA
resistance genes were detected but they were designated to a species other than Klebsiella (excluded).
All samples show a resistance to Beta-lactam, 11/12 samples exhibit ramR mutants, 12/12 Phop
mutants, and 6/12 acrA/R mutants (Appendix 2, Table 2,3). Multidrug resistance was detected in many
samples. Multidrug resistance is defined as non-susceptible to at least one agent from >2 antimicrobial
categories (Magiorakos et al., 2012). RamR and acrR/A mutants confer multidrug resistance to
antimicrobials such as Tetracycline, Glycylcycline, Cephalosporin, Penam, Phenicol, Rifamycin,
Fluoroquinolone, and Triclosan. Phop mutant confers colistin resistance. Beta-lactam resistance had
various indicators such as OXY, LEN, and OmpK36/35 groups. Although present in the genome, betalactam wasn’t always observed with antibiotic susceptibility testing. AST did not find resistance to
Fluoroquinolone although ramR and acrR/acrA mutants were found in the genotype. The top five seen
per isolate are viewable in Appendix 2, Table 2, 3. ARMA results are highly interactive and explorable
(Appendix 2, Figure 2).

De Novo Whole Genome Assembly
'Manual' analysis required additional time and specialist skills. The in-built Guppy basecalling software
although speedy at converting whilst sequencing, it does not present all the data which a manual
Guppy conversion would. Currently, it does not demultiplex or present barcoding information. In
future, Oxford technologies will include a full in-built Guppy version in the MinKNOW GUI. For this
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barcoded run demultiplexing, barcoding information and the flowcell output was wanted.
Downloaded from Nanopore community, the execution and conversion of files took 3 days compared
to ~24hrs for automated. To avoiding running the time-consuming manual Guppy this thesis
recommends using the demultiplexing and QC tool Porechop (Wick, 2018) with automated fastq files.
QC reads
Illumina reads were trimmed with Trimmomatic v.0.34. Settings removed adapters, poor quality reads
and short read lengths. Post-trimming and quality score changes were confirmed with FASTQC
comparisons (Appendix 3, Figure 1). Porechop includes a quality control step in which it removes
chimeric reads which are unreliability classified. 5,932 reads removed for chimeric status and the run
successfully removed barcodes from all reads. Trimming MinION files reduced file size from 7.14 GB
to 6.5 GB. Demultiplexed reads were placed into directory bins labelled BC01-BC12, and unclassified.
Evaluations of Genome Construction
Quast results show no major differences between the construction of SPAdes generated assemblies
at Coverage 0, 5, or 10. As expected, SPAdes assembly with coverage 0 generated more contigs. Both
hybrid and single input assemblies are close to identical to others at the same coverage. Hybrid results
match GC content closer to reference. The number of contigs decreased with Hybrid and long read
constructions. Hybrid contigs reach n50 values are in the 10^6 range. Single constructs have n50
values 10^5.
Unicyler hybrid genomes are most contiguous. Almost the whole genome has been constructed using
hybrid reads with Unicycler. Often MinION only constructions match close to hybrid figures. However,
hybrid constructs generally exhibit higher n50 values, contig lengths (Table 5) and improved GC
content. Full QUAST summary can be viewed in Appendix 3, Table 3 and example output Figure 3-6.
Table 5. Comparisons of assembled contigs assemblies average value table. SPAdes coverage 0, 5, 10
all presented the same number of contigs. Exception coverage 0 with often contained ~5 more
contigs. Hybrid contigs were on average larger and much longer.
SPAdes

Unicycler

Illumina

Hybrid

Illumina

Hybrid

MinION Only

# Contigs

57

12

51.8

6

5.6

N50 value
(Mbp)

0.32

2.16

0.32

5.27

3.54

Phenotype Prediction
Traitar predictions of 67 phenotypes of the five Klebsiella isolates show no difference between
illumina and hybrid contigs from either tool (Appendix 3, Figure 7). MinION only constructions either
missed phenotype categories or were only confirmed with one predictor. Phenotypic differences
between MinION and hybrid/illumina differed on average 2.4 phenotypes. Traitar identified common
traits such as growth at 37°C but identified colistin susceptibility, which almost all isolates were
determined resistant to. Isolate KLP1695 K. LTGPAF-6F hybrid and illumina contigs was grouped away
from previous classification of K. oxytoca. MinION assembly of this isolate was closer to K. oxytoca
species.
Resistance Gene Identification
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All five samples contained Beta-lactam resistance genes. Other resistances in the samples include
Fluoroquinolone, Fosfomycin, and Aminoglycoside (Appendix 3, Table 4,5). Assembled contigs had
higher identity matches to the ResFinder database than raw fastq files. Overall MinION long read
assemblies had lower % identities than illumina or hybrids. Hybrid constructions did not perform
better than illumina. Coverage values did not change percentage identity other than KLP205 coverage
0 illumina reads. It was the only construction which had an improved identity of 0.22% for the BlaSHV1 gene. The Unicycler hybrid genome found two examples of BlaSHV-1 in KLP205. A summary table
can be viewed at Appendix 3, Table 5.
Note that no Colistin or other anti-microbial resistances grouped with ARMA mutant detection were
found with ResFinder on assembled contigs. Resfinder only contains gene mcr-1 for Colistin detection,
other genes conferring resistance may be present but not identified here.
Pathogenic Potential
Pathogen Finder is a tool to predict the constructs pathogenicity to humans (Cosentino et al., 2013).
Pathogenic families are used to estimate the pathogenicity of the isolate. Pathogenic families code for
proteins associated with pathogenicity. For example, these families include proteins for sialic acid
transport, cytochrome b562, secretion systems and antibiotic resistance. Each family may aid in
infection and survival in a human host.
Assembled coverage, hybrid or single constructions showed no difference in their probability of being
a human pathogen. All isolates are between 0.8-0.89, highly likely that they could be pathogenic.
MinION only constructs detected many more pathogenic families (Table 6).
Table 6. Pathogenic probability of constructed genomes. No differences between probably for
constructs containing illumina reads. Number of pathogenic families varied +- 2 between constructs.
Sample

Species

KLO25
KLP205
KLO1025
KLP1695
KLP2020

K.oxytoca
K.pneumoniae
K.variicola
K.LGTPAF-6F
K.quasipneuomiae

Assembled contigs

Raw MinION reads

Pathogenic
Probability
0.84
0.89
0.8
0.81
0.84

Pathogenic
Probability
0.81
0.86
0.78
0.76
0.80

# Pathogenic
families
73 (±2)
357 (±2)
208 (±2)
80 (±2)
50 (±2)

# Pathogenic
families
133
310
222
114
176

Plasmid Finder
All constructed assemblies and raw MinION fastq files were used as input. Identical plasmids from all
assembled contigs were found at >95% identity. From raw fastq MinION files, no plasmids were found
at >80%. Plasmids found include virulence factors such as IncFIB(K) (Appendix 3, Table 6).
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Manual Species Classification
Species Classification
BLAST classification was based on consensus species matched. Consensus species used were top 10
hits with >95% identity. 1st place determined by majority. 2nd place noted if species were identified
>3 times (Appendix 4, Table 1). Species classification with BLAST match to Saxeborn’s study using 8GB
kraken (apart from KLP1695) and Centrifuge WIMP results. BLAST results often presented
K.pneumoniae subspecies when identifying K.quasipneumoniae and K.variicola for isolates KLO1025
and KLP2020. KLO25 was often identified with K.michiganesis and K.oxytoca. BLAST supports KLP1695
K.sp.LTGPAF-6F classification, presenting both K.sp.LTGPAF-6F and K.oxytoca matches. Using QUAST
against reference genomes, KLP1695 had a much higher genome percentage score with K.sp.LTGPAF6F than K.oxytoca.
Species classification with Kraken presented mixed results (Appendix 4, Table 2). Hybrid assemblies
contained far fewer reads to be classified. Variicola was poorly identified in all cases.
K.quasipneumoniae was not identified from any input assembly. Kraken coverage 0 found many E.
coli matches. Pavian result used to view Kraken classifications can be seen in Appendix 4, Figure 1.
MALDI-TOF MS Classification
MALDI-TOF MS was performed with all 12 isolates in 2014. Updated MALDI-TOF MS results was
acquired March 2019. MALDI-TOF MS 2019 data bases are updated and provide more reliable results.
MALDI-TOF MS 2014 identification differs from WIMP in seven samples. Sample KLP918, KLP1025,
KLP1442, KLO1695, KLP1818, KLP1935, and KLP2020. MALDI-TOF 2019 report presents results closer
that those identified with Illumina or MinION (Table 7)
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Table 7. Comparison of species identification from MALDI-TOF MS analysis, illumina Kraken and Nanopore WIMP centrifuge analysis. WIMP analysis for
sample 1818 has <1000 read difference between K.quasipneuomiae and K.pneumoniae. 2019 MALDI-TOF MS result sample 1508 closely identifies two
species. K.variicola (2.37) and K.oxytoca (2.27), score difference 0.10.
Sample

Cultured isolates

Illumina reads

Raw MinION files

Assembled contigs

MALDI-TOF MS
2014 (Unilabs)

MALDI-TOF MS
2019 (Unilabs)

Kraken 8GB (Saxenborn.P
2018)

WIMP
(ONT)

Kraken 4GB

BLAST

KLO25

K. oxytoca

K. oxytoca

K. oxytoca

K. oxytoca

K. oxytoca

K. oxytoca

KLP205
KLP518
KLP918

K. pneumoniae
K. pneumoniae
K. pneumoniae

K. pneumoniae
K. pneumoniae
K. variicola

K. pneumoniae
K. pneumoniae
K. variicola

K. pneumoniae
K. pneumoniae
K. variicola

K. pneumoniae
-

K. pneumoniae
-

KLP1025

K. pneumoniae

K. variicola

K. variicola

K. variicola

K. pneumoniae

K. variicola

KLP1293

K. pneumoniae

K. pneumoniae

K. pneumoniae

K. pneumoniae

-

-

KLP1442

K. pneumoniae

K. variicola

K. variicola

K. variicola

-

-

KLO1508

K. oxytoca

K. variicola

K. oxytoca

K. oxytoca

-

-

KLO1695

K. oxytoca

K. oxytoca

K. oxytoca

K. sp. LTGPAF-6F

K. oxytoca

K. sp. LTGPAF-6F

KLP1818
KLP1935

K. pneumoniae
K. pneumoniae

K. pneumoniae
K. variicola

K. quasipneumoniae
K. variicola

K. quasipneumoniae
K. variicola

-

-

KLP2020

K. pneumoniae

K. pneumoniae

K. quasipneumoniae

K. quasipneumoniae

K. pneumoniae

K. quasipneuomiae
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Discussion
To combat antimicrobial resistance, we need to be armed with accurate and rapid diagnostic tools
(Drain et al., 2014; Ferri et al., 2017; O’Neill, 2017; Zumla et al., 2014). The MinION device could be
the candidate to take over from current laborious ‘gold standard’ cell culturing and specialist NGS. If
one is to use the automatic Nanopore workflows offered by diagnostic services, an isolate can be
extracted, sequenced and analysed in real-time for species and resistance genes in ~4-6 hours
(Appendix 2, Figure 3). Running in real-time was not tested here but several studies report that
identification of clinical samples can be done within 10 minutes of sequencing (Ashikawa et al., 2018;
Sanderson et al., 2018, Schmidt et al., 2016). The workflows of raw files remove the need for specialist
skills, the main limitation with NGS. Although raw MinION reads present lower identity scores than
manually curated contigs, a user can still be confident of the results.
De novo Assembly Comparison SPAdes versus Unicycler
Genome sequencing with short reads such as Illumina or Ion Torrent produce lengths between 35100bp (Van dijk et al., 2014). Short read assemblies ‘break’ at repetitive regions preventing a whole
genome construction and results in many contigs (Goldstein et al., 2019) (Appendix 3, Table 3).
Shortened and fragmented genomes make annotation, typing and classification difficult. It is possible
to overcome short read limitations with the introduction of long reads. Contigs that use MinION and
illumina data can overcome repetitive regions and can form lengthy assemblies. This thesis evaluated
the resulting differences between the two construction tools; SPAdes version 3.10.1 and Unicycler.
Unicycler is specifically tailored for the construction of hybrid bacterial genomes. It uses SPAdes and
other tools such as Pilon (Walker et al., 2014) for polishing. Interestingly, despite additional tools and
polishing Unicycler did not improve the contiguity of illumina only assemblies. Unicycler illumina
constructs contained more contigs than SPAdes. It could be argued that Unicycler performs worse
than SPAdes with illumina short reads assembly.
Unicycler hybrids produced the most contiguous assemblies. Illumina sequencing relies on ‘bridge’
amplification PCR, which introduces biases (Shagin et al., 2017). As a result, some sequences have low
coverage or are excluded completely. MinION sequencing does not suffer from known biases
(Krishnakumar et al., 2018) and therefore is likely to include reads missed in illumina sequencing
(Goldstein et al., 2019). Goldstein et al., 2019 reported differences in assembly length dependent on
the molecular weight of the DNA, an effect potentially seen here. Of the five assemblies the shortest
hybrid contig was the one with the lowest molecular weight. Further statistical analysis would be
required to validate this claim with a larger data set. Regardless hybrid contigs were the most
contiguous compared to illumina Hiseq assemblies. MinION only assemblies were more contiguous
than illumina based assemblies, but they were less accurate. There is a compromise between
contiguity of MinION exclusive constructs and their higher rate of errors, likely from SNP and indel
errors (Goldstein et al., 2019). Including illumina reads into assemblies solve of SNP and errors found
in MinION only reads. Long read inclusion overcomes limitations in short reads in its ability to solve
complex homogeneous regions and reducing the impact of bias. Combined these hybrid contigs
enable users to have a greater degree of confidence in their results from annotation and typing results
(Judge et al., 2016). One should be wary of MinION only de novo assemblies due to frequent
basecalling errors. Traitar analysis grouped hybrid and illumina assemblies together but MinION read
contigs strayed into other grouping identifying differences in MinION read qualities. Rapidly evolving
tools and research will likely improve these drawbacks over time. It is foreseeable that the
combination of both read types might become common practice with lowering costs and improved
contig quality for research.
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Classification
There are many ways to identify and explore bacterial species. Results from illumina and MinION
sequencing as well as MALDI-TOF MS are used in this paper. MALDI-TOF MS is simple, fast, and cost
effective (Clark et al., 2013; Ledeboer et al., 2015; Rahi et al., 2016). However, it does not provide
much data and struggles to differentiate between some species such as Klebsiella (Long et al., 2017;
Patel, 2015). Nevertheless, identification is improving. 2014 MALDI-TOF MS classification differed 6/12
samples compared to WIMP results. The updated 2019 MALDI-TOF MS database, for the same
isolates, differed in fewer cases (3/12). What’s-In-My-Pot uses Centrifuge. Centrifuge has advantages
that it is more memory efficient and has been calibrated for rapid classification. No doubt the feature
for why Centrifuge is used with WIMP than other slower classifiers. WIMP analysis takes ~10 minutes.
Basecalling and classification can be run simultaneously with newly created fastq files uploaded
directly onto the cloud and analysed. If sequencing and classification are running in parallel the time
to classify can be reduced dramatically. It is easy to view how many reads have been aligned and, in
most cases, biodiversity was apparent after just a few minutes.
Classification of manually produced contig was determined using two methods/tools. Kraken, using
4GB minikraken database, and BLAST. BLAST results classified species similarly to WIMP. Mini-Kraken
4GB database struggled to classify contigs. The sensitivity of MiniKraken is reduced by 25% with worse
results from high error reads (Wood and Salzberg., 2014). Sample KLO1025, KLP1695, and KLP2020
were identified as different species versus WIMP. Specifically, miniKraken struggled to define
K.variicola and K.quasipneumoniae. Several papers (Bialek-Davenet et al., 2014; Chen et al., 2015;
Long et al., 2017; Maatallah et al., 2014) cite the difficulties distinguishing K. variicola and
K.quasipnemoniae from K.pneumoniae. This minikraken features a reduced database and exhibits a
reduced sensitivity (Wood and Salzbeg., 2014). Hybrid assemblies are especially vulnerable to missclassification. Due to the successful long contig assembly, hybrid contig files contain far fewer reads
which to analyse. In some cases, this was as low three reads, it only takes one read to be miss-classified
to change the consensus result. Users can have greater confidence in illumina only short reads which
have many more reads available for classification, and as such is less sensitive to false alignments. To
increase the accuracy of Kraken, using the full 50GB index database would be preferable, especially in
the case of reduced read numbers from the hybrid constructs.
Resistance identification
The rapid resistance identification from clinical samples without culturing would save vast amounts of
time and reduce the miss-use of antimicrobials. Raw MinION nanopore reads, whilst effective at
identifying clinically relevant sequences, their identity scores were low (75-90%) and often with few
alignments (Appendix 2, Table 3). Raw MinION reads can detect antimicrobial resistance of acquired
resistance genes, but it does not provide enough accuracy to identify resistances from chromosomal
point mutations (Judge et al., 2015). Potentially why antimicrobial resistances are grouped as ramR,
acrR/acrA mutants rather than specific antibiotics. Antibiotics such as fluoroquinolone may have
multiple mechanisms for resistance which are identifiable (Hooper 2015), although fluoroquinolone
resistance has been missed before (Schmidt et al., 2016). To improve these identity scores genome
assembly was required. Resistance typing with illumina and hybrid contigs were the most accurate.
MinION only assemblies found identical resistances but at lower alignment scores. MinION assemblies
often contains higher numbers of mismatches and indels (Golparian et al., 2018), likely due to the high
error rate from the device itself. Base calling scores and coverage could be improved with 2D
sequencing (ONT; Schmidt et al., 2016).
Genotypic testing identified beta-lactam resistance in all samples and assemblies, with often 3-4
different indicators. Beta-lactam resistance in Klebsiella has been suggested as a species indicator
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(Nicolás et al., 2018). Resistance to species relationships were found in the study. K.pneumoniae
samples expressed blaSHV genes, K.variicola expressed blaLEN, K.quasipneuomiae expressed blaOKP, and
K.oxytoca expressed blaOXY. Isolate KLP1695 exhibits resistance genotypes matching K. oxytoca. It
could be that specific beta-lactam resistances have not been identified with the subspecies K. LTGPAF6F or that both species share the resistance gene. The limitation of using resistance to type is that
resistances can be encoded on plasmids such as blaSHV and transferred. Furthermore, multi-resistance
may be expressed in a single species (Gronlund et al., 2014; Nicolás et al., 2018). Genotypic betalactamase did not always match the phenotype antibiotic susceptibility test. (Appendix 2, Table 2).
This could be due to poor expression, silencing or inactivation (Zhang et al., 2018).
ARMA outputs require some user decision. All reads are aligned to the CARD database. This includes
reads that have not been aligned to Klebsiella species, therefore when viewing the ARMA results it is
important to select those aligned to your species of interest. It is possible to select based on other
parameters such as model type or read identity. However, caution is needed. For example, in this
sequencing run the top alignments to the CARD database were from species other than Klebsiella. The
top antimicrobial resistance for Klebsiella was OmpK36 to beta-lactam with 657 alignments. This was
fifth on the list, the highest alignment detected was that for spectinomycin resistance in salmonella
with 2685 alignments. How to consider such a large alignment is up for debate. Should it be considered
that samples contain this gene, is it contamination, miss-alignment to species? Antibiotic susceptibility
testing would be required to confirm. Interestingly, colistin resistance was not found in ResFinder but
was detected in all samples with ARMA. ResFinder is limited in the number of genes indexed in its
database. Currently does not contain the Phop mutant identifier conferring colistin found in the CARD
database. There might be several hundred different resistance mutants and no database covers them
all. This is an important reminder to confirm results with multiple methods.
There are currently no workflows with EPI2ME that can analyse pathogenic potential or plasmids
present. However, using assembled constructs and tools on CGE it was possible to identify plasmids
and pathogenic potential. Following the trend of other analysis, illumina and hybrid contigs found a
similar number of pathogenic families and plasmids. K. pneumoniae is considered the most infectious
species from this genus followed by K. variicola and K. quasipneuomiae (Hagiwara et al., 2013; Holt et
al., 2015). Supporting this assumption, isolate KLP205 was classified as K. pneumoniae and contained
the highest number of pathogenic families followed by K. variicola. Previously these taxa were
designated K. pneumoniae phylogroups Kp1-6 (Brisse et al., 2004). With improved genomic access new
Klebsiella species are proposed regularly (Long et al., 2017; Rodrigues et al., 2019). It might well be
the case that K. pneumoniae species have been miss classified and pathogenicity could be more
diverse than considered. MinION only contigs detected many more pathogenic families. It is not
immediately apparent why. It could be due to errors in contigs, if that can account for a large
difference is warrant of further study. Plasmids could not be identified from raw fastq files, likely due
to that they were too fragmented and did not cover the whole region to be identified (Golparian et
al., 2018).
Antibiotic stewardship is of paramount important to reduce the prevalence of AMR. It requires a global
effort (WHO., 2018). In resource limited settings sequencing can be logistically challenging, slow, and
costly. MinION/Nanopore can provide the solution. It is possible to perform all bioinformatic analysis
on a laptop without internet access (Elliott et al., 2018). Rapid genome with the MinION sequencing
can reduce the need for empirical treatment, limit the miss use of antimicrobials in hard-to-reach
regions, and as well as serve an important surveillance tool to track the movement and genomic
changes.
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A Clinicians View
Assembled genomes provide better results as seen here. Assembly and subsequent tools such as
ResFinder require contigs and bioinformaticians to create them. This takes substantial time and
additional specialist skills. In contrast, the MinION automated pipelines take 4-6 hours, including
extraction steps. In clinical settings, where time is paramount, having to double check results and
generate contigs is not optimal and MinION workflows are adequate to inform patient treatment.
Limitations of the MinION device remain. There is a need for reliable nucleic acid extraction methods
to obtain high molecular weight as well as the development of a list of those that aren’t compatible
with nanopores. Using the PurelinkTM Microbiome kit was unusable on the flowcell resulting in a
complete waste of resources. Flow cells are costly and are vulnerable to miss-use and damage. Current
ONT research into flowcells is set to improve durability and data throughput. Costs can be mitigated
with multiplexing reads with barcodes, allowing for 12 samples to be run simultaneously at the price
of lower numbers of read per isolate. If purchasing in bulk (300) and flow cells are used twice the cost
of running 12 samples is USD$462. This calculation does not account for the price of the MinION device
or nucleic extract kits. Costs begin to increase when one must factor in additional kits to cover all
conditions, those requiring PCR, and computational costs. A victim of its own success MinION
sequencing can generate large file types requiring up to in-built 1 TB memory on the associated
PC/laptop. If running clinically the GridION X5 or PromethION 24/48 is recommended which can run
up to 24/48 flow cells as once for 3.8/7.6Tb yield per run (ONT).
In settings which already have cost-effective classification, i.e. MALDI-TOF MS, investing in nanopore
technology might not be clinically viable. The rise in antimicrobial resistance, set to be the largest
public health issue by 2050 (O’Neil, 2016) may prompt that change. The European Union predicts
overall societal costs to reach 2.5 million extra hospital days and €1.5billion annually in health care
costs (Europa.eu). The European One Health Action Plan promotes the development of new
diagnostic tools to provide on-site tests, the MinION could be the prime candidate for this role. The
rising costs of AMR and political pressures will result in changes in clinical practice to incorporate rapid
AMR detection and surveillance as standard. It could be time to invest in this technology to minimise
the growth of AMR through good antimicrobial stewardship and to develop pipelines before standard
detection methods become redundant.
Contribution to Systems Biology Field
This work explored the use of high throughput genomic devices commonly used in the field of systems
biology. The analysis of next (2nd) and third generation sequencing data confirmed flaws in both types
of data generation. NGS short reads are highly accurate but form many short contigs whilst long reads
construct long genomes but with higher errors. Low quality contigs can not be relied upon to identify
traits however this work provided more evidence that long reads result in accurate classification and
resistance typing. This work demonstrated that Hybrid genomes created with Unicycler are much
better poslished than those from SPAdes. SPAdes should be used for Illumina only data however.
This work developed a high throughput data analysis pipeline which can be used for research and
teaching at Skovde University. Systems biology includes experimental protocols, this work discovered
through, trial and error, that not all commercially available kits are useable and that future users of
the device would be cautious with their extraction methods. The evaluation of compatible extraction
methods shall inform on future kit purchases and methods which can be used with the MinION.
Analysis tools in the paper are those commonly used of systems biology data. Assessing those useable
with MinION has improved our knowledge in the creation of and role of long read data and
combination hybrid data.
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Conclusion
This work has demonstrated how long read data can be used to compliment short read sequences and
has compared two hybridization tools; SPAdes and Unicycler. Unicycler hybrid assemblies produce
highly contiguous genome assemblies. These contigs solve the troublesome highly repetitive regions
whilst retaining the high-quality identity scores. Whilst certainly useful and interesting for researchers
and bioinformaticians, especially in resource limited areas (Elliott et al., 2018), contiguity is not useful
for clinicians. For clinicians, automated pipelines show much promise. Nanopore workflows can
provide detailed rapid information improving patient care and can capture the true metagenomic
picture of clinical samples. Many clinically relevant species which are uncultivatable might have been
missed, increased genomic data could increase our understanding of many pathogenic diseases.
However, relying exclusively on in silco interpretation is poor practice, although detailed
interpretations are not without errors (Miosge et al., 2015) and may not represent a phenotypic
expression. Workflows used here are just one of a growing number of automated services providing
data analysis of long read sequences. These data analytic services provide clinicians choice and much
potential. Through working together, bespoke analysis tools can be developed, this would enable
clinicians’ access to highly detailed sequencing data rapidly with minimal bioinformatic know-how.

Ethics
Through direct comparisons with other’s work acknowledgements of their contribution will be
included. Comparison with illumina sequences uses Patricia Saxenborn’s Klebsiella samples. These
samples were collected from ‘Sepsis study Skaraborg’ approved by the Regional Ethics Committee,
Gothenburg (reference number 376-11). The 12 Klebsiella samples used in this project have no patient
details attached and results of this project has no impact on individual patient health/well-being.
The methodology will be made as reproducible as possible. Tools used in this project will either be
open source or accessible to those with a MinION account (obtained when purchasing the device).
Data outputs will be uploaded and stored in an accessible location. There is no conflict of interest in
this project. Results will not be skewed or written in a misleading way in order to convey an outcome
different to the true observations.
This study has an impact on the work done at University of Skövde which has strong links with Unilabs
and Skaraborgs Hospital Skövde. Specifically, collaborations have focused on the detection of Sepsis
biomarkers and species biodiversity. It is, therefore, an appropriate use of funds to investigate the
MinION for future use in clinical settings. Funding for the project come from master’s student project
funds and from research funds approved by the supervisor Helena Enroth and the University of
Skövde. This work adds more weight to current literature evaluating the use of MinION for clinical
isolates. This study has also fledged a pipeline which can be used for teaching at the University of
Skövde.
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Future Perspectives
Further research should focus on testing the MinION for clinically relevant applications. Good
candidates for research come from conditions with high numbers of unsuitable empirical treatments
and those which are commonly diagnosed. Bloodstream infections (BSIs) are a good candidate for
further study. There delayed appropriate therapy is associated with increased 3-fold risk of mortality
(Zasowski et al., 2016) and increased hospital stays (Friedman et al., 2016; CDC, 2013). Typing positive
blood cultures with nanopore devices would provide a highly relevant clinical scenario.
MinION long reads and hybrids provide a fantastic chance for detailed genome annotation and
exploration of indels and other differences between healthy and diseased samples. The development
of annotation workflows would open up a lot of data for dissection and a warrant of further research.
Current Oxford Technologies are improving flowcells and basecalling software to bridge the gap
between quality and length. The creation of easy to use workflows should be top priority if nanopore
technology is to be used in clinical and non-research settings. Accessible workflows could bring the
power of genomics to the forefront of clinical practice facilitating good antimicrobial stewardship,
better patient care and improved understanding of infections and disease.
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Appendix 1 – Extraction and sequencing report
Sequencing Analysis, Klebsiella Isolates
Table 1. Troubleshooting with DNA extraction using Qiagen 20G Tips. Attempts to improve DNA
yield.
Observation

Potential cause

Solution

Time consuming flow through
step

Insufficient lysis, cell components
clog the tip

Fresh lysosome and proteinase K
prepared each time

Time consuming flow through
step

Too much DNA in sample, DNA
clogging the tip

Use less starting material

Time consuming flow through
step

Too much DNA in sample, DNA
clogging the tip

Dilute the sample with 1ml of QBT
buffer

Precipitate in final solution

Ethanol binding to DNA

Ensure ethanol has fully
evaporated

Table 2. Klebsiella input DNA. 400ng require by sequencing kit SQK-RAD004
Sample
KLO25
KLP205
KLP518
KLP918
KLP1025
KLP1293
KLP1442
KLO1508
KLO1695
KLP1818
KLP1935
KLP2020

Concentration (ng/ul)
82
42.2
86.6
89
59.2
90
75.6
57.0
61
33.4
97.6
58.4

Estimated Input DNA
<400ng *
316.5ng
<400ng*
400ng
400ng
400ng
400ng
400ng
400ng
<400ng
400ng
400ng

*DNA amounts added to flowcell based on higher quantification than measured/reported here.
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Figure 1. Table summary report of Klebsiella sequencing run.

Figure 2. Distribution of read length. Read length peaks at 4.5kbp.

Figure 3. Distribution of read quality. Median q score 9. 25% of reads do not pass threshold and are
removed from analysis.
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Figure 4. Mean read quality per sequence length. Median read length ~2.5Kbp and q score 9.

Figure 5. Output over experiment time. Output decreases steadily over time. After 12hrs sequencing
output is poor.
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Figure 6. Read length over time. After 10hours read lengths decrease dramatically.

Figure 7. Mean read quality over time. A steady decline of the read quality over time. Read quality
becomes more variable after 12 hours into the run.
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Figure 8. Channel activity over time. Fewer bases passed after 12 hours running time.

Figure 9. Proportion of passed reads by barcode
Sequencing analysis plots can be explored interactively in the appendix file: pycoQC.html
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Sequencing Report PurelinkTM clogged run

39
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Figure 10. Failed sequencing reports. Few channels functioning. Experiment halted early ~25 hours,
all nanopore may have been clogged. Limited activity of the nanopores.
Fluid Sample Fragment Analysis.

Figure 11. Fragment size analysis of Fluid sample 5513. Fragment lengths too short for MinION
sequencing with SQK-RAD004 kit.
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Appendix 2 – Automated results
EPI2ME WIMP Analysis

Figure 1. Interactive taxonomy tree. All 12 Klebsiella samples. Larger classified dot indicates higher
alignment numbers.
Table 1: Summary statistics for 16S Identification. Poor outcome, no further analysis with this data.
Status

Results

Classified %
Unclassified %
Average accuracy
Reads Classified
Reads Unclassified
Top Genus identified: Klebsiella reads
Top Species identified: K.pneumoniae

<1%
100%
88%
1,125 reads
601,403 reads
400 reads
332 reads
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Figure 2. ARMA interactive results. Coverage, percentage scores (top), ontology (middle), and
selectable barcoded isolates (bottom)
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Table 2. Antimicrobial resistance detection at 75% alignment. All samples present resistances to
Beta-lactam and colistin. All samples have at least one multi-drug resistance indicator.
Sample

Beta-lactam
Various

ramR mutants Multiresistance

acrR /acrA
resistance

Multi-

Phop mutant*
Colistin Resistance

KLO25

+

+

-

+

KLP205

++

+-

+-

+

KLP518

++

+-

+-

+

KLP918

++

+-

+-

+

KLP1025

++

+-

-

+

KLP1293

+-

+-

+-

+

KLP1442

+-

+-

+-

+

KLO1508

++

-

+

+

KLP1695

++

+-

-

+

KLP1818

+-

+-

-

+

KLP1935

++

+-

-

+

KLP2020

+

+

+

+

++ Genotypic and phenotype observed in AST testing, +- genotype only no phenotype observation, No resistance detected. + Resistance only tested genotypically
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EPI2ME ARMA Analysis Results Sample Specific
Table 3. Top 5 ARMA results per sample related to Klebsiella species.
Sample
KLO25
10,857 reads

Present in sample
OXY-4-1
OmpK35 to Beta-lactam
OmpK36 to Beta-lactam
ramR mutatnts
PhoP mutant

Alignments
15
12
11
8
6

Average accuracy
88.6%
80.8%
81%
75.6%
80.8%

KLP205
16,003 reads

OmpK36 to Beta-lactam
ramR mutants
OmpK35 to Beta-lactam
PhoP mutant
acrA

28
26
20
19
9

79%
89.9%
89.2%
90.1%
86.8%

KLP518
7,240 reads

PhoP mutants
OmpK35 to Beta-lactam
OmpK36 to Beta-lactam
ramR mutatnts
acrR mutants

12
12
11
8
4

88%
89.4%
77.3%
88.9%
91.3%

KLP918
10,885 reads

OmpK36 to Beta-lactam
ramR mutatnts
OmpK35 to Beta-lactam
PhoP mutant
acrR mutants

18
11
11
6
2

76.4%
87.5%
83.9%
84.2%
87%

KLP1025
23,735 reads

OmpK36 to Beta-lactam
OmpK35 to Beta-lactam
ramR mutatnts
PhoP mutant
LEN-16

48
34
28
16
12

77%
85.4%
87%
88.5%
89.9%

KLP1293
21,496 reads

OmpK36 to Beta-lactam
OmpK35 to Beta-lactam
PhoP mutant
ramR mutatnts
acrA

40
38
30
22
12

82.6%
89.8&
88.9%
89.7%
88.2%

KLP1442
17,826 reads

OmpK36 to Beta-lactam
ramR mutatnts
PhoP mutant
OmpK35 to Beta-lactam
acrA

40
29
15
13
8

77.6%
87.8%
88.1%
85.4%
87.3%

KLO1508
16,418 reads

OXY-5-1
OmpK35 to Beta-lactam
OmpK36 to Beta-lactam
PhoP mutant
acrA

17
12
11
8
5

90.4%
78.8%
80.4%
81.5%
79.8%

KLO1695
22,490 reads

OmpK36 to Beta-lactam
OXY-1-1
OmpK35to Beta-lactam
PhoP mutant
ramR mutants

20
18
14
10
9

80.5%
89%
79.4%
80.4%
76.4%
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KLP1818
15,150 reads

ramR mutants
OmpK35 to Beta-lactam
OmpK36 to Beta-lactam
PhoP mutant
OKP-B-8

22
18
18
16
8

87.4%
82.3%
81.7%
84.6%
89.8%

KLP1935
30,722 reads

OmpK36 to Beta-lactam
OmpK35 to Beta-lactam
ramR mutants
PhoP mutant
LEN-16

55
44
29
29
20

80.7%
86.2%
86.9%
88.1%
90.1%

KLP2020
25,946 reads

OmpK36 to Beta-lactam
ramR mutants
OmpK35 to Beta-lactam
PhoP mutant
OKP-B-1

45
27
25
23
17

78.2%
88%
81.9%
86%
89.1%

Unbarcoded
220,805 reads

OmpK36 to Beta-lactam
OmpK35 to Beta-lactam
PhoP mutant
ramR mutants
acrA

312
230
223
204
101

79.3%
83.5%
85.7%
86.3%
85.2%

EPI2ME ARMA Identification Overall
Table 4. 439,573 reads were analyzed resulting in 20,391 alignments to the CARD database. List
includes those with > 75 alignments assigned to Klebsiella species. Average accuracy 81%.
Gene

Resistance

Alignments

Klebsiella
OmpK36

Beta-lactam

657

Average
Accuracy
79.3%

Klebsiella
OmpK35

Beta-lactam

483

84.4%

Klebsiella
pneumoniae
ramR mutants

Fluoroquinolone,
Beta-lactam,
Tigecycline,
Tetracycline,
Rifampin,
Chloramphenicol
Colistin

425

86.7%

413

86.2%

Klebsiella
pneumoniae

Fluoroquinolone,
Beta-lactam,
Tigecycline,
Tetracycline,
Rifampin,
Chloramphenicol

186

85.5%

Klebsiella
pneumoniae
subsp
pneumoniae
HS11286

Klebsiella
mutant PhoP
acrA

Taxon
Klebsiella
pneumoniae
subsp
pneumoniae
HS11286
Klebsiella
pneumoniae
subsp
pneumoniae
HS11286
Klebsiella
pneumoniae
subsp
pneumoniae mGH
78578

CARD
Model
Protein
knockout
model

Protein
knockout
model

Protein
variant
model

Protein
variant
model
Protein
homolog
model
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Klebsiella
pneumoniae
acrR mutant

Len-16

Fluoroquinolone,
Beta-lactam,
Tigecycline,
Tetracycline,
Rifampin,
Chloramphenicol
Beta-lactam

79

86.6%

Klebsiella
pneumoniae
subsp
pneumoniae MGH
78578

Protein
variant
model

75

89.3%

Klebsiella
pneumoniae

Protein
homolog
model

2-4 hours

DNA Extraction

Method dependent

DNA library preparation
1.5hrs
Sequencing and basecalling

>24 hours

Sequencing time user
decided

Manual

Automated

Genome assembly

Workflow WIMP/ARMA

Initial results
~10 minutes

Classification

Genotypic

Figure 3. Summary workflow time for extraction to data analysis. Using automated analysis
classification and resistance typing can be performed in ~6 hours. For manual analysis requiring
specialised skills turn around is >24hours.
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Appendix 3 -De novo genome creation and assembly evaluation
Combining Illumina Reads
Table 1. Example combination of illumina sequencing file combination. Zcat used to combine two
zipped files
File1

File2

Combined file

Forward

11_KLO25_TTCCAAGG_1.fastq.gz

21_KLO25_TTCCAAGG_1.fastq.gz

Fcombined.fastq.gz

Reverse

11_KLO25_TTCCAAGG_2.fastq.gz

21_KLO25_TTCCAAGG_2.fastq.gz

Rcombined.fastq.gz

Raw/KLP2020/Fcombined.fastq.gz Raw/KLP2020/Rcombined.fastq.gz Trimmed/illumina_F2020.paired.fastq.gz
Trimmed/illumina_F2020.unpaired.fastq.gz Trimmed/illumina_R2020.paired.fastq.gz
Trimmed/illumina_R2020.unpaired.fastq.gz ILLUMINACLIP:NexteraPE-PE.fa:0:20:12 SLIDINGWINDOW:4:15
MINLEN:50

Figure 1. FastQC screenshoots Pre (top) and post (bottom) trimming with code (above). Pair end
read, removal of adapters, sliding window score 15 over 4 basepairs. Minimum length 50bp. Post QC
base quality has only left those in ‘green’ high quality zone.
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SPAdes
spades.py --careful --pe1-1 $Forward1 --pe1-2 $Reverse1 --nanopore $DIR/Reads/MinION/Raw/BC01.fastq -cov-cutoff 5 -t 6 -k 21,33,55,77,99,127 -o $DIR /MinION/Genome_Combine_Illumina_MinION/Assembly'

Figure 2. Code used for SPAdes hybrid construction. For single construction – nanopore option is
removed.
Unicycler
Table 2. Tools used in Unicyler assembler genome creation
Tool
SPAdes

Purpose
Assembly

Used in
Hybrid, short assembly

Racon
Pilon
Java
Bowtie2
Samtools
BLAST+

Assembly
Polishing
Polishing
Polishing
Polishing
Rotating circular contigs

Hybrid, long assembly
Hybrid, short assembly
Hybrid, short assembly
Hybrid, short assembly
Hybrid, short assembly
Hybrid, long assembly

Quast

Figure 3. Quast comparison graph. Contig length by assembly type. Unicycler hybrid constructed the
largest contigs. Y axis length of contig, X axis. Contig number. Graph patterns vary but Unicycler hybrid
assemblies on were to longest constructed with fewest contigs.
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Figure 4. GC content of contigs vs reference. All assemblies matched references at the same identity
percentage. There were minor differences of +-0.2
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Figure 5. Hybrid genome fractions are similar across the samples with Unicycler hybrids often
proving slightly better GC content closer to reference.

Figure 6. Single genome fractions are similar across the samples with Unicycler often proving slightly
improved GC content closer to reference.
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Table 3. Quast assembly coverage comparisons. Hybrid results match GC content closer to reference.
Number of contigs decrease with hybrid constructions. Unicyler hybrid genomes have the fewest
contigs but by far the longest. Almost the whole genome has been constructed using illumina and
hybrid reads.
Construction method

%GC

Length
Mbp

# Contigs

N50

Genome
fraction (%)

KLO25 K.oxytoca:

55.75

6.26

Number of MinION reads:

13,450

SPAdes Hybrid 0

55.95

6.16

13

780,593

86.00

SPAdes Hybrid 5

55.95

6.16

13

780,593

86.08

SPAdes Hybrid 10

55.95

6.16

13

780,593

86.08

SPAdes Single 0

55.96

6.11

83

214,577

85.55

SPAdes Single 5

55.96

6.11

83

214,577

85.49

SPAdes Single 10

55.96

6.11

83

214,577

85.49

Unicyler Hybrid

55.95

6.17

5

6,028,989

86.19

Unicycler Single (Long)

56.10

6.05

15

554,018

84.66

Unicycler Single (Short)

55.97

6.08

25

312,948

85.29

KLP205 K.pneumoniae

57.48

5.33

Number of MinION reads:

17,997

SPAdes Hybrid 0

57.38

5.47

9

3,053,492

91.98

SPAdes Hybrid 5

57.38

5.47

9

3,053,492

91.98

SPAdes Hybrid 10

57.38

5.47

9

3,053,492

91.98

SPAdes Single 0

57.41

5.42

67

315,064

91.33

SPAdes Single 5

57.41

5.43

67

315,064

91.33

SPAdes Single 10

57.41

5.43

67

315,064

91.34

Unicyler Hybrid

57.38

5.48

3

5,274,302

92.08

Unicycler Single (Long)

57.59

5.44

6

3,246,970

91.29

Unicycler Single (Short)

57.42

5.39

89

142,336

90.99

KLO1025 K.variicola

57.56

5.52

Number of MinION reads:

26,204

SPAdes Hybrid 0

57.39

5.6

15

1,155,514

94.74

SPAdes Hybrid 5

57.39

5.6

11

1,155,514

94.74

SPAdes Hybrid 10

57.39

5.6

11

1,155,514

94.74

SPAdes Single 0

57.41

5.57

43

479,580

94.20

SPAdes Single 5

57.41

5.57

39

479,580

94.21

SPAdes Single 10

57.41

5.57

39

479,580

94.20

Unicyler Hybrid

57.56

5.6

16

3,831,465

94.76

Unicycler Single (Long)

57.56

5.59

2

5,455,757

94.87

Unicycler Single (Short)

57.56

5.56

47

489,639

93.943
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KLP1695 K.LGTPAF-6F

55.87

6.17

Number of MinION reads:

25,923

SPAdes Hybrid 0

55.77

6.18

7

2,333,945

93.39

SPAdes Hybrid 5

55.77

6.18

7

2,333,945

93.39

SPAdes Hybrid 10

55.77

6.18

7

2,333,945

93.36

SPAdes Single 0

55.78

6.14

53

272,310

92.69

SPAdes Single 5

55.78

6.14

53

272,310

92.70

SPAdes Single 10

55.78

6.14

53

272,310

92.69

Unicycler Hybrid

55.77

6.18

3

6,019,347

93.45

Unicycler Single (Long)

55.90

6.19

3

3,246,605

93.47

Unicycler Single (Short)

55.79

6.12

55

271,060

92.48

KLP2020 K.quasipneuomiae

57.48

5.33

Number of MinION reads:

27,904

SPAdes Hybrid 0

57.97

5.29

23

3,521,740

88.81

SPAdes Hybrid 5

57.97

5.28

20

3,521,740

88.79

SPAdes Hybrid 10

57.97

5.28

20

3,521,740

88.79

SPAdes Single 0

57.99

5.25

46

383,928

88.26

SPAdes Single 5

58

5.25

43

383,929

88.26

SPAdes Single 10

58

5.25

43

383,929

88.26

Unicycler Hybrid

57.93

5.31

3

5,244,941

89.00

Unicycler Single (Long)

58.15

5.33

2

5,266,224

88.89

Unicycler Single (Short)

58.01

5.24

43

383,456

88.15
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Traitar

Figure 7. Traitar output for Unicycler, hybrid, short, and long assemblies. No observable differences
between hybrid/single construction phenotype indicators. Long read assemblies performed worse.
Average 2.4 phenotypes were lacking double or any identification compared to hybrid/short.
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ResFinder Results
Table 4. Resfinder Results for assembled genomes.
Sample
Aminoglycoside
BetaFluoroquinolone
lactam
KLO25
+
+
KLP205
++
++
KLP1025
KLO1695

-

+
+

++
-

KLP2020
+
++
++, two positive hits. +, one positive hit. -, no hits.

Fosfomycin

Colistin

+

-

++
-

-

-

-

Table 5. No % identity differences between hybrid and single assemblies. Only MinION long read
assemblies presented a lower % identity score. Coverage 0 detected two copies of the blaSHV-1
gene in isolate KLP205.
Sample
ARMA gene
SPAdes H+S Unicycler
Unicycler
Phenotype
H+S
Long Single
resistance
KLO25

BlaOXY-4-1

98.51

98.51

98.17

Beta-lactam

APH(3')-la

99.26

99.26

95.53

BlaSHV-1

100 (2)

99.88

blaSHV-26

99.88
100 - C0
100 – C0

Aminoglycoside
resistance
Beta-lactam

OqxA

99.23

99.23

97.88

Fluoroquinolone

OqxB

98.57

98.57

97.94

Fluoroquinolone

FosA

100

100

99.52

Fosfomycin

Bla-LEN16

99.77

99.77

99.65

Beta-lactam

OqxA

96.51

96.51

95.58

Fluoroquinolone

OqxB

97.78

97.78

97.31

Fluoroquinolone

FosA7

91.55

91.55

91.20

Fosfomycin

FosA

94.05

94.05

93.90

Fosfomycin

KLP1695

BlaOXY-1-7

100

100

99.66

Beta-lactam

KLP2020

BlaOKP-B-1

99.65

99.65

99.30

Beta-lactam

OqxA

93.62

93.62

92.45

Fluoroquinolone

OqxB

95.46

95.46

94.81

Fluoroquinolone

FosA

93.96

93.96

93.90

Fosfomycin

KLP205

KLO1025

99.42
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Plasmid Finder results
Table 6. Plasmids found for constructed assemblies. Identical Plasmids found from all contig types.
No plasmids were identified from raw fastq MinION files.
Sample
Species
Plasmids found >95%
Plasmid ID
KLO25
KLP205
KLO1025
KLP1695
KLP2020

K.oxytoca
K.pneumoniae
K.variicola
K.LGTPAF-6F
K.quasipneuomiae

1
1
1
1
0

Col440I
IncFIB(K)
IncFIB(K)
IncFIB(K)
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Appendix 4 – Classification
Kraken and Pavian output example

Figure 1. Unicycler MinION only assembly. Pavian visualisation, identifying K.pneumoniae as the
predominant classification based on 10 reads.
BLAST Result summary
Table 1. BLAST consensus classification based on top 10 BLAST matches >95% identity. 2nd Place
species also mentioned if hits identified in >3 times
Sample
1st Place Species
2nd Place Species
KLO25
K.oxytoca
K.michiganensis
KLP205
K.pneumoniae
KLO1025
K.variicola
KLP1695
K. LTGPAF-6F
K.oxytoca
KLP2020
K.quasipneuomiae
K.pneumoniae

Table 2. Sample majority classification with Kraken 4GB minikraken
Sample
Classification majority
Number of supporting assemblies
KLO25
KLP205

Klebsiella oxytoca
Klebsiella pneumoniae

5/9
8/9

KLO1025

Klebsiella pneumoniae

8/9

KLP1695

Klebsiella oxytoca

7/9

KLP2020

Klebsiella pneumoniae

9/9
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